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New Routes to Planar Chiral Ligands and their Use in Asymmetric Catalysis

Abstract

This thesis contains 8 chapters detailing 3 optimised methods to synthesise
[2.2]paracyclophane derivatives and our studies in the C-H activation field, namely selective
remote B-C-H activation of cyclic amines, and enantioselective y-C(sp®)-H functionalisation of

cyclic amines, as well as a future direction.

As the main focus of this thesis is on the development of novel planar chiral
[2.2]paracyclophane derivatives, Chapter 1 starts with a brief description of
[2.2]paracyclophane chemistry. A short introduction about the synthesis of key
enantioenriched [2.2]paracyclophane derivatives is given. Finally, a short introduction of the
recent applications of [2.2]paracyclophane-based ligands in asymmetric catalysis is also

mentioned.

Chapter 2 describes the synthesis of (RSp,SRp)-4-tert-butyl[2.2]paracyclophane phosphine
oxide (SPO) and attempts to synthesise its asymmetric variant. Further, its synthetic utility is
investigated, mainly in Suzuki-Miyaura cross-coupling, Buchwald-Hartwig amination, and
Au(l)-catalysed cyclisation reactions. Additionally, a general route to the P-stereogenic
[2.2]paracyclophane-derived phosphines via the reduction of tertiary phosphine oxides is

reported.

Chapter 3 mainly outlines attempts for 5-C(sp®)-H activation of cyclic amine to target the
shortest route of epibatidine moiety. A stepwise approach is mentioned. Firstly, a range of
heteroatom-substituted secondary phosphine oxides (HASPOS) is evaluated to access (chiral)
indolines via intramolecular C(sp®)-H activation. Next, an intramolecular C(sp®)-H activation
of 7-azanorbornane, a core skeleton of epibatidine, is investigated. The third approach is mainly
targeted for the directing-group-assisted intermolecular C(sp®)-H activation of 7-
azanorbornane. Lastly, enantioselective y-C(sp®)-H activation of N-cyclohexylpicolinamide
using various chiral Brgnsted acids, again targeting the epibatidine moiety by the late-stage

cyclisation, is described.

In a search for suitable planar chiral Brgnsted acid, an optimised single-step protocol for the

synthesis of [2.2]paracyclophanes carboxylic acid derivatives is reported in Chapter 4. This



protocol proceeds via C(sp?)-H activation of chiral oxazolines and their coupling with

bromo[2.2]paracyclophanes.

Chapters 5 & 6 are related to pyridine sulfinates. Chapter 5 describes an attempted
regioselective C-H functionalisation of aromatic acids via desulfitative coupling with pyridine-
2-sulfinate. A detailed study with catalytic Pd(OAc). and pre-formed palladacycle is
mentioned. The effect of catalytic Pd(OAc)2 on homo-coupling of pyridine-2-sulfinates is also

investigated.

The potential of sulfinates as nucleophilic coupling partners is investigated in Chapter 6. A
novel methodology to synthesise pyridyl[2.2]paracyclophanes is described. The method
involves desulfitative cross-coupling reactions between pyridine sulfinates and
bromo[2.2]paracyclophanes. One of the interesting results of the desulfitative coupling with
the unreactive (£)-4-bromo-5-amino[2.2]paracyclophane is also mentioned.

Chapter 7 explains the future scope of the research work mentioned in this thesis.

Finally, Chapter 8 describes the experimental procedures and characterisation of the

synthesised compounds mentioned in Chapters 2 to 6.
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Chapter 1

Introduction to Asymmetric Catalysis and

[2.2]Paracyclophane Chemistry



1.0. Introduction

At the heart of organic chemistry is the ability to synthesise new molecules with specific
properties, be they pharmaceuticals, agrochemicals, or new materials for energy conversion
and storage. These novel molecules are crucial to the functioning of modern society. Gone are
the days when a chemist’s goal was to simply make a compound. Now, the goal is to prepare
these molecules in an efficient manner on a large enough scale to feed progress and to perform
this without undue impact on the environment. The key to achieving these goals lies in catalysis
or the synthesis of replenishable reagents. Catalysts would aim to increase the rate of some
reactions and control the selectivity in others. Ultimately, they permit new molecules to be

formed with less wasted material or energy.

Chirality or handedness is a prerequisite for life. Without this uniformity in biological
molecules, life would not exist. A chiral enantioenriched catalyst can alter the selectivity of a
reaction in order to bias a reaction towards the synthesis of a single-handed product. In fact,
nature has selected enantioselective catalysis as its means of creating chirality.! Despite the
significant progress that has been achieved by chemists, asymmetric catalysis remains a
fledgling field.2 Most catalytic reactions lack generality, working for specific examples only.
Chemists are also missing key information about many of the processes involved in asymmetric
catalysis, especially how chiral information is communicated from the catalyst to the product.
As a result, there is still considerable research that needs to be undertaken in the area of

asymmetric catalysis.
1.1. Asymmetric catalysis

The careful selection of a suitable chiral backbone has become a crucial step in the synthesis
of any modern chiral ligand for asymmetric catalysis.® Several natural building blocks have
been widely exploited in the development of chiral ligands, although this can lead to limitations

if only one enantiomer is naturally available.*

Asymmetric catalysts do not solely depend on “centres’ of chirality.> Axial and planar chirality
were introduced in the middle of the last century and are found in an increasing number of
chiral compounds devoid of a tetrahedral stereocentre.® Some of the commonly used ligands
possessing non-traditional chirality are axially chiral binaphthalene derivatives,” planar chiral

ferrocene derivatives,®® and planar chiral arene transition metal complexes.!®!! Recently,



planar chiral cyclophanes have also attracted considerable interest due to their unusual
structural and electronic properties.>*® Cyclophanes offer a well-defined, three-dimensional
structure suited for chiral induction and these characteristics are being harnessed in the

formation of planar chiral functional materials.'4*°

This thesis covers the chemistry we have developed for the synthesis of planar chiral secondary
phosphine oxides (SPO), planar chiral oxazolines, and pyridine derivatives as well as our
studies in the field of C-H activation. Each topic is introduced at the beginning of the
appropriate chapter. As the whole thesis centres on the planar chiral [2.2]paracyclophane
scaffold, the key objective of this general introduction is to provide a brief literature overview
on [2.2]paracyclophane chemistry. The following discussion is divided into different sections
dealing with the single-crystal structure of [2.2]paracyclophane with fundamental properties
(Section 1.2) and the synthesis of key enantioenriched [2.2]paracyclophane derivatives
(Section 1.3). Though planar chiral [2.2]paracyclophanes have been largely exploited in
catalysis, the biomedical field,®” and materials science,® the applications discussed here are

mainly limited to asymmetric catalysis (Section 1.4).
1.2. [2.2]Paracyclophane

[2.2]Paracyclophane!®2” comprises of two eclipsing aryl rings or decks held rigidly in place at
the para positions by two ethylene groups (Figure 1.1, Structure 1.1). The discovery of this
molecule is considered rather serendipitous. In 1947, Micheal Szwarc of the University of
Manchester was conducting pyrolysis-type experiments on p-xylene. During this experiment,
he observed a di-p-xylene impurity in a vapour decomposition product poly(para-xylene).8
This impurity is now known as [2.2]paracyclophane. Two years later, the X-ray crystal

structure was determined by Brown and Fathering (Figure 1.1).2°

o x=113.7° y = 12.6°
1.1

Figure 1.1. Single crystal structure of [2.2]paracyclophane (left) and same at bond lengths and angles
(right). (Ellipsoids are drawn at a 50% probability level.)




According to the X-ray crystal structure of [2.2]paracyclophane, the two aromatic rings are
distorted out of the plane.?® A strong repulsion between the two decks leads to distortion giving
a shallow boat-like conformation. The close proximity of these rings leads to transannular -1
strain in the aromatic rings. The separation of these rings is less than the sum of the van der
Waals radii for carbon (3.40 A) and ranges from 2.78 A for the bridgehead for carbon (C3-
C14) to a maximum of 3.09 A between C4-C13. This rigid structure results in the bridgehead
o bonds (C1-C2 and C9-C10) being held almost perpendicular to the aryl rings allowing a
strong Gbridge-T interaction as observed by the lengthening of the C-C bond (1.63 A cf.- 1.54 A
in ethane). The bond angle of C-Chrigge to aromatic bond (inner) is 113.7°, which is greater than
the normal tetrahedral bond angle of 109.5°. The bond strain energy of [2.2]paracyclophane is
129.8 kJ/mol.

The unusual electronic and distortion of [2.2]paracyclophane rings increase the nucleophilicity
of the aromatic ring and it undergoes electrophilic substitution more rapidly than analogous
aryl systems. It also has the ability to form m-complexes. [2.2]Paracyclophane derivatives are
generally robust, crystalline, stable towards light, mild acids, bases, and thermally stable up to
160-180 °C. The [2.2]paracyclophane framework acts as a bulky shield and planar chirality
can be introduced by the addition of single substituents. With the appropriate steric bulk, the
chiral environment can be properly modulated on the [2.2]paracyclophane framework for

catalysis. 263031
1.2.1. m-complexes and transannular effect

A study by Cram and Singer revealed that the transannular effect plays a role in the formation
of n-complexes with [2.2]paracyclophane.®? According to the studies, the complexes formed
between [2.2]paracyclophane and tetracyanoethylene (TCNE) are more stable than the
analogous aryl complexes (Figure 1.2). The substituents on the [2.2]paracyclophane greatly
affect the stability of these complexes. Derivatives with electron-donating substituents are
found to be more stable than those with electron-withdrawing groups. This is thought to be due
to complexes with electron-donating groups on the substituted ring being able to participate in
the m-m interaction with TCNE, while in [2.2]paracyclophanes containing an electron-
withdrawing group, the unsubstituted ring is more likely to be directly associated with TCNE.
Due to the m-cloud system present in [2.2]paracyclophane, reactions taking place on one
aromatic ring can be influenced by electronic effects exerted by the substituents on the second

aromatic ring. This is defined as the ‘transannular effect’.
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NC):iCN NC):\CN
5
> LD

1.2 1.3 Y

Figure 1.2: n-m Complexes between TCNE and [2.2]paracyclophane with electron-donating group
(EDG) X and electron withdrawing group (EWD) Y.

1.2.2. Configuration of [2.2]paracyclophane

The assignment of R, and Sp for [2.2]paracyclophane is designated by choosing a plane that
contains as many of the atoms of the molecule as is possible.®® As depicted in Figure 1.3, the more
substituted benzene ring is considered as the chiral plane. To determine the descriptor, the
chiral plane is viewed from the out-of-plane atom closest to the plane. If there are two or more
candidates, the one closest to the atom of higher priority is chosen according to the Cahn-
Ingold—Prelog (CIP) system®** of the stereochemical assignment. This pilot atom is assigned
as carbon atom number one for cyclophane nomenclature. When viewed from the pilot atom,
if atoms a, b, and c are in a clockwise array, the descriptor is Rp and if the array is
counterclockwise, the descriptor is Sp, where subscript P ( p) denotes planar chirality. For

example, the carboxy[2.2]paracyclophane shown in figure 1.3 is Sp.

Pilot atom
/ D=4
e >
¢ x& Sp COOH

14 15

(Sp)-4-carboxy[2.2]paracyclophane

Figure 1.3: Assignment of [2.2]paracyclophane configuration.



1.3. Enantioenriched [2.2]paracyclophanes

For the synthesis of enantiopure compounds, two common methods have been used. The first
is the resolution of racemates while the second is the synthesis of a single enantiomer using an
asymmetric catalyst. Even though the latter method allows the synthesis of one enantiomer
preferentially, thus avoiding the undesired enantiomer, the reports based on this concept are
sparse.® Most of the methodologies that rely on the concept of classical resolution are tedious
and costly. The section below summarises some of the methods to resolve commonly employed
enantiomerically enriched [2.2]paracyclophane derivatives (Figure 1.4).

l CHO l COOH @ OH

1.6 1.5 1.7

Figure 1.4: Monosubstituted [2.2]paracyclophane derivatives.

Qunici et al. developed a method for the resolution of (+)-4-formyl[2.2]paracyclophane 1.6.%’
(R)-(+)-a-Methylbenzylamine was reacted with (+)-1.6 to form diastereoisomeric imines
(Scheme 1.1). A single crystallisation of the crude product resulted in the crystals being
enriched in the (R,Sp) diastereoisomer 1.8. The pure (R,Sp) diastereocisomer was obtained by
the second crystallisation in >98% de (diastereomeric excess). Hydrolysis on silica gel during
column chromatography gave (Sp)-(+)-1.6 in >98% ee (enantiomeric excess) and 20% isolated
yield. However, the enantiomer (Rp)-(-)-4-formyl[2.2]paracyclophane 1.6 was not isolated
during this procedure. To obtain the Rp enantiomer [(Rp)-(-)-1.6], an alternative method was
employed. In this method, (z)-4-formyl[2.2]paracyclophane 1.6 was reacted with (S)-(+)-1-
phenyl-2-(p-tolyl)ethylamine and repeated crystallisation of the diastereomeric imine followed
by hydrolysis, afforded (Rp)-(-)-1.6 in >98% ee and 26% isolated yield.



(R,S,)-1.8 (Sp)-1.6
CHO
O \ p-Tol
i Nlph
(£)-1.6 | v O CHO
(S,R,)-1.9 (Rp)-1.6

Scheme 1.1: Resolution of (£)-4-formyl[2.2]paracyclophane 1.6. i) (R)-(+)-a-Methylbenzylamine, ii)
hydrolysis on silica, iii) (S)-(+)-1-phenyl-2-(p-tolyl)ethylamine, iv) Hydrolysis.

The most efficient way to date for the synthesis of an enantiopure carboxylic acid was
established by Rozenberg et al. (Scheme 1.2).% This involves the resolution of (+)-1.5 by
diastereomeric salt formation with (S)-(-)-a-(p-nitrophenyl)ethylamine. The less soluble (S,Sp)
salt 1.10 crystallises from chloroform at -5 °C and subsequently by neutralising with
hydrochloric acid,  gives (Sp)-(+)-4-carboxy[2.2]paracyclophane 1.5 in 32% yield.
Concentrating the mother liquor provides (S,Rp) diasteroisomeric salt 1.10 and once
hydrolysed, gives (Rp)-(—)-4-carboxy[2.2]paracyclophane 1.5 in 84% ee and 24% yield.

il .
* o) H3NJ©\ ‘OOH
(Sp)-1.5

(S.5,)-1.10
l COOH
(£)-1.5
(S,Rp)-1.10

Scheme 1.2: Resolution of (x)-4-carboxy[2.2]paracyclophane 1.5 i) (S)-(-)-o-(p-
nitrophenyl)ethylamine, ii) HCl(aqg.).
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The resolution of (x)-4-hydroxy[2.2]paracyclophane 1.7 was achieved via an ester formation
with (1S,4R)-(-)-camphanoyl chloride (Scheme 1.3).%° The first recrystallisation from ethyl
acetate produced (1S,4R,Rp) diastereoisomer 1.11 with a de >95%. The (1S,4R,Sp)
diastereoisomer 1.11 can be obtained after a series of crystallisations from the mother liquor in
>09% de. The diastereomeric esters can then be reduced separately with lithium aluminium
hydride, to afford enantiopure (Rp)-(+)-1.7 and (Sp)-(-)-1.7 (11% isolated yield, >99% ee).

*ﬂ— Ao

(1S,4R,R,)-1.11 (Rp)-1.7
(1S,4R,S,)-1.11 S,)-

Scheme 1.3: Resolution of (£)-4-hydroxy[2.2]paracyclophane 1.7 i) (1S,4R)-(-)-camphanoyl
chloride, ii) LiAIH,.

Disubstituted [2.2]paracyclophane ligands carrying substituents on the same aromatic ring are
better ligands than the analogous monodentate ligands. The majority of such bidentate ligands
that have two substituents on the same aromatic ring are derived from (Sp)- or (Rp)-5-formyl-
4-hydroxy[2.2]paracyclophane (FHPC) 1.12. This aldehyde (£)-1.12 can be resolved by
complexation with Cu(ClO4)2 and the dipeptide, H2N-Val-Val-OH in presence of sodium
isopropoxide to give 1.13a and 1.13b (Scheme 1.4).%° (Rp)-(+)-FHPC 1.12 can be isolated in
86% ee and 17% vyield after the complex crystallises at a low temperature followed by
hydrolysis. Purification of the second diastereomeric complex required flash column
chromatography to furnish (Sp)-(-)-FHPC 1.12 in 85% ee and 17% yield after hydrolysis.



(Lo o M C

(+)-FHPC-1.12 1 13a
CHO
HO
(Rp)-(+)-1.12 )-1.12

Scheme 1.4: Resolution of (x)-FHPC 1.12 i) Cu(ClO4)2, H2N-Val-Val-OH, sodium isopropoxide.

1.4. Recent applications of [2.2]paracyclophane in asymmetric catalysis

This section explains different substituents on [2.2]paracyclophane and how they are exploited
as chiral ligands in asymmetric catalysis. [2.2]Paracyclophane derivatives are intrinsically
planar chiral, and they have been utilised as chiral auxiliaries, reagents and ligands in
enantioselective synthesis as outlined in reviews by Gibson,* Rozenberg,? Rowlands,?

Paradies*!, and Brase.!®

The majority of [2.2]paracyclophane ligands reported so far are based on one of the four
different substitution patterns (mono 1.14, ortho 1.15, pseudo-ortho 1.16, pseudo-geminal
1.17) (Figure 1.5).



R

o X @

R? R2
mono ortho pseudo-ortho
1.14 1.15 1.16

R? R
" "
Pseudo-geminal bridge-substituted

1.17 1.18

Figure 1.5. [2.2]Paracyclophane substitution patterns.

The pseudo-ortho position 1.16 is commonly exploited in asymmetric catalysis due to its
characteristic chiral pocket. Ortho-[2.2]paracyclophane derivatives 1.15 are also widely
explored since they can be easily prepared from the monosubstituted derivatives. The pseudo-
gem-[2.2]paracyclophane derivatives 1.17 can also be easily synthesised as the transannular
effect facilitates regioselective bromination on the monosubstituted derivatives containing O-
basic substituents such as nitro, carboxy, and acetyl groups. The oxygen atom of these
functionalities acts as an intramolecular base to accept the proton from the pseudo-gem position
in the o-complex to facilitate electrophilic aromatic bromination (Scheme 1.5). The first step
of dearomatisation-aromatisation is a fast, reversible process. Of note, the mechanism differs
from the electrophilic aromatic bromination of benzene, in which the first step involving attack
of brominium cation is the rate-determining step. This pseudo-gem bromo functionality can be

further transformed into a variety of other functional groups.

®

O (0] OH 0]

I @ I I I
.COR Br .COR .COR .COR
H —— wH — Br —— Br

SHCINO D »

()
1.19 1.21 1.22

1.20
o-complex

Scheme 1.5: Mechanism of electrophilic aromatic bromination leading to the pseudo-gem product.
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1.4.1. Planar chiral [2.2]paracyclophane-derived phosphine ligands

The planar chirality of [2.2]paracyclophane 1.1 has been known since 1955, yet it was not until
the 1990s that this chirality was exploited in the field of asymmetric catalysis. The first
application was reported by Pye and Rossen in 1997 for [2.2]paracyclophane-based
bisphosphine ligand. Amongst the various ligands, (Sp)-phanephos 1.23 is the most successful
[2.2]paracyclophane-based ligand to date.*? It is similar to the axially chiral bisphosphine
ligand BINAP 1.24,% which has also been extensively employed in asymmetry synthesis as a
ligand for many enantioselective transformations (Figure 1.6).

_PPh, OO
PPh,
PPh,

e (1

(Sp)-1.23 (R)-1.24

Figure 1.6. (Sp)-Phanephos 1.23 and (R)-BINAP 1.24.

(Sp)-Phanephos 1.23 was first applied in the enantioselective hydrogenation of dehydroamino
acid methyl ester 1.25 by forming the triflate salt with rhodium(l) (Rp)-1.27 under extremely
mild conditions and the product was isolated in 99.6% ee (Scheme 1.6).2 This planar chiral
catalyst has proven efficient under milder conditions compared to many other chiral
bisphosphine catalysts. It is worth mentioning that the previous benchmark catalysts require
more harsh conditions e.g. (R)-BINAP 1.24 required 70 atm. 40 °C for 24 hrs to give the
reduction product in 56% ee. Dow Chemical Ltd. now uses (Sp)-Phanephos 1.23 on an
industrial scale for the hydrogenation of ketones, using a catalyst loading as low as 0.001% on
a scale of hundreds of kilogrammes.**

Ri R Ri Rz
R,)-1.27 (2 1%
jT\ffOMe (Rp)1.27 (2 mole) OoMe
PHN Hy, MeOH PHN

0 23°C o
1.25 1.26
P : Protecting group up to 99.6% ee

®O
oTf

(Rp)-1.27

Scheme 1.6: Enantioselective hydrogenation of dehydroamino acid methyl ester 1.25.
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Below are the some examples of recently developed [2.2]paracyclophane-based ligands and

their applications in asymmetric catalysis.

A range of planar chiral pseudo-ortho-substituted-[2.2]paracyclophane-phosphine-phenol
catalysts were synthesised and studied in the aza-Morita-Baylis-Hillman (MBH) reaction of
aldimines 1.29 with vinyl ketones 1.28 by Takenaga et al (Scheme 1.7a).%> Of these catalysts,
the one with the phosphino group in the meta-position of the aryl spacer group and hydroxyl
functionality at the pseudo-ortho position 1.31 was found to be the most efficient. Here, the
synergistic interaction of functional groups in the catalyst controls the proton transfer step and
hence the enantioselectivity (Scheme 1.7b). The key characteristic of this catalyst is to produce
the aza-MBH adducts 1.30 with an unprecedented short reaction time (5-30 min.-) and good

enantioselectivity (93% ee).

(@] /TS Ts N
R + )N|\ (Sp)-131 (5 mol%) ';IH Q
| Ar H toluene, rt AFYJ\R
1.28 1.29 (S)-1.30
up to 99%

up to 93% ee

Scheme 1.7a: Aza-MBH reaction catalysed by [2.2]paracyclophane-based phosphine-phenol.

O
on e
1.28
1,4-addition
Ar = m-Xyl
(S,)-1.31
Ts s
NH O catalyst Mannich N|
- regeneration reaction )\
Ar R Ar H
1.29
1.30 H

1.33
Proton transfer

Scheme 1.7b: Influence of catalyst, [2.2]paracyclophane-based phosphine-phenol 1.31 in aza-MBH
reaction.
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Inspired by the success of axially chiral BINOL ligand and central chiral TADDOL
phosphoramidate in asymmetric catalysis, Jiang et al. demonstrated the synthesis of a planar
chiral [2.2]paracyclophane phosphoramidite.®® In their initial attempt, the PHANOL
framework 1.34 (pseudo-ortho dihydroxy derivatives) was too rigid to synthesise planar chiral
phosphoramidite. Later, the additional phenyl spacer was introduced to impart flexibility and
the desired ligands were synthesised. All of the newly synthesised ligands were screened in the
copper-catalysed asymmetric conjugate addition of diethylzinc to chalcones 1.41 with a low
catalyst loading of 1.0 mol% and the products 1.42 were obtained with high enantioselectivity
(up to 95% ee, Scheme 1.8).

NR2
P NRy P NR,

)-1.34 )-1.35 1.36
PHANOL PHANOL derived BINOL derived
phosphoramidites phosphoramidites

OH 7.
O . O O\/P—NRz
o

(S,)-1.37 R = Me, (S,)-1.38
R=Et, (Sp)-1.39
R = iPr, (Sp)-1 40

o Cu(OTf), (1 mol%) \— o
«\)J\ (Sp)-1.40 (1.2 mol%) Ar1«)J\Ar2
Ar' A T ZnEt, (15eq)
1.41 hexane/toluene (R)-1.42
0°C up to 95 %
up to 95 % ee

Scheme 1.8: Preparation of chiral phosphoramidite ligands and their application to copper-
catalysed asymmetric conjugate addition of diethylzinc to chalcones.
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1.4.2. Planar chiral [2.2]paracyclophane-derived N-heterocyclic carbene ligands

Bolm et al. reported the first carbene precursors derived from the [2.2]paracyclophane

framework.*’ Since then many other examples have been reported.

Recently, Wang et al. synthesised new [2.2]paracyclophane oxazoline-NHC ligands 1.43-1.45
derived from L-valinol with planar and central chirality (Scheme 1.9).8 The main purpose of
this study was to evaluate the effect of various substituents on the catalytic outcome of the
different complexes. The oxazoline-carbene copper complex generated in-situ by the reaction
of the oxazoline-substituted imidazolium (S,Sp)-1.43 and CuO demonstrated an exceptionally
high catalytic activity in the asymmetric 1,2-silylation of N-tosylaldimines 1.46, affording
chiral a-amino silanes 1.48 with excellent yields and enantioselectivities. The presence of an
oxazoline ring had a major influence on the enantioselectivity of the products. Without it, the
unsubstituted [2.2]paracyclophane-carbene ligand (Sp)-1.45 catalysed the reaction but failed to
induce high selectivity. The authors reasoned that the inhibition of free rotation around the C-
N bond led to conformational stability of the copper complex with oxazoline-carbene bidentate

ligand (S,Sp)-1.43 over the monodentate carbene ligand 1.45.

/N\// + _Cl

R = CHj, (S,S,)-1.43 (Sp)-1.45
R = Cyclopropyl, (S,S,)-1.44

CuO (2.5 mol%)  Ts-

Ts~ © 1.43 (5 mol9 A
N+ ph—%iB (S,5p)-1.43 (5 mol%)_ =
M A NaOMe (1.5 eq) R” “SiMe,Ph

Toluene, 0 °C

1.46 1.47 (R)-1.48

up to 92%

up to 96% ee

Scheme 1.9: Evaluation of [2.2]paracyclophane oxazoline-carbene ligands in the asymmetric 1,2-
silylation of N-tosylaldimines.

Fluorine-substituted [2.2]paracyclophane-based carbene precursor (R,Rp)-1.51 was reported by
Wang et al. (Scheme 1.10).*° The main aim of this study was to investigate the effect of a

fluorinated [2.2]paracyclophane backbone and the corresponding stereoelectronic effect on
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catalytic activity. The copper-catalysed asymmetric S-boration of a,-unsaturated ketones 1.49
to form chiral g-boryl ketones 1.50 was selected as a model reaction. It was observed that
fluorination of the planar chiral carbene has a significant effect on the catalytic performance of
the NHC-copper complex. A high conversion rate and good enantioselectivity (up to 99% ee)

were achieved with the planar chiral imidazolium salts.

O
B,(Pin), (1.1 eq.) _>\
BP
Q Cu,0 (2.5 mol%) inQ
X (R.R,)-1.51 (5 mol%)
Cs,CO3 (5 mol%)
1.49 MeOH (2 equiv) )-1.50

Toluene, .20 °C, 99%, 99% ee
30 min. (R1Rp)'1'51

Scheme 1.10: Effect of fluorine-substituted [2.2]paracyclophane-based NHC in the asymmetric -
boration of a,f-unsaturated ketones.

Sankararaman and co-workers explored the reactivity of [2.2]paracyclophane-based chiral
mesoionic carbene (MIC) metal complex in catalytic asymmetric hydrogenation (Scheme
1.11).5°[2.2]Paracyclophane-based 1,2,3-triazole-5-ylidene-Pd complex 1.54 possessing labile
acetonitrile (CH3CN) ligand was synthesised and characterised. This complex 1.54 showed
good enantioselectivity in the hydrogenation of prochiral alkene 1.52 at ambient conditions and
1.0 atmosphere of Ho.

Me
/
un
N

0] )CJ\HZ O CH, Cl—Pd—ClI

S,)-1.54 (2 mol% ~

Me)J\N coome 50154 (2 mol%) Me)J\N)\COOMe '}‘/\%»Ph

H H, (1.0 atm) H O N=p
1.52 MeOH, rt (S)-1.53
98%, 81% ee

(Sp)-1.54

Scheme 1.11: Application of planar chiral NHC complex in catalytic asymmetric hydrogenation.

1.4.3. Planar chiral [2.2]paracyclophane-derived N,O-chelating ligands

Brése and Schafer et al. have recently shown the potential of [2.2]paracyclophane-containing
mono- and tethered bis(amide) ligands (Sp)-1.55 and (Sp)-1.56 in translating their planar
chirality into central chirality of a hydroamination product (Scheme 1.12).5! These amides act
as potent chelating ligands for titanium- and zirconium-catalysed hydroamination of

aminoalkenes. The substrate 1.57 produced the hydroamination product 1.58 with
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hydroaminoalkylation by-product 1.59 (from C-H activation). The ligand (Sp)-1.56 with
Ti(NMez)4 proved superior forenantioselectivity (68% ee) and chemoselectivity (1.58 vs. 1.59:
36% vs. 6%) albeit in moderate yield and long reaction time. The reactivity of monoamide
ligand (Sp)-1.55 was excellent (95%) but failed to induce any enantiocontrol. The authors
speculated the lack of enantiocontrol was due to free rotation of [2.2]paracyclophane

framework, even though the 1,3-N,O-ligand is chelated to the metal center.

Ox_-Ph Os_Ph
T T

_NH _NH
O O
N)J\Ph
H
(Sp)-1.55 (Sp)-1.56
Ph
Ti(NMe,), or Zr(NMey), (10 mol%) Ph Ph
WNHZ (Sp)-1.56 (10 mol%) N + Ph
Ph Ph [Dgltoluene, 55 °C H NH,
22 hrs - 46 hrs
1.57 1.58 1.59
Hydroamination Hydroaminoalkylation
Product product
up to 95% up to 12%

up to 68% ee

Scheme 1.12: Amido[2.2]paracyclophane-catalysed hydroamination reaction.

The general introduction above provides a brief overview of [2.2]paracyclophane derivatives
and their potential in the stereoselective synthesis. Despite the recent advancements in
[2.2]paracyclophane chemistry, the main limitation is the lack of elegant methods to sythesise
the enantiomerically pure planar chiral derivatives. There are still many opportunities to
explore before [2.2]paracyclophane derivatives show their full potential in asymmetric

catalysis.
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Chapter 2

The Synthesis of a [2.2]Paracyclophane-derived
Secondary Phosphine Oxide and a Study of its
Reactivity
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2.0. Secondary phosphine oxides: strategy and objectives

The first objective of this project was to synthesise new planar chiral secondary phosphine
oxides (SPOs) based on the [2.2]paracyclophane framework (Scheme 2.1). These SPO ligands
will be used to create new palladium and gold catalysts. Further, these new compounds will be

screened for a range of key reactions as ligands in transition-metal catalysis.

9 )
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phosphine oxide (SPO) oxide (TPO) Phosphine

/H\
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R R O
2.5

Chiral bidentate ligand

Scheme 2.1: Synthesis of new planar chiral secondary phosphine oxides and phosphines with
[2.2]paracyclophane backbone.

The second objective was the development of new methodologies that would permit
enantiospecific synthesis of SPOs and their subsequent conversion into chiral phosphines. The
latter will be achieved by derivatisation of both the [2.2]paracyclophane framework and the
secondary phosphine functionality. This manipulation of the core structure should allow the
modular synthesis of a range of ligands in which the properties of the molecule have been tuned
to match a particular reaction (Scheme 2.2). The new SPOs and phosphines will be screened

as planar chiral catalysts in metal-mediated transformations.
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Scheme 2.2: Modular synthesis of a range of ligands.

Realising both of these objectives will permit the creation of a modular family of ligands in
which the steric and electronic characteristics can be systematically varied. This stereochemical
information is crucial to the rational design of new catalysts. Before discussing our attempts to
achieve these two objectives, it is worth discussing about chiral phosphorus ligands,
specifically, SPOs and phosphines.

2.1. Chiral phosphorus ligands

Phosphorus is an abundant element that forms many useful compounds. Organophosphorus
molecules normally exist in one of two oxidation states, P(111) and P(V), and these have been
used in a diverse range of applications including geochemistry,! pharmaceuticals,>* catalysis,”
materials,®® extracting agents for hydrometallurgy,® and chemical reagents.’® P-Chirogenic

compounds have been exploited in the synthesis of ligands for asymmetric catalysis.!

Phosphorus-based ligands and their chiral versions are most commonly employed due to their
inherent ability to strongly coordinate to transition metals. Moreover, they are configurationally
stable due to the restricted pyramidal inversion at phosphorus. The phosphorus lone pair has
greater s-character than p-character, and inversion must pass through a planar intermediate in

which the lone pair is in a p-orbital. Interconversion between s and p orbital is difficult.
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2.1.1. Secondary phosphine oxides

Phosphines are the most important type of ligands in transition-metal-catalysed reactions.!2
The number of known transition-metal complexes containing phosphine ligands is truly
immense and include monodentate, bidentate, tridentate, and higher chelating phosphines, as
well as a great variety of diverse substituents on phosphorus.t3® However, many phosphines
are sensitive to aerial oxidation and moisture, which makes them difficult to handle.'®
Secondary phosphine oxides (SPOs) are seen as a potential solution to these issues.!’ They are
widely used in homogeneous metal catalysis due to their strong donor properties. They can also
be precursors to chiral phosphines via cross-coupling,’® nucleophilic substitution,®® or
alkylation?®2? reactions. Organometallic complexes can also be synthesised using SPOs as

ligands.®

SPOs are air-stable pentavalent phosphorus species 2.11 that exist in equilibrium with the
trivalent phosphinous acid 2.12 (Scheme 2.3). The equilibrium strongly favours the P(V)
species until a transition metal is added, the equilibrium is then shifted towards the formation
of P(IlII) monodentate ligand 2.14. SPOs can form bimetallic species 2.15 & 2.16 by
coordinating late-transition metals through the ‘soft’ phosphorus atom and early-transition
metals through the ‘hard’ oxygen atoms or they can ‘self-assemble’ into a bidentate ligand 2.13
through a hydrogen-bonding or as a bimetallic bidentate complex 2.15. These complexes have
been shown to exhibit interesting reactivity in which the strongly electron-donating OH group

may act as a directing group,?*%% or an acid.?"?®
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Scheme 2.3: Tautomeric equilibrium and SPO complexes.

Achiral SPOs have been used as ligands in various transformations such as iridium-catalysed
hydrogenation,?® hydrolysis of nitriles,® amidation of nitriles®! and in palladium-catalysed
coupling reactions and C-H activation.®? However, the synthetic accessibility of enantiopure
SPOs is a fundamental challenge. Only a few examples of asymmetric transformations with

enantioenriched SPO have been reported.433

Fiaud et al. employed secondary phosphine oxide 2.20 in a Rh-catalysed asymmetric
hydrogenation of (Z)-methyl-acetamido-cinnamate 2.17 (Scheme 2.4).3* Interestingly, in this
study, the solvent used had a profound impact on the stereochemical outcome of hydrogenation.
In methanol, a polar protic solvent, full conversion to the S-enantiomer 2.18 was observed in
83% ee. The same catalyst in dichloromethane gave the opposite R-enantiomer 2.19 in 24% ee.
Though the exact reason is not known, the authors suggested a different equilibrium between
(R,R)-SPO 2.20 and (R,R)-hydroxyphosphine 2.21 for a stereochemical inversion.
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COOMe  (R,R)-2.20 (2.2 mol%) COOMe COOMe
— Rh(COD),BF, (1 mol%)

~ p WNHAc O PH  NHA
Ph NHAc H, (1 atm.), rt c
247 solvent, t 218 219
(S)-83% ee (R)-24% ee
conv. 100% conv. 100%
MeOH CH,Cl,
D t=12 min. t=15h
Ph= P = -
H O (I)H
(R,R)-2.20 (RR)-2.21

Scheme 2.4: Rh-catalysed hydrogenation reaction with (R,R)-2.20 and Rh(COD).BF..

Recently, heteroatom-substituted secondary phosphine oxides, (HASPOs) have emerged as
useful ligands. Ackermann demonstrated that some N—P—N-type HASPOs 2.22 behave as
excellent ligands in various reactions (Figure 2.1).3>%
H O
RLN/P\N’RZ

2.22

Figure 2.1: Heteroatom-substituted secondary phosphine oxides, (HASPOs).

Cramer and co-workers reported the use of HASPO 2.25 in the hydrocarbamoylation of alkenes
2.23 to synthesise chiral y-lactams 2.24 (Scheme 2.5).3" In this reaction, the HASPO supports
two metals, which work in concert to promote the reaction. The key to achieving high
enantioselectivity is the chiral N-P—-N-type SPO 2.25 possessing large 1-naphthyl and t-butyl
substituents in a pseudo Co-symmetric fashion. The authors postulated that AlIMes coordinates
the oxygen of the phosphinous acid form of the ligand 2.25 and releasing methane gas while
retaining its Lewis acidic character. Subsequently, AlMes activates the carbonyl of substrate
2.23 and hence activates the formamide C-H bond. [Ni(COD).] can now oxidatively insert into
the activated C-H bond to form a six membered bimetallic heterocycle 2.26. The resulting

intermediate facilitates the hydrocarbamoylation of alkenes (88% and 93% ee).
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Scheme 2.5: Asymmetric Hydrocarbamoylation.
2.1.2. Phosphines

Phosphines are extensively employed as ligands,® reagents,*® and in catalysis® for preparing
various pharmaceuticals, functional materials, and fine chemicals. Trivalent phosphines are
used in various classic organic transformations, such as the Mitsunobu reaction,*® and the
Appel reaction.** Such phosphines are also of special interest as ligands for diverse transition-
metal catalysed reactions.*?

Chiral phosphines are classified into two categories, P-chiral phosphines and backbone chiral
ligands. P-Chiral phosphines possess the stereogenic centre on the phosphorus atom (Figure
2.2).%2 They have limited use due to a lack of efficient synthetic methods to form enantiopure

P-chiral phosphines.

MeO
W ‘ C3H7 W \ / Ph
Me Me
OMe
2.27 2.28 2.29
Methylphenyl CAMP DIPAMP

propylphosphine

Figure 2.2: Representative examples of P-chiral phosphine ligands.

The majority of phosphines employed in asymmetric transformations have chiral
frameworks.*® This chiral backbone possesses either point, planar or axial chirality. In this type

of molecules, two substituents on the phosphorus atoms are diastereotopic and are capable of
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inducing an asymmetric environment around the reaction centre. Selected examples of ligands

with a chiral backbone which have been applied in homogeneous catalysis are shown in Figure

2.3,
OO " Me POy,
PPh,
PPh, MeO OMe , PPh,
99 O
@

2.30 2.31 2.32
BINAP Buchwald-type (R,S)-Xyliphos
ligand

0 ~~

o e
© PPh, o PPh,
o PPh, PPh2
0 ‘

2.33 2.34 2.35
Segphos (S)-PHOX (S,S)-DIOP

pIA

Figure 2.3: Selected phosphine ligands for industrial homogeneous catalysis.

Currently, four major methods are used for the synthesis of phosphines: (1) substitution
reactions of P-Cl derivatives with nucleophiles; (2) substitution of electrophiles with alkali
metal phosphides; (3) phosphination of alkenes, alkynes, or aromatic halides; and (4) reduction

of phosphine oxides.

The first approach is mostly limited to the reactions of chlorophosphines 2.36 with Grignard
or organolithium reagents (Scheme 2.6).4

Cl

cl R
B R'Li / R'MgX . R"Li / R"MgX |
'\ L P\ /P\
R Cl RTSR T ~ RTOR
2.36 2.37 2.38

R, R', R" = alkyl, aryl X =Br, CI

Scheme 2.6: Substitution reactions of P-CI derivatives with nucleophiles.

The second approach uses the reaction of an alkali metal with diaryl-, diarylhalo-, or
triarylphosphines 2.39 (Scheme 2.7).*° This strategy has the advantage that many
triarylphosphines are commercially available. Others are readily made following the first
approach. The reductive cleavage of triarylphosphines is the commonly used methodology but
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is especially difficult to scale up since it requires sodium dispersions in oil. Classic metal
ammonia reduction also introduces problems of handling, over-reduction, and operational
safety.

A _A Ar__Ar | A A "
r\l? r \FI, r\FI), r M Ar\P,R
Ar RX M R R"X R
2.39 I 2.40 2.41

Ar = Aryl
M = alkali metals (Na, Mg, Li)
R = alkyl

Scheme 2.7: Substitution of electrophiles with alkali metal phosphides.

The third approach involves C-P cross-coupling of alkenes, alkynes, or aromatic halides with

phosphine 2.42 or a phosphine-borane (Scheme 2.8).46

1 R2 LR
R‘P/R C-P cross-coupling R‘p/R
| R3-X R?
2.42 2.43

R', R?, R® = alkenes, alkynes, or aromatic
X = Br, Cl

Scheme 2.8: C-P cross-coupling.

Synthesis of phosphines by the fourth approach - reduction of phosphine oxides is limited by
the use of an excess of sensitive and/or highly expensive reducing agents, e.g. LiAIH4, DIBAL-
H or HSIiCls/EtsN, and HSiCls/PhSiH3 (Scheme 2.9).* Due to harsh reaction conditions, only

poor functional group tolerance is achieved.

0]

Il . R1\ ,R3
RVP\ R3 Reduction P
R? R2
2.44 2.45

R', R?, R®=H, alkyl, aryl

Scheme 2.9: Reduction of phosphine oxides.

All of the above methods require multistage procedures, sensitive organometallic reagents,
anhydrous conditions, and an inert atmosphere. Therefore, the development of metal-free and
step-economic routes toward bulky phosphines remains a challenging task in

organophosphorus and green chemistry.
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Inspired by the success of chiral phosphorus-based ligands in asymmetric transformations,*8->°
our first objective of this project was to synthesise new planar chiral secondary phosphine

oxides (SPOs) based on the [2.2]paracyclophane framework.
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2.2. Results and Discussion

2.2.1. Synthesis of monodentate SPO-based on [2.2]paracyclophane backbone

Our study began with the synthesis of (RSp,SRp)?-4-tert-butyl[2.2]paracyclophane phosphine
oxide 2.47 to get an electron rich SPO (Scheme 2.10). The synthesis involved generating a
highly nucleophilic  organolithium  species, 4-litho[2.2]paracyclophane, from 4-
bromo[2.2]paracyclophane 2.46 and reacting this with tert-butyldichlorophosphine under an
inert argon atmosphere. The resulting chlorophosphine was hydrolysed in one-pot to furnish

secondary (RSp,SRp)-2.47 in 55% yield with a diastereomeric ratio of 94:6.

i."BuLi (1.05 eq.) 2 (I?

Br  'BuPCI, (1.05 eq.). RVH
Oy e Loy

-78 °Ctort,12 hrs
ii. H,O

(+)-2.46 (RS,,SRp)-2.47

55%
dr = (94:6)

Scheme 2.10: Synthesis of (RSp,SRe)-4-tert-butyl[2.2]paracyclophane phosphine oxide 2.47.

Several other reaction conditions were attempted in order to improve the reaction conversion
such as heating the reaction mixture to reflux (Table 2.1, entry 1) or changing the solvent to
dry diethyl ether (entry 2). However, both reactions provided even lower chemical conversions.

Further, the formation of organomagnesium intermediate proved ineffective (entry 3).

Table 2.1: Deviation from the reaction conditions of scheme 2.10

Entry Deviation from scheme 2.10 Yield'sctated
1 -78 °C to rt to reflux 30%
2 Et.O 18%
3 Mg (1.05 eq.) .

@ For compounds possessing both a stereogenic plane and a stereogenic centre the following nomenclature is used.
Sp (lowercase P) refers to the planar chirality as defined from the C1 pilot atom and Sp (uppercase P) refers to
phosphorus stereochemistry. For racemates (RS, SR = R*,S*) according to Cahn-Ingold-Prelog rules.
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The fact that 2.47 formed with a high diastereomeric ratio (94:6, determined from the *H NMR
spectrum of the crude product)® indicated that this reaction proceeded with high
stereoselectivity and that the unlike (RSp,SRp) diastereomer was favoured. Moreover, H-2
proton was observed downfield (3.94 ppm) in *H NMR spectrum, indicating the anisotropic
influence of the proximal oxygen of the SPO (Scheme 2.10). The relative configuration of 2.47
was unambiguously determined as (RSp,SRp) by the single crystal X-ray diffraction technique
(Figure 2.4).

@°
Qr

Figure 2.4. Crystal structure of (RS,,SRp)-4-tert-butyl[2.2]paracyclophane phosphine oxide 2.47.
(Ellipsoids are drawn at a 50% probability level.)

The origin of the diastereoselectivity is not clear. We believe that (RSp,SRp)-2.47 is the more
sterically encumbered diastereomer as the oxygen is forced into close proximity to the ethylene
bridge. A possible explanation as to its formation might involve addition to the ‘BuPCl, forming
a single diastereomer of chlorophosphine 2.48 with the chlorine atom oriented towards the
ortho position, in the least sterically demanding position. Hydrolysis then occurs with the
inversion of the stereochemistry to give the congested phosphine oxide (Scheme 2.11).

e

1
i ]l i
PRy «——— H| —— P.,
@) ) H
O Unfavoured \ ﬁ\ o} favoured O
7 ok - H > \

(RSp,RSp)-2.47 2.48 (RS,,SRp)-2.47
Not observed obsereved

Scheme 2.11: Plausible intermediate to form a favourable diastereomer (RSp,SRp)-2.47.

® The diastereomeric ratio of the compound 2.47 was determining from the integration of 'Bu peaks at 1.02 § and
1.17 6.
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We also attempted to synthesise 4-phenyl[2.2]paracyclophane phosphine oxide 2.49 following
the same approach (Scheme 2.12). However, the reaction did not proceed and only
[2.2]paracyclophane 2.1 was recovered. This result suggests that the initial metal-halogen
exchange is occurring efficiently, but the formation of the corresponding chlorophosphine is a
problematic step. Based on 100% recovery of [2.2]paracyclophane, we speculated that the
phenyl group of PhPCI> might be acting as a proton source via benzyne mechanism (Scheme
2.13).

i. "BuLi (1.05 eq.)
Br  PhPCl,(1.05eq.)

Q
P'/H +
THF
-78 °C tort,12 hrs

ii. H,O
)-2.46 n.d. = not detected

n.d. 100%
Scheme 2.12: Attempted synthesis of ()-4-phenyl[2.2]paracyclophane phosphine oxide 2.49.

(‘ 254
@ W H,0

3N |
2.50 LI “ H3P523 '

Scheme 2.13: Plausible mechanism for formation of 2.1 in scheme 2.12

Alternative approaches like, transmetallation (Table 2.2, Li-Mg, entry 1) and the use of PCls
(entry 2), were not successful either.

Table 2.2: Deviation from the reaction conditions of scheme 2.12

Entry Deviation from scheme 2.12 Yield
1 MgBr,.OEt (1.05 eq.), PhPCI, (1.05 eq.) -
2 PCl5(1.05 eq.), PhMgCI (1.05 eq.) -
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2.2.2. Synthesis of racemic bidentate-SPO based on [2.2]paracyclophane backbone

To synthesise a bidentate SPO, the pseudo-ortho-substituted pattern was selected as it is
possible to construct a more efficient chiral pocket than the pseudo-geminal- or ortho-
substituted paracyclophanes. First, the bromination was performed with [2.2]paracyclophane
2.1 to obtain pseudo-para-dibromo[2.2]paracyclophane 2.55, which was later isomerised to the
pseudo-ortho-dibromo[2.2]paracyclophane 2.56 (Scheme 2.14). The aromatic protons were
observed downfield in 'H NMR spectrum of 2.56 cf., giving indication of complete

isomerization.

.Br
Fe (cat.) O Br  |somerisation O
_ - e
O Br; Br Trigylme, reflux Br
CH,Cl,, rt 4 cycles
2.1 (+)-2.55 (+)-2.56

42% from 2.55

Scheme 2.14: Bromination and isomerisation of pseudo-para-dibromo[2.2]paracyclophane 2.55 to
pseudo-ortho-dibromo[2.2]paracyclophane 2.56.

The preparation of (x)-2.57 commenced with rac-4,12-dibromo[2.2]paracyclophane (z)-2.56,
which after the halogen-metal exchange with ‘BuLi was reacted with ‘BuPCl at -78 °C under
an inert argon atmosphere (Scheme 2.15). Unfortunately, only 5% of the desired SPO (+)-2.57
was isolated. The major by-product was [2.2]paracyclophane 2.1 formed by

protodebromination of ()-2.56.

Q
.Br ,P\
i. ‘BuLi (4 eq.), BuPCl, (2.1 eq.) H
O THF, -78 °C to rt, 12 hrs O HJ< * 0
/
Br i. H,O P
o)
(%)-2.56 ()-2.57 21
5% >95%

Scheme 2.15: Attempted synthesis of bidentate pseudo-ortho SPO (£)-2.57.

We next planned to resolve the chirality and separate the enantiomers of the major diastereomer
of (RSp,SRp)-2.47. The section below summarises our attempts to synthesise enantioenriched
SPO.
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2.2.3. Attempted synthesis of enantioenriched SPO

The synthetic accessibility of enantiopure P-chiral compounds is a fundamental challenge
which mainly lies in attaining individual enantiomers with high yields, and through
straightforward procedures.® Enantiomerically pure SPOs are normally obtained through
chemical resolution or chromatographic separation but rarely by asymmetric synthesis.>>3
Early asymmetric routes were based on the use of chiral auxiliaries, with a menthol phosphinate
being the most common.>*>® For example, Berger et al. synthesised cinnamyl-H-phosphonate
(S)-2.60 from cinnamyl-H-phosphinic acid 2.58 in high yield and diastereoselectivity.®® First,
2.58 was esterified and hydroxymethylated in one-pot to give (R)-2.59 (>99% de). Next, the
Corey-Kim oxidation provided (S)-2.60 in >99% de (Scheme 2.16).

i D oH Q
R~on Conditions A R/ Conditions B P H
H OMen - OMen
PhJ Ph ~ Ph\)/
2.58 (R)-2.59, 32% (S)-2.60, 82%
>99% de >99% de
Conditions A Conditions B
i. L-menthol (1 eq.) i. N-chlorosuccinimide (3 eq.),
toluene, reflux, 24 hrs Me,S (3 eq.), CH,Cl,, -78 °C, 1hr
ii. (CH,O)n (1 eq.) ii. (R)-2.59, -78 °C, 30 min.
reflux, 24 hrs iii. EtsN (5 eq.), -78 °C to rt, 1hr

iii. recrystallisation

Scheme 2.16: Synthesis of P-stereogenic cinnamyl derivative using a menthol phosphinate.

We wanted to establish a new methodology that would allow efficient and general access to a
range of enantioenriched SPOs. Our first approach was based on the norephedrine auxiliary
(Scheme 2.17).

First, (1R,2S)-(-)-phenylpropanolamine 2.61 underwent alkylation to form (1R,2S)-2-
(isopropylamino)-1-phenylpropan-1-ol 2.62. Further reaction with 'BuPCl, and BHs3. THF
complex provided the borane oxazaphospholidine (BOP) as a 74:26 mixture of diastereomers
2.63a & 2.63b in 72% vyield. After separation of diastereomers, the geometry of each
diastereomer was determined using NOESY and COSY techniques. The configuration of major
diastereomer 2.63a was assigned to (2S,4S,5R) while minor 2.63b to (2R,4S,5R) according to
the Cahn—Ingold—Prelog (CIP) sequence rules.®” Several attempts were performed on major
diastereomer 2.63a to test the ring-opening with (z)-4-litho[2.2]paracyclophane 2.50 and
Grignard reagent (PhMgCI), but to no avail. We reasoned the failure of this reaction to the
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steric hindrance of the tert-butyl substituent that prevented nucleophilic attack at the

phosphorus centre.

i. TEA (1.1 eq.), THF

HO l HO 0 °C, 30 min
4 )\ (2.0 eq.) 2 ii. BUPCI, (1.2 eq.)
NH, HN
K,CO3 (5.0 eq.) iii. BH3.THF (1.05 eq.)
CH3CN, Reflux 0°Ctort, 3 hrs
(1R,25)-2.61 (1R,25)-2.62 iv. Column Chromatography
Ph Ph,

< N - S
2

o+ N O_+_N
P * _ P
N WK
(2S,4S,5R)-2.63a (2R,4S,5R)-2.63b
72%, dr = 74:26

Li
PhMgX X (+)-4-Li-[2.2]PC O

H,O H,0
(x)-4-Li-[2.2]PC
(%)-2.50
) 0
I l:’\'tBu
R Bu * N
O N i-Pr Ph
i-Pr Ph HO
HO
2.64a 2.64b

Scheme 2.17: Norephedrine-based approach to chiral SPO.

As the norephedrine-based approach was not looking promising, we decided to investigate a
less hindered chiral auxiliary in the hope that addition would occur.
(-)-Menthol has been successfully used for the multigramme-scale preparation of
diastereomerically pure phosphinates.®™®® These diastereomerically enriched menthyl

phosphinates are useful precursors in the synthesis of chiral secondary and tertiary phosphines.

The starting materials for this synthesis, the unsymmetrically substituted menthyl phosphinates
(1R,2S,5R)-2.66 & (1R,2S,5R)-2.67, were obtained by the reaction of the corresponding
'BUPCl; or PhPCIl; with (-)-menthol in the presence of pyridine (Scheme 2.18).
Recrystallisation of the menthyl esters (1R,2S,5R)-2.66 & (1R,2S,5R)-2.67 from pentane or
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hexane failed to resolve the diastereomers. Further, the reaction of menthyl phosphinates with

4-litho[2.2]paracyclophane 2.50 did not proceed.

l Li

Pyridine (1.0 eq.) 0
0 °C, THF o) (+)-2.50 s
'BUPCI,/PhPCl, P s H
o iR 2 N0 R THF, -78 °C R
= (1.0 eq.) z H
PN THE PN
(1R,2S,5R)-2.65 0°Ctort o/n R = Bu 2.66 R = Bu 2.47
Ph 2.67 Ph 2.49

Scheme 2.18: (-)-Menthol-based approach for chiral SPO.

We planned to synthesise aza-SPO so that we could substitute the P-N bond and make our
desired SPO. (Scheme 2.19 & 2.20). First, benzyl aniline 2.70 was prepared by reacting benzyl
bromide 2.68 with aniline hydrochloride 2.69 in anhydrous DMF using Cs.COs3 as a base at 90
°C. Subsequently, lithium N-benzylanilide was prepared and reacted with 'BuPCl; at -78 °C in
dry THF followed by the addition of H.O to give 2.71. Unfortunately, the further reaction of
2.71 with 4-litho-[2.2]paracyclophane 2.50 failed to produce the desired product (Scheme
2.19).

NH,, HCI

©/ @ i. "BuLi (1.05 eq.) /©

©ﬁsr 2.69 (1.0 eq.) N 'BuPCI, (1.05 eq.) ©/\N
Cs,CO5 (0.5eq.) gH .78 °C to rt, THF )

(0.5eq.) anhyd. DMF 2,70 ii. H,O
2.68 rt to 90 °C 2.71
12 hrs
l Li
9
+)-2.50
(£)-2.71 ©) - P>’ 'H
-78°Cto0°Ctort

THF

2.47

Scheme 2.19: Benzylaniline as an auxiliary-based approach for achiral SPO.
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At this stage, the strategy was modified to use the sulfonamide precursor because of its
electron-withdrawing nature would make it a better leaving group aiding transfer to 4-
litho[2.2]paracyclophane 2.50. Benzyl amine 2.72 was converted to sulfonamide under
microwave conditions at 110 °C in H2O as solvent. Attempted synthesis of amino-SPO
serendipitously gave an aminophosphine chloride 2.75. We confirmed the compound 2.75 with
different spectroscopy techniques. The HRMS spectra also showed a parent ion peak at
406.0762 m/z with the chlorine isotope pattern. While we anticipated that 2.75 would be a
better transfer reagent as the phosphorus would be more electrophilic and chloride a good
potential leaving group, the compound remained unreactive and no addition was observed

either with aryl lithium or with aryl magnesium chloride (Scheme 2.20).

o, ,0

N

~Cl
/©/ O\\S//O i. "BuLi (1.05 eq.) O\\S/,O
©/\NH2 2.73(1.1 eq.) /@/ \H/\© ‘BuPCl, (1.05 eq.) /@/ \l}l/\©
H,0, MW -78 °C to rt, THF By~ P\CI

5 min,110 °C ii. H0
2.72 2.74 2.75
l Li

o)

(+)-2.50 I
(£)-2.75 RUH
-78°Cto0°Ctort O >¢
THF

2.47

Scheme 2.20: Tosylbenzylamine as an auxiliary-based approach for achiral SPO.

However, after several attempts, we were not successful in synthesising the enantioenriched
SPO. We then decided to move forward to prepare monodentate and bidentate metal complexes
with (RSp,SRp)-2.47 SPO and explore their reactivities in various organic transformations.
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2.2.4. Attempted synthesis of phosphinous acid-coordinated mono- and binuclear
palladium (I1) & gold(l) complexes

The coordination chemistry of symmetrical (R* = R?) and nonsymmetrical (R # R? = alkyl,
aryl) phosphinous acids R'R?POH with transition-metal salts is of great interest due to their
applications in homogeneous catalysis and asymmetric catalysis using SPOs.>8%2, They do
exist as monodentate ligands, but more frequently form bidentate ligands with the oxygen
functionality acting as a bridge. Generally, bidentate ligands self-assemble through hydrogen

bonds.

A number of simple palladium complexes containing phosphinous acid ligands have been
studied in the past decade. These complexes are highly efficient catalysts in various cross-
coupling reactions e.g. Suzuki, Heck, Kumada, Negishi, and Stille,®3*%* hydroformylation
reactions,® and asymmetric allylic substitution.®® Recently, Li reported that Combiphos

complexes are efficient catalysts in C-C, C-N, and C-S bond-forming reactions (Figure 2.5).%

Ly |1

t Cl t Bu Bu ¢ ¢
Bu | Bu o—l/tBu tBu\I_ Bu, /Bu o
HO—P—Pd—R—OH / _Cl_ \ HO/P\Pd/ \deCI/OH
t | \t H Pd_ °Pd H o e OR
Bu ¢ Bu ., Cl_ _P-O ‘Bu Bu
i Bu Bu™ }
Bu
2.76 2.77 2.78
POPd POPd1 POPd2

Figure 2.5: Li’s Combiphos catalysts.

Considering the impressive success of metal complexes in various organic transformations, we
sought to prepare palladium complexes with SPO (RSp,SRp)-2.47 (Scheme 2.21, Table 2.3).
Initial attempts with different palladium sources ([PdCI2(CH3CN)2] and [Pd(COD)CI2]) and
changing solvents (dioxane and CH2Cl>) did not help to form the desired complex, and only
starting material was observed. The failure of forming Pd(11)-SPO-2.47 complex(es) was
reasoned to the presence of a mixture of diastereomers along with potential geometrical
isomers. In further attempts, the reaction of (RSp,SRp)-2.47 with 0.5 eq. of Pd(OAcC)2 led to its
decomposition resulting in the scission of the P-C bond, elimination of the phosphorous-

containing fragment, and formation of the [2.2]paracyclophane 2.1 (entry 2 & 3).
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(,? Reaction

—_—
0 > 'H  conditions @

(RSy,SRp)-2.47 21
P-C bond cleavage

o

Scheme 2.21: Attempted mono and binuclear palladium complex formation with (RSp,SRp)-2.47.

Table 2.3: Reaction conditions for palladium complex formation with SPO (RSp,SRp)-2.47

Entry Reaction conditions Observation
1 [PACI2(CH3sCN):] (1.0 eq.) / Pd(COD)CI (1.0 eq.) (RSp,SRp)-2.47
Toluene / Dioxane / CH2Cly, rt / reflux recovered
2 Pd(OACc), (1.0 eq.), PhMe, 50 °C, 2 hrs P-C cleavage 2.1
3 Pd(OAC), (1.0 eq.), CH:Cly, rt P-C cleavage 2.1
4 NaOAc (1.0 eq.), CDCls, rt (RSp,SRe)-2.47 recovered

Interested in why C-P cleavage was observed only upon treatment with Pd(OAc)2, we
performed two control experiments. The first (entry 4) used NaOAc. Conversely, such C-P
bond cleavage was not observed with the different acetate source. The second looked at another
electron-rich SPO. We carried out reaction between tert-butyl(2-
(dimethylamino)phenyl)phosphine oxide 2.79 and a stoichiometric quantity of Pd(OAC)..
However, the C-P bond remained intact in 2.79 (Scheme 2.22). These results suggest that the
combination of the tert-butyl SPO and [2.2]paracyclophane activates the C-P bond.

\é Pd(OAC); (1.0 eq.) ”\é
CH,Cl,, rt

2.79

No P-C bond
cleavage was observed

Scheme 2.22: Effect of Pd(OAC); on tert-butyl(2-(dimethylamino)phenyl)phosphine oxide 2.79.
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Generally, Pd-mediated cleavage of C-P bonds is unusual. There have been reports of
triarylphosphine (PArs) acting as a source of the aryl moiety in cross-coupling reactions when
Pd(OAc). was employed in sub-stoichiometric quantity.5”-"° For example, Xu and co-workers
reported that the aryl group of PArs could be transferred through C-P bond cleavage in the

presence of a palladium catalyst (Scheme 2.23)."

PAr; (0.66 eq.)

/:/R Pd(OAc), (10 mol%) R'j_R

R' AcOAg (4.0 eq.) Ar
CH3CN, 70 °C, 24 hrs
2.80 2.81
up to 89%

Scheme 2.23: Palladium-catalysed arylation of olefins by PArs.

The formation of palladium complex with SPO-2.47 was not promising, but we could see if
they can be formed in-situ. We decided to evaluate the role of SPO-2.47 as a potential ligand

with an external source of palladium catalyst.

2.2.4.1. Investigation of the role of SPO-2.47 ligand in palladium-catalysed coupling
reactions

First, we choose to perform the Suzuki-Miyaura cross-coupling reaction of electronically
deactivated coupling partners 2-bromotoluene 2.82 and 2-methoxyboronic acid 2.83 to
evaluate the reactivity of SPO-2.47 by using different palladium sources: Pd(OAc)z, PdCl,,
Pd2(dba)s, bases and solvents (Scheme 2.24, Table 2.4).

B(OH [Pd] (1 mol%) O
Br . @ OH2 5po-2.47 (1 mol%)_ O
o~ Base (2 eq.) -
2.82 2.83

(0]
solvent
80°C,12h 2.84

Pd = Pd(OAc),/ PdCl,/ Pdy(dba)s
Scheme 2.24: SPO-2.47-catalysed Suzuki-Miyaura cross-coupling.
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Table 2.4: Screening conditions for Suzuki-Miyaura Cross Coupling
Entry Solvent Base Yield?

1 Toluene Cs,COs PdCl, 10%
sz(dba)3 12%
Pd(OAc), 19%

PdCl, 19%
2 EtOH Cs2CO3 Pdy(dba); 9%

Pd(OAc): 23%

PdCl, 13%
3 EtOH NaO'Bu Pdy(dba); 11%

Pd(OAc): 24%
4 EtOH CsF Pd(OAc): 5%
5 H.0 K3PO4 -

alsolated Yield

In the initial reactions conditions by varying different palladium catalysts while keeping
Cs2COz and toluene constant, the reaction with Pd(OAc). gave the best conversion among three
(entry 1). The product formation was slightly increased with polar solvent ethanol (entry 2) as
well as with NaO'Bu (entry 3). However, the reaction with CsF and K3PO4/H20 did not show
much promise (entry 3 & 4). Based on the optimal conversion in Pd(OAc). and ethanol

conditions, the next screening was carried out using different bases (Scheme 2.25, Table 2.5).

Br B(OH),  Pd(OAc), (1 mol%) O
+ ©i SPO-2.47 (1 mol%) O
o~ -

Base (2 eq.) (0]
EtOH, 80 °C
2.82 2.83 12 h 2.84

Scheme 2.25: SPO-2.47-catalysed Suzuki-Miyaura cross-coupling.

Table 2.5: Screening conditions for Suzuki-Miyaura Cross Coupling

Entry Base % Yield?
1 CsF 24
2 KO'Bu 11
3 NaOH 24
4 K2COs 20
5 KsPO4 45
6 KOH 45
7 KF 46
8 Cs2CO3 35
9 NaO'Bu 64

2GC yield is determined using p-nitrotoluene as an internal standard.

40



The reaction conversion was observed in the same range (~20%) as previous conditions with
CSF, NaOH, and K>COs (entry 1, 2, & 3). Surprisingly, the product formation was nearly
doubled with K3PO4, KOH and KF (entry 5, 6, & 7). Among all of the bases screened, the
optimal conversion was obtained with NaO'Bu (entry 9). These results suggest that SPO-2.47
is a competent ligand to catalyse the Suzuki reaction between unactivated coupling partners at

1 mol% scale.

We next moved to evaluate the catalytic potential of SPO-2.47 in Buchwald-Hartwig amination
reactions (Scheme 2.26). The results were more promising. Both electron-rich and electron-
poor aryl bromides can be coupled to various anilines including sterically demanding

substrates.

Pd,(dba)s (2.5 mol%)

| X VH2 . {)f SPO-2.47 (10 mol%) _ O/
R/ ¥z NaOBu (1.5 eq.)

toluene
X =Br, 2.86 105°C, 24 hrs
X =Cl, 2.87
H OCH;
S 7:1 SRS\ y ©
COOH
80% 55% 65%
2.89 2.90 2.91
F5C N N | N N
g
CF3
23% 100% 100%
(X=Cl)
2.92 2.93 2.94

Scheme 2.26: Buchwald-Hartwig coupling of aryl bromides (unless otherwise noted) and anilines.

After evaluating the potential of SPO-2.47 in palladium-catalysed cross-coupling reactions, we
decided to attempt the complex formation with another metal and chose gold. To the best of
our knowledge, there has been only a single report of an Au(l)-SPO complex being used in

catalysis.”
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2.2.4.2. Synthesis of SPO-67-Au(l) complex and investigation of its catalytic potential

Homogeneous gold catalysis has emerged as a highly versatile synthetic tool for the
construction of carbon-carbon or carbon-heteroatom bonds.”*" Echavarren,’® Fiirstner,”” and
Toste’® developed enyne cycloisomerisations in the presence of cationic gold(l) complexes.
The nature of the ligand coordinated to the gold centre plays a major role in the reactivity and

selectivity of gold-catalysed reactions.

The synthesis of the SPO-Au(l) complex 2.95 was readily achieved by following Schmidbaur’s
procedure (Scheme 2.27).” The complex 2.95 was air-sensitive and had to be stored under an
inert atmosphere. Despite this, the formation of the complex 2.95 was confirmed by *H and 3P
NMR spectroscopy. The 3P NMR peak was shifted t0125.63 ppm (P{!"" in 2.95) from the 57.81
ppm P™ observed in SPO-2.47.

0 OH
(CH23),SAUCI (1.0 eq.)

Py P-AuCl
O N CH,Cl, [0.02 M] O N

rt, o/n

(RSP,SRP)-2.47 (RSP,RSP)—2.95
95%
Air sensitive

Scheme 2.27: Au(l)-complex formation with SPO-2.95.

Having successfully synthesised the desired Au(l)-SPO-2.95 complex, we proceeded to

evaluate its catalytic potential in cycloisomerisation reactions.

2.2.4.2.1. Enyne cycloisomerisation

To evaluate the activity of complex 2.95, we investigated two cycloisomerisation reactions and
an addition process. One isomerisation and the addition could be performed on enyne 2.100
(Scheme 2.28). This was readily prepared by consecutive alkylations of dimethyl malonate
2.96. Each step occurred in high yield. The cycloisomerisation was performed in CH2Cl; at
room temperature. Mixing the Au(l)-SPO-2.95 complex with AgSbFe leads to a cationic
catalyst that activates the alkyne. The cyclopentene 2.101 was isolated in 85% yield.

42



f<2'97
Br
MeoOC” >

=\ 2.99
Br M902C
1.3 eq. MeOOC — 1.2 eq.
coome — -39 N;H . (1‘ )eq) MeO,C
K,CO3 (1.0 eq.) 1 eq.
acetone MeOOC THF, 0°C to
2.96 2.98 ‘ 2.100
rt, 24 hrs 7% r 98%
MeO,C = SPO-AuCl2.95 (2 mol%) MeOOC
AgSbFg (2 mol%
MeO,C \ gSbFg ( o) _ MeOOC
CH,Cl, [0.05 M]
rt, o/n
2.100

2.101
85%
Scheme 2.28: Cycloisomerisation of enyne 2.100

The mechanism for this reaction is complex (Scheme 2.29). After activation of the alkyne, the

alkene attacks the triple bond to give a vinyl gold species and relatively stable tertiary
carbocation 2.103. This undergoes intramolecular cyclopropanation

OH OH
- AgSbF -
P 9 6 p-pD = M
AQC| O b
2.96
M]:
L M] /[ "
M602C - Meozc == 5_exo_dig MeOOC \
MeO,C
2 MeO,C \ MeOOC ®
2.100 2.102 2.103
® ®
[l}/ll b
MeOOC . MeOOC
MeOOC H MeOOC H
2.104 2.105
[M]
9 ~
MeOOC @H

MeOOC
2.106

2.101
Scheme 2.29: Plausible mechanism of cycloisomerisations enyne 2.100
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If the reaction is performed in a protic solvent like methanol then the initial intermediate 2.103
can be trapped and methoxycyclisation occurs to give the ether 2.106 (Scheme 2.30). This latter
reaction is interesting as the product controls a stereogenic centre and it could be formed in
enantiomerically enriched form if the correct ligand was used.

o OCH,4
MeO,C — SPO-AuCI 2.95 (2 mol%)
MeO,C AgSbFg (2 mol%) MeOOC
\ CH3OH [0.05 M] MeOOC
rt, o/n
2.100 2.106
92%

Scheme 2.30: Methoxycyclisation of enyne 2.100.

This reaction was repeated with a second substrate 2.110 to give pyrrolidine 2.111 (Scheme 2.31).

=~ S

Ts—N

TsCl (0.95 eq.) H _~ (1.1eq.)2.109
HzN/ > TS/N// \_\>7

Et;N (2.4 eq.) NaH (1.1 eq.)
CH,Cl, THF, 0°C to rt
2107 2.108 2110
15% 100%
— OMe
T —N/ —  SPO-AuCl 2.95 (2 mol%)
S AgSbFg (2 mol%)  TeN
\_\>7 CH30H [0.05 M]
rt, o/n
2.110 2111

80%

Scheme 2.31: Methoxycyclisation of enyne 2.110.

The catalytic reactions of Au(l)-SPO-2.95 complex were promising and results are similar to
those reported for the only other known example of a Au(l)-SPO.”? We suggest that if SPO-
2.95 can be synthesised in an enantiomerically pure form, it would be a good catalyst for

asymmetric intramolecular cyclisation reactions.

After the initial investigation, we concluded that the synthesis of planar chiral SPO based on a
[2.2]paracyclophane framework is limited to the tert-butyl substituent. A comprehensive array
of reactions had been performed to resolve the planar chirality but all to no avail. Fortunately,
the planar chiral SPO has proved to be a competent pre-ligand in different metal-catalysed

transformations.
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Next, we attempted to synthesise planar chiral phosphines. For this, we chose the reduction of
the tertiary phosphine oxide (TPO) route. The section below describes the synthetic route, we

have developed to access various planar chiral TPOs from the SPO-2.47.

2.2.5. P-Arylation of secondary phosphine oxide (SPO)

The role of P-arylation in the formation of tertiary phosphines is significant.?? A direct route
to tertiary phosphines involves functionalisation of secondary phosphines. However, secondary
phosphines are unstable towards oxidation and require rigorous oxygen-free conditions in their
synthesis. An alternative approach that minimises the handling of oxygen-sensitive
intermediates, involves the functionalisation of secondary phosphine oxides (SPOs) to form
tertiary phosphine oxides (TPOs), which can be reduced to give the desired phosphines.”®-8!
The arylation of SPO-2.47 would provide a general route to P-stereogenic
[2.2]paracyclophane-phosphine. This is an unstudied area of [2.2]paracyclophane chemistry
with only a single example reported in a patent.82 We have optimised an efficient method for
P-arylation of SPO-2.47 in the formation of TPOs (Scheme 2.32, Table 2.6).

Y:\R |O
P

0] X
I% XM (1.5€eq.) I"/ Y
O ﬂ< [Pd] (2 mol%) O )i@a
(

ligand (2.2 mol%)
base (1.3 eq.)
SP0O-2.47 Solvent

X=1,Br Y=C,N R = -H, -CH3 -OCHs, -CN

Scheme 2.32: P-Arylation of SPO-2.47.

The initial conditions trialed were those of Bloomfield (entry 1),%2 but these did not give
satisfactory yields so we performed a quick optimisation. Changing the ligand to dppf (entry
2), solvent to toluene (entry 3), and metal to NiCl2.5H-O (entry 4) and Cul (entry 5) failed to
produce the desired product. Surprisingly, in the latter case, the iodide-adduct 2.115 was
formed in 55% vyield. It became clear that aryl bromides were not sufficiently reactive so we

started coupling aryl iodides.

At this point, the most successful coupling was observed with Pd(OAc)., dppf, DIPEA, in
dioxane with DCE as a co-solvent (4.5:0.5) (entry 6). In an attempt to improve the reaction
conversion, a range of coupling conditions were screened by altering ligands dippf (entry 7),

xanthphos (entry 8), solvent dioxane to toluene (entry 9), and palladium source from Pd(OAc)2
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to Pd2(dba)s (entry 10). Unfortunately, product formation was reduced to below 5% in every
case. Gratifyingly, changing the base from DIPEA to Cs>COs increased the reaction yield
substantially up to 87% (entry 11). To investigate the scope of this P-arylation protocol, we
applied the optimised conditions to a variety of substituted aryl iodides. Neutral (entry 12),
electron-rich (entry 13), electron-deficient (entry 14) aryl iodides, and a heteroaromatic iodide
(entry 15) were all well-tolerated for the P-arylation with SPO (RSp,SRp)-2.47 to smoothly
produce the corresponding tertiary phosphine oxides (TPOs) in 55-85% yields.

Table 2.6: Optimisation conditions for P-arylation of SPO-2.47
Entry Ar-X Reaction conditions* Product %Yield®P

Br

o)
I
1 Pd(OAc),, Xanthphos, R 232
DIPEA, @ k g

DME, 85°C, 24 h

2.112
(RSp,RSp)-2.113
2 2.112 Pd(OAc),, Dppf, - -
DIPEA,
DME, 85 °C, 24 h
3 2.112 Pd(OAC),, Xanthphos, - -
DIPEA,
Toluene, 110 °C, 24 h
4 2.112 NiCl..5H;0, Zn, 2,2’-
bipyridine - -
H:0, 70 °C, 24 h
5
Cul, (S)-a-phenyl ethyl 0 552
amine, R
K,COs, Toluene, 110 O >T
°C,24h
2114

(RS,,RSp)-2.115

(0]
1]
6 2114 Pd(OAC)., dppf, R 352
DIPEA, dioxane:DCE O k Y

(4.5:0.5), 100 °C, 24 h
(RS,,RSp)-2.116

7 2.114 Pd(OACc)., dippf, (RSp,RSp)-2.116 2.37°
DIPEA, dioxane:DCE
(4.5:0.5),100°C, 24 h
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8 2.114 Pd(OAc),, Xanthphos, (RSp,RSp)-2.116 413"
DIPEA, dioxane:DCE
(4.5:0.5), 100 °C, 24 h

9 2.114 Pd(OAC),, dppf, (RSp,RSp)-2.116 1.13°
DIPEA, toluene:DCE
(4.5:0.5), 100 °C, 24 h

10 2.114 Pd(dba)s, dppf, (RSp,RSp)-2.116 1.18°
DIPEA, dioxane:DCE
(4.5:0.5), 100 °C, 24 h

11 2.114 Pd(OAC)., dppf, 872
Cs2COs, dioxane:DCE (RSp,RSp)-2.116 52.58°
(4.5:0.5), 100 °C, 24 h

12 [ Pd(OAC)., dppf,
Cs,COs, dioxane:DCE (RSp,RSp)-2.113 852
(4.5:0.5), 100 °C, 24 h

2117
13 Pd(OAC),, dppf,

(4.5:0.5), 100 °C, 24 h

| 0
Cs,COs, P"'Q 80°
dioxane:DCE O >§‘ // ~OMe

OMe (RS,,RSp)-2.119
2.118
|
14 Pd(OAC),, dppf,
Cs,COs, dioxane:DCE O 552
(4.5:0.5), 100 °C, 24 h R
CN O >T //~CN
2.120
(RS,,RSp)-2.121
712

|
15 C( Pd(OAC),, dppf, 2 Ne
N Cs,CO3, dioxane:DCE P'//Q
2.122 (4.5:0.5),100°C, 24 h O N A

(RS,,SRp)-2.123

*[Pd], [Ni], or [Cu] 2 mol%, ligand 2.2 mol%, base 1.3 eq.
3solated yield
PNIMR yield is determined by using p-xylene as an internal standard.

It should be noted that this protocol requires a higher temperature compared to Bloomfield’s
original couplings, suggesting that the sterically demanding nature of the SPO-2.47 impedes
the reaction. In each case, the new TPO was formed as a single diastereomer as confirmed by

47



'H NMR spectroscopy. As we anticipated, the *H NMR spectrum indicates the close proximity
of one of the H-2 protons (4.48 ppm) to P=0, which suggests the unlike diastereomer is
favoured. In the case of 2-pyridyl TPO, the like diastereomer is formed due to the change in
priorities according to the Cahn-Ingold-Prelog guidelines.>” This was later confirmed when the
structure of the TPO 2.116 was determined by X-ray analysis (Figure 2.6).

Q@c

H
@
@r

Figure 2.6: X-ray structure of tertiary phosphine oxide (RSp,SRe)-2.116.
(Ellipsoids are drawn at a 50% probability level.)

After synthesising the various TPOs based on [2.2]paracyclophane, our next goal was to reduce

them to the corresponding phosphines.

2.2.6. Synthesis of monodentate P-ligands

Bulky tertiary phosphines are of special interest as ligands for diverse transition-metal
catalysed reactions.83° One of the routes to synthesise phosphines is through the reduction of
TPO.4"8887 This is always a challenging reaction, but there are several reported reductions of
[2.2]paracyclophane phosphine oxides by trichlorosilane (HSiCls).%-2 For example, during the
synthesis of planar chiral pseudo-ortho aryl[2.2]paracyclophanyl-phosphine 2.125, Kitagaki et
al. used HSiCls to reduce a TPO 2.124 to a phosphine 2.125 (Scheme 2.33).%! However, the
reduction conditions often require an excess of HSiClz with unusually long reaction times.

Moreover, silane reagents are toxic and volatile in nature.
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HSICl; (34 eq.)

i-ProNEt (59 eq.)

Xylene, 140 °C
O)Ph, 2 days PPh,

S,)-2.124 S,)-2.125
81%

Scheme 2.33: Reduction of TPO 2.124 to phosphine 2.125 with HSICla.

In an attempt to avoid the use of silanes, we initially performed the reduction of TPO-112 by

employing conventional hydride reagents (Scheme 2.34, Table 2.7).

II
IIQ\ Reduction >/Q\
conditions

(RSp,RSp)-2.116 (RSp,SRp)-2.126 (RS,,RSp)-2.126

Scheme 2.34: Reduction of tertiary phosphine oxide (RSp,RSp)-2.116.

Table 2.7: Optimisation conditions for reduction of (RS,,SRp)-2.116

Entry Reaction conditions %Yield*®
1% Mel, DME, rt, 2 hrs, -
LAH, 0 °C to reflux
2% Meerwein’s salt, NaBH4, CH,Cl, -
3% (COCI),, LAH, toluene, -

0 °C to reflux

4% (COCl),, NaBHjy in diglyme, -
toluene, 0 °C to reflux

59 CeClz, NaBH4, LAH, -
THF, 0 °C to reflux

66 DIBAL, c-hexsP=0, CH,Cl,, 45 °C -
BH3. THF, 23 °C

788 HSIiCls, EtsN, toluene, 110 °C, 18 hrs -
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g8e HSiCls (35 eq.), p-xylene, 140 °C, 48 hrs 71%°

dr = 60:40

986 HSiCl; (28 eq.), p-xylene, 75%°¢
140 °C, 15 hrs dr = 60:40

1088 HSiCl; (28 eq.), p-xylene, 68%°
110 °C, 15 hrs dr = 6040

2 Crude yield
b dr = diastereomeric ratio (determined from crude product by *H NMR spectroscopy)
®reaction was performed in the pressure tube.

With the hydride reducing agents, strong alkylating agents were first used to form the
phosphonium species, which was then reduced by the hydride source. Initial attempts to
alkylate TPO-2.116 with Mel and Meerwein’s salt [(C2Hs)30(BF4)] followed by reduction with
LiAIHs and NaBHs (entry 1 & 2) were not promising. Further reactions to form
chlorophosphonium ion of TPO-2.116 by the treatment with oxalyl chloride (COCI). followed
by reducing agents LiAlIH4 (entry 3) and NaBH4 (entry 4) were also not effective. Likewise,
other strategies such as activation of phosphine oxide by coordination with trivalent cerium
(CeCl3, entry 5) and employing an ancillary substrate tricyclohexylphosphine oxide (c-

hexsP=0, entry 6) also failed.

As the regular reducing agents did not reduce the TPO-2.116, we decided to attempt reduction
with silane reagents (Table 2.7). The P=0 bond in a phosphine oxide can be activated by
forming in-situ the P-O-Si bond. Heating TPO-2.116 in toluene (110 °C) with an excess of
HSIiClz did not produce the desired reduction product (entry 7). Gratifyingly, changing solvent
to p-xylene and reaction conditions to the pressure tube (140 °C) furnished the desired
phosphine 2.126 but with epimerisation (entry 8 & 9). Epimerisation was confirmed by *H

NMR as a single diastereomer of 2.116 produced two diastereomers of 2.126 (Scheme 2.34).

This reaction left us with a question, whether epimerisation occurred at the phosphorus
stereocentre or at the paracyclophane? The paracyclophane ethylene bridge tends to cleave at
>150 °C but bulky substituents can lower this. We believed that lowering the temperature
would rule out this possibility. The reaction was performed under the same conditions but at
lower temperature 110 °C. We observed nearly the same reaction conversion in the same
diastereomeric ratio (entry 10). This result ruled out the possibility of epimerisation of planar

chirality since it is highly unlikely to cause homolytic scission of the [2.2]paracyclophane
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ethylene bridge at this temperature. This evidence suggested that the epimerisation occurred at

the phosphorus stereogenic centre (Scheme 2.34).

The optimised reaction conditions of HSiClz in p-xylene at 140 °C were used to reduce the rest
of the TPOs-2.113, 2.119, 2.121, and 2.123. However, in all cases, the reduction of single
diastereomer of TPO gave two new compounds as indicated by *H NMR spectroscopy of the
crude reaction mixture (Scheme 2.35). Moreover, all phosphines appeared to be air-sensitive
and it became necessary to protect the putative phosphines. Initially, we attempted to protect
them as the borane complex, but this was unsuccessful. It was later found that these phosphines
could be protected as the phosphinium salt by reaction with tetrafluoroboric acid or by
complexation with chloro(tetrahydrothiophene)gold(l) or chloro(dimethyl sulfide)gold(l) to
give, in each case, inseparable diastereomeric compounds (Scheme 2.35). It should be noted
that all phosphines were reduced, protected and isolated by these strategies as judged by

spectroscopy, however isolation of 2.127, 2.128, and 2.129 in pure form was difficult.

O

(£)-2.127 R = H*; Y= C; (£)-2.131.AuCI R = H*; Y= C; 55:45 dr**
(£)-2.126 R = 4-CHj; Y= C; 60:40 dr (£)-2.132.H R = 4-CH3; Y= C; 69%, 57:43 dr
()-2.128 R = 4-OCHj; Y= C; 58:42 dr (£)-2.133.AuCI R = 4-CHg3; Y= C; 16% 62:38 dr
(£)-2.129 R = 4-CN*; Y= C; (£)-2.134.AuCI R = 4-OCHg; Y= C; 61:39 dr**
(%) (£)-2.135.AuCI R = 4-CN**; Y=C
(£)-2.136.H R = H; Y=N; 100:0 dr**
(£)-2.137.AuCI R = H; Y=N; 23% 100:0

-2.130 R = H; Y=N; 100:0 dr

Scheme 2.35: Reduction of tertiary phosphine oxides.

(@) HSICl3(28 eq.), xylene, 145 °C, 24 hrs or neat PhSiHs, 140 °C, 3-5 days

(b) HBF4(15 eq.), H20, CH.CI, or Au(dms)CI (1.0 eq.) CHCl; or Au(tht)ClI (1.2 eq.), CHsCN

*Qverlapping peaks in the *H NMR spectrum prevented the diastereomers ratio of 2.127/2.129 being

determined

** 2.127, 2.128, 2.129 could be reduced and complexes formed but it proved impossible to remove all

impurities
Interestingly, the reduction of pyridine TPO-2.123 proceeded to give a single diastereomer.
Inspection of its gold complex suggests that reduction occurred stereoselectively with the
retention of stereochemistry at phosphorus. There were downfield signals that can be assigned
to the ethylene bridge by H NMR spectroscopy. This was later confirmed by X-ray

crystallography (Figure 2.7).
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Figure 2.7: X-ray structure of gold complex of phosphine 2.137.AuCl.
(Ellipsoids are drawn at a 50% probability level.)

Itis unclear why pyridine alters the stereochemical course of the reduction. There is speculation
that a pyridine-silane adduct 2.138 delivers the hydride in an intramolecular fashion causing
the stereoselective reduction (Scheme 2.36).

©
) S
. oS Fvl/\ 0-SsiCl, 2
NG O T \/ 2.35 \
YRS NOIRST (O (TS
2.123 2.138 2.139 Z=H, 2136

Z = AuCl, 2.137
Retention of stereochemistry at phosphorus

Scheme 2.36: Plausible mechanism of stereoselective reduction of 2.123.

2.3. Conclusions

Overall, this project aimed to synthesise planar chiral secondary phosphine oxides based on
[2.2]paracyclophane. The tert-butyl planar chiral secondary phosphine oxide — SPO-2.47
proved to be a competent ligand, notably in transition metal-catalysed cross-coupling
reactions. The Buchwald-Hartwig aminations were performed with the catalyst derived from
SPO-2.47 in good to excellent yields with both electron-rich and electron-deficient aryl
bromide/chlorides as well as sterically hindered anilines. However, this ligand was only

moderately efficient in Suzuki-Miyaura cross-coupling reactions. Even more promising was
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the complexation of SPO-2.47 with gold [Au(l)] which facilitated cycloisomerisations and
methoxycyclisations. In order to investigate a general route to P-stereogenic
[2.2]paracyclophane-derived phosphines, P-arylation of the SPO-2.47 was first optimised
with a variety of substituted aryl iodides. Interestingly, in each case, tert-phosphine oxides
were obtained as a single diastereomer. After employing an array of reducing agents, these
tert-phosphine oxides were finally reduced under harsh conditions that caused epimerisation
at the phosphorus centre generating two diastereomeric phosphines. Due to the instability of
these putative phosphines, they were either protected as the phosphonium salt with
tetrafluoroboronic acid or directly complexed with chloro(dimethylsulfide)gold(l) or
chloro(tetrahydrothiophene)gold(l) to give useful gold complexes. Based on our study, we

suggest that if [2.2]paracyclophane SPOs could be synthesised in enantiomerically pure

forms, they will have a great potential in asymmetric catalysis.
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3.0. Introduction to C-H activation

It is a possible cliché that organic chemistry is at the heart of modern life. The synthesis of
organic molecules supports the global economy through industries such as agriculture,
pharmaceuticals, and electronics. It is no exaggeration to say that chemists can synthesise any
organic molecule, regardless of its size and complexity. A traditional synthesis undoubtedly
requires a multistep sequence that exploits the reactivity of the functional groups embedded in
the intermediate compounds. Many of these sequences involve repetitive functional group
interconversion into active moieties that facilitate the elaboration of the core structure. Even
though this type of chemistry is highly predictable, it demands substantial skill and resources
to prepare even a small quantity of any substance. Nonetheless, it generates a vast quantity of

waste and is often categorised as inefficient and non-sustainable.

In the late 20" century, transition metal-catalysed cross-coupling reactions have transformed
the field of organic chemistry.>? These classical cross-coupling reactions like Mizoroki-Heck,
Suzuki-Miyaura, Stille, and Negishi have enabled convergent synthetic methodologies by pre-
functionalisation of the starting materials. Over the past several decades, the development of
new families of ligands and metal complexes for these reactions has paved the way for the
synthesis of a myriad molecules.® However, many of the organometallic reactants are highly

toxic, air, and moisture sensitive.

In this century, the field of chemistry has been transitioning to a more sustainable approach.*®
With the direct functionalisation of ‘inert” C-H bonds, it is offering a direct, atom-economical
tool-box. As most organic molecules are built on a hydrocarbon backbone, C-H bonds are
ubiquitous, and direct activation of these C-H bonds convert a broader range of simple
feedstocks to the complex and valuable building blocks (Figure 3.1).”
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Figure 3.1: Traditional synthetic route vs C-H activation.

3.1. C-H functionalisation

C-H activation is a revolutionising method as it circumvents many of the shortcomings of
traditional synthetic methods.® It renders multiple functional group interconversions redundant
and directly transforms starting materials into complex molecules. Fundamentally, this
technique uses ‘non-activated’ and ‘unarmed’ C-H bonds to couple molecules. C-H
functionalisation reactions are mainly based on the noble metals (Pd, Rh, Ru, Ir),%° while only
a few are based on the earth-abundant metals (Fe, Cu, Zn, Ni).}* For this reason, transition-
metal catalysed C-H activation is often defined as a ‘Holy Grail’ in organometallic chemistry.
Theoretically, the method ‘C-H activation’ looks straightforward, however, it is not easy, and
only a specific C-H bond within a molecule must be reacted. In the section below, 1 will present

the principal challenges associated with this field.

3.2. General problems associated with C-H activation

In the C-H activation chemistry, regioselectivity and enantioselectivity are still unsolved

problems due to the robust nature of C-H bonds.

C-H bonds are generally unreactive. This is due to their high bond dissociation energies
(between 355 and 439 kJ/mol) and similar electronegativities of carbon (2.5) and hydrogen
(2.2), leading to a non-polar bond.12* Although the strength of the bonds follows the increasing
trend of sp® < sp? < sp (bond dissociation enthalpy at 298 K: C(sp®)-H 406.2, C(sp?)-H 443.5
and C(sp)-H 548.5, kJ/mol), the activation barrier decreases in the same trend. Studies suggest

60



that the difference in energy of 6*c.H LUMO antibonding and oc.H HOMO bonding orbital and

steric hindrance of C-H bonds decide the ease of activation.

The second problem is to control the site-selectivity so that only the desired C-H bond can be
functionalised in the presence of many C-H bonds with similar reactivity (regioselectivity).®

An even more challenging problem is distinguishing two prochiral C-H bonds, breaking the
symmetry of the molecule, and permitting the synthesis of chiral molecules

(enantioselectivity).®

The section below will describe the general strategies to address these challenges in C-H

functionalisation reactions.

3.3. Overview of metal-mediated C-H activation mechanism

The metal-mediated C-H activation can be via either an ‘outer-sphere’ mechanism, which does
not involve the direct interaction between the C-H bond and the metal reagents, or an ‘inner-

sphere’ mechanism, where the metal reagent is intimately involved in breaking the C-H bond.
3.3.1. Outer-sphere mechanism

The key feature of this type of mechanism is that the substrate does not interact directly with
the transition metal but instead reacts with the metal ligand. The mechanism proceeds by two
steps, (i) formation of a high oxidation state metal complex containing an activated species
such as metal oxo-, imido- or carbene species followed by, (ii) reaction of the activated species
with a C-H bond.'®" The latter step proceeds by either direct insertion or H-atom
abstraction/radical rebound (Figure 3.2). The selectivity of the reaction is determined either
through the intrinsic selectivity of the substrate or through the spatial arrangement of the ligand

that controls the substrate approach to the reactive centre.
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Figure 3.2: Outer-sphere mechanism.

3.3.2. Inner-sphere mechanism

In this mechanism, the substrate directly coordinates to the transition metal that leads to C-H
bond cleavage via formation of a discrete organometallic intermediate (Figure 3.3). Most inner-
sphere reactions utilise a Lewis basic functionality known as a directing group within the

substrate to direct the metal to a specific C-H bond.18°

H [M] X
[M] X
C-H bond cleavage Functionalisation
Substrate Organometallic Product

intermediate

Figure 3.3: Inner-sphere mechanism.

In a large number of C-H activation reactions, insertion into a C-H bond is achieved by the
‘concerted metalation deprotonation” (CMD) pathway, also named as ambiphilic metal-ligand
activation (AMLA) or internal electrophilic substitution (IES). The section below will focus

on the palladium-induced CMD.
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3.3.4. Concerted metallation deprotonation pathway

In palladium-mediated C-H activation reactions, the first step is a redox neutral insertion of the
metal into the C-H bond to give a C-Pd bond, which can be further functionalised. Palladium
acetate [Pd(OAcC)2] is generally the best choice for the catalyst since the acetate ligand is

believed to play multiple roles in cyclometallation reactions,?® namely;

e It promotes the solvolysis of the reaction intermediates due to its larger effective
volume.

e It enhances the electrophilicity of the Pd!" centre due to the dual ability of acetate to
act as a monodentate or bidentate ligand.

e It also plays the role of an intramolecular base for deprotonation.

Palladium insertion is believed to proceed through concerted metallation deprotonation
(CMD). It normally involves a concerted six-membered transition state in which a bound
carboxylate, or appropriate conjugate base, transfers the proton while concurrently facilitating
the formation of the palladacycle (Figure 3.4). The corresponding palladacycle undergoes a
variety of different transformations depending on the reaction partner. Normally, the five-
membered palladacycle is kinetically favoured over six- and seven-membered palladacycles,

and this preference can be used to control the regioselectivity of the reaction.?

DG
C (oo | (b C
Pd
— (0] R' X FG
R/K/k T R/XK/E(:H/ X K/Lg N R/K/K
I ' /9 '/R
R R R OH R

R R R
Substrate " Concerted Metallation Palladacycle Fugsgg?rzlt':ed
Deprotonation

Figure 3.4: Concerted metallation deprotonation.’

For most reactions involving the CMD step, the conjugate base removes the hydrogen atom as
the carbon-metal bond forms in a concerted process. The base coordinates to the metal giving
rise to the cyclic or concerted mechanism. The base can be either external or internal. An
internal base could be the part of the ligand and participate in a more organised cyclic

mechanism (Figure 3.5).
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Figure 3.5: Type of base in CMD process.

To give more insight on CMD pathway, Davies et al. performed computational studies on
Pd(OAc)2-promoted cyclometallation of N,N-dimethylbenzylamine 3.1. Studies show the
favourable route via a palladium and C-H bond interaction followed by an acetate assisted six-
membered transition state 3.2 (Figure 3.6).22 In this, the hydrogen bonding between the acetate
oxygen and C-H proton orients the base and increases the polarity of the C-H bond. The
resulting interaction enhances the acidity of the ortho-proton, which can then be readily
deprotonated by the acetate base. All the above effects lower the energy barrier to the formation
of thermodynamically stable five-membered palladacycle 3.3. The study further demonstrated
that Pd(OAc). was not only the metal that promoted the cyclometallation and other catalysts
such as [RuClz(p-cymeme)]2, [RhCI2Cp*]2 and [IrCl2Cp*]2, in the presence of acetate reacted
similarly with N,N-dimethylbenzylamine 3.1 to form the cyclometallated product by the same

mechanism.

Z_

~ > L~
N\ JOAc N\ _OAc
Pd 5 Pd
0 OAc
e
(@]
3.1 3.2 3.3

Figure 3.6: Acetate-assisted six-membered transition state & palladacycle.

The discussion below will present the general catalytic cycle for C-H activation reaction and

explain the role of each additive or reagent.
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3.4. A general catalytic cycle for C-H activation

A typical C-H activation reaction comprises four steps (Figure 3.7).

The metal insertion process into the C-H bond (C-H activation)

a.
b. Functionalisation of the corresponding organometallic intermediate

c. Elimination of the functionalised product
d. Regeneration of the active catalyst (if required)
[M] C-H
catalyst

Substrate

Oxidant 4. Catalyst 1. C-H activation

regeneration
[(M*] C—[M]
3. Product 2. Functionalisation
elimination of organometallic

intermediate

R

Reaction
Partner

C—[M'+R]

Figure 3.7: General catalytic cycle for C-H functionalisation reactions.

3.5. Role of directing group in C-H Functionalisation

The directing group has a crucial role in controlling the electronics at the metal centre and
facilitating the regioselectivity by placing the metal in a close proximity to a single C-H bond
in the substrate. In a directing group assisted C-H activation reaction, the directing group first
coordinates to the metal which forms a discrete complex (Figure 3.8). In terms of kinetics, this

increases the local effective concentration of the metal, accelerating the rate of C-H insertion.
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This coordination helps the thermodynamics of the reaction as it stabilises the resulting
metallacycle. The stable metallacycle has an important role in facilitating C-H activation. The
conformation of the substrate will dictate which C-H bonds are proximal to the metal centre
while the size of the metallacycle will determine which complex should be favoured.
Ultimately, the structural and electronic requirements of this intermediate control the regio-
and stereoselectivity of C-H functionalisation.

IIDG H |:I)G FG
H X\/k"'R H x\/k'R
RY¢ R X o
R R R R
Substrate Functionalised
+ substrate

Directing group

l[M] T

M] Kinetics Thermodynamics
\
\
H X\/LQ'R = H X _ X~ : X\/L&'R
R A
X R X R X R
R R R R R R
Conformation directs Metallacycle
selectivity DG = Directing group

M = Transition metal
FG = Functional group

Figure 3.8: Role of directing group in C-H activation.”

One of the first examples was in 1993 when a ketone coordinated with the ruthenium catalyst
and directed reaction to the ortho C-H position (Scheme 3.1).23 This result showed, for the first

time, that the direct C-H activation could be a valuable tool to access the range of small
molecule entities.

X R Ay cat. [RuH,(CO)(PPhs)s] N R

= Toluene, reflux } | =
R'/ R'/ Y

3.7
@ﬁ
Ru-pph,
PPh3

Scheme 3.1: Ru-catalysed ortho alkylation of aromatic ketones.
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Since this ground-breaking work, an array of directing groups has been reported for various
catalytic C-H transformations. The earliest examples utilised strongly o-donating or z-
accepting directing groups i.e. aldehyde, amide, anilide, imine, carboxylic acid, ester, ketone,
and hydroxyl groups.?* With the progress in this field, oxazoline, pyridine, and m-chelation-
based directing groups have been developed.?®> Moreover, directing groups, such as alkene,
alkyne, and carbanion have also shown potential applications.?® Recent reviews published in
this area cover the whole range of directing groups and their recent advances in different C-H

activation reactions with the future scope of expansion.?’-*

Broadly, the directing groups can be categorised into three types.

i Auxiliary directing groups
ii. Transient directing groups

iii. Traceless directing groups

3.5.1. Auxiliary-based directing groups

An auxiliary directing group is not an intrinsic part of the substrate. It is appended to the
substrate prior to the reaction and removed or converted to the final desired functional group

after the reaction. They can be further divided into either monodentate or bidentate.

3.5.1.1. Monodentate directing groups

Monodentate directing groups show more potential, as they can be used to tune the electronics
of the metal to exert the reactivity and selectivity. As a monodentate directing group can
coordinate to only one valence site on the metal catalyst, an external ligand can influence to
the metal, and hence exert better control over reactivity and stereoselectivity compared to

bidentate directing group.

Monodentate directing groups are mainly based on nitrogen-containing functionalities such as
the Yu-Wasa auxiliary.31-** For example, the selective arylation of the methylene -C-H bond
was achieved by employing a monodentate Yu-Wasa auxiliary (Scheme 3.2).* The
combination of a weak directing auxiliary and acetyl protected aminoethyl quinoline (APAQ)
ligand proved to impart high enantioselectivity. The authors proposed that the oxygen of an
amide of the APAQ ligand 3.11 acts as an intramolecular base to deprotonate the methylene C-
H and promote Pd-C bond formation. The transition state (TS) TS_R postulated by DFT

calculations was observed to be more favoured than the TS_S by 1.2 kcal/mol. In both transition
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states, the six-membered ring and bulky tert-butyl substituent orient the amide directing group
in a way that the #-C-H bond is activated. The orientation of the terminal methyl group of the
substrate controls the R or S transition state. In the favoured transition state, it is trans to the
bulky-tert-aryl group and the peri-hydrogen of the quinoline.

3.9 |\ X F

OAc (10 mol%)

F CF

)\)L j@ s [ ¢ 3
Ag,CO3 (1.75 eq.)

HFIP, 80 °C, 36 hrs Ry N I F
3.10
up to 89%

up to 99% ee

AAG = 0.0 kcal/mol

Scheme 3.2: Monodentate Yu-Wasa auxiliary directed enantioselective s-C-H activation.

Monodentate directing groups allow functionalisation of only some primary unactivated
C(sp®)-H bonds. There are only limited examples of activating five- and six-membered rings,
and without the addition of the external ligand they struggle to react. Due to this drawback, the
reaction generally demands high catalyst loading and harsh reaction conditions to operate

which could be detrimental to other sensitive functional groups.
3.5.1.2. Bidentate directing groups

As explained above, most of the directed functionalisation of C(sp®)-H bonds are not
compatible with monodentate ligands and this remains highly challenging. One potential
solution would be to install two donating atoms in the directing group to stabilise the resulting
metallacycle. For example, Daugulis and coworkers reported the use of 8-aminoquinoline as a
bidentate directing group to facilitate the -C(sp®)-H and C(sp?)-H functionalisation of various

aliphatic and aromatic amides, respectively (Scheme 3.3).3
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Scheme 3.3: Bidentate directing group assisted Pd(I1)-catalysed arylation.

Bidentate directing groups are mainly known to functionalise primary and secondary
unactivated C-H bonds with only a few examples of tertiary C(sp%)-H bonds.?"3"38 Yan et al.
utilised a combination of bidentate 8-aminoquinoline and chiral phosphoramide 3.20 to achieve
the enantioselective methylene s-C(sp®)-H arylation (Scheme 3.4).3% A Pd(11)/Pd(1V) catalytic
cycle was proposed, based on several kinetic isotope experiments (KIEs). The C-H activation
step was thought to be a rate limiting step, resulting in the formation of intermediate 3.17 after
deprotonation and complexation of an amide 3.15 with Pd(I1) species. Further, the chiral amide
3.20 promotes the selective cleavage of one of the C-H bonds at the S-position to generate an
enantioenriched intermediate 3.18. The oxidative addition of aryl iodide to Pd(Il) produces
electron-deficient Pd(1V) intermediate 3.19. Finally, the reductive elimination from the 3.19
delivers the respective product 3.16 and regenerates the Pd(1l) catalyst after ligand exchange

with the substrate 3.15.

R? PdACI,(CHCN) R?
2(CLH3ZLN) Ar O AN
0 |\ N (10 mol%) ' |
N Ar—| L (20 mol%) X N N
R'G Nl ) @oed) oo (156 R't HoN
¥ N~ 2CO3 (1.5 eq.)
3.15 p-xylene, 140 °C 3.16

12 hrs up to 97%

up to 94.5% ee

— Ph Ar | O. »
ﬁi\Pd” Pdll /&\ |V—N P\

@ L : solvent or L L
3.17 3.18 3.19 3.20

Scheme 3.4: Bidentate 8-aminoquinoline directed benzylic C(sp®)-H arylation.
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3.5.2. Transient directing group

Transient directing groups are attractive as they can be used in sub-stoichiometric quantity.
They can potentially minimise the requirement of structure modification and allow the reaction
to proceed under mild reaction conditions. They reversibly react with the existing functionality

of the substrate, direct the C-H functionalisation, and undergo cleavage in a one-pot reaction.

Jun and co-workers used the transient existence of an imine to temporarily install a
monodentate pyridine directing group for Rh-catalysed hydroacylation of an alkene 3.22
(Scheme 3.5).%° The successful transformation used a substoichiometric quantity of 2-amino-
3-methyl pyridine 3.24 to temporarily form an imine 3.25 that directed C-H activation to
deliver anti-Markovnikov hydroacylated products 3.23.

0
O R'  [RhCI(PPhj);] (5 mol%)
)J\H + H/ R)K/\R'

R TDG (20 mol%),
3.21 3.22 toluene, 150 °C 3.23
up to 92%
X
»
HoN N = |
3.24 X
TDG )Nl\ N
R H
3.25

TDG = Transient directing group

Scheme 3.5: Hydroacylation of aldehyde with terminal alkenes by imine transient directing group.

After this seminal report, the C-H activation field has experienced rapid growth in terms of
design and utilisation of transient directing groups in myriad C-H functionalisation reactions.

A number of reviews cover the use of transient directing groups in C-H transformations.*43

The catalytic cycle for C-H activation with a transient directing group is slightly different to
the standard cycle. (Figure 3.9). Transient directing group will link to an existing functional
group on the substrate in a reversible manner (step 1). Further, it will interact selectively with
the transition metal catalyst, acting as either a monodentate or bidentate coordination group
(step 2). The resulting metallacycle reacts with a coupling partner to form an intermediate 111
(step 3). After selective functionalisation, the intermediate 111 converts into the intermediate
IV in a way that delivers the desired product, with the regeneration of both the transient

directing group and the transition metal catalyst to continue the catalytic cycle (step 4).
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Figure 3.9: Transient directing group mediated C-H functionalisation.

Yu’s group achieved a highly enantioselective arylation of 2-alkyl benzaldehyde 3.26 using L-
tert-leucine 3.28 as the transient directing group.** It was proposed that the geometrical
arrangement, resulting from the steric repulsion between the bulky ‘Bu group and the R? group
of the substrate 3.26 is the deciding factor for enantiocontrol (Scheme 3.6). The trans-
conformation in the transition state 3.30 is favoured and gives the major product 3.31. The cis
transition state 3.32, which leads to the minor product 3.33, is disfavoured due to steric

interaction between R? and 'Bu.
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Scheme 3.6: Transient directing group directed enantioselective benzylic C-H activation of 2-alkyl
benzaldehyde.

3.5.3. Traceless directing group

The concept of a traceless directing group involves both C-H functionalisation and removal of
directing group in a one-pot reaction (Scheme 3.7). Sometimes, installation of a directing group
similar to transient functionality is also possible in one-pot. A review published by Zhang et

al. covers a range of examples based on the traceless directing group strategy.*®

D R’

G DG
~ C-H functionalisation . ~ DG removal |, ~
5 = One-pot =

H R'
3.34 3.35 3.36

R

Scheme 3.7: Concept of traceless directing group.
Among different types of functionalities, carboxylic acids are attractive directing groups as
they can be tracelessly removed by protodecarboxylation. Both ortho- and para-substituted
moieties can be achieved by a carboxylic ortho directing group. Qin et al. utilised carboxylic
acids as a traceless directing group to achieve Rh('"-catalysed decarboxylative ortho-
heteroarylation of aromatic carboxylic acids 3.37 (Scheme 3.8). The authors proposed that the
decarboxylative step is catalysed by Ag.COg rather than the Rh-catalyst. The coordination of
carboxylic acid functionality to the Rh-catalyst directs the ortho C-H activation to form a five-

membered rhodacycle 3.40. Further reaction with heteroarenes forms heteroarene rhodacycle
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intermediate 3.41. Lastly, reductive elimination and protodecarboxylation provide the ortho-

heteroarylated products 3.39.

[Cp*RhCl5]5 (2.5 mol%)
R COOH AgSbF5 (10 mol%)

Ag,CO; (3 eq.) N
+ H
0, 20 o0

(3.0eq.)  NMP, 150 °C, 24 hrs

3.37 3.38 3.39
up to 82%
co,
H* Ag*

MO
R OM —0 R

e ® g

3.40 3.41 3.42

Scheme 3.8: Rh("-catalysed decarboxylative ortho-heteroarylation of aromatic carboxylic acids.

3.6. Role of ligand in C-H Functionalisation

The incorporation of the ligand has several beneficial effects in C-H functionalisation reactions.
Ligands can stimulate the activity of the metal catalyst to increase the reaction rate, the turn
over number (TON: moles of products per mole of the catalyst), the turn over frequency (TOF:
moles of products per mole of catalyst per unit time), and yield of the reactions. Ligands can

also enhance the selectivity of the reaction (i.e. chemo-, regio-, enantioselectivity).*6:4

The choice of ligand is mainly dependent on the type of reactions. Generally, phosphines and

monoprotected amino acids (MPAA) are used.

3.6.1. Phosphorus-based ligands

Phosphorus-based ligands and their chiral versions are commonly employed in a variety of
different C-H functionalisation reactions.*® Among this category, chiral phosphoric acids have
been extensively studied. They can be employed as a co-catalyst or a ligand in asymmetric
transformations due to their ability as strong Brgnsted acids (pKa 2-4). A recent review
published by Engle et al. details the role of chiral phosphoric acids in asymmetric palladium
catalysis.*® Different mechanisms have been illustrated in the literature for the synergistic co-
catalysis performed by the chiral phosphoric acids/amides with palladium transition metal
(Figure 3.10).
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Figure 3.10: Different roles of chiral phosphoric acids with palladium catalysis.

Baudoin and co-workers achieved the Pd(0)-catalysed enantioselective C(sp®)-H activation
with BINOL-derived phosphoric acid (BPA) 3.45 (Scheme 3.9).%° The authors postulated a x?-
intermediate 3.46 derived from the 3,3’-disubstituted BPA, which would undergo C-H
activation via a phosphate induced CMD mechanism. It was observed that tuning of the 3,3’-
aryl substituents of chiral phosphoric acids could play a crucial role in controlling the

enantioselectivity, allowing the synthesis of a variety of indolines 3.44 up to 96% ee.
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Scheme 3.9: Pd(0)-catalysed enantioselective C(sp®)-H activation.

3.6.2. Mono-N-protected Amino Acid

Mono-N-protected amino acids (MPAAs) have been thoroughly investigated in Pd(l1)-
catalysed enantioselective C-H activation.>* Recently, Yu and coworkers demonstrated the
potential of MPAA ligand in Pd(I1)-catalysed enantioselective C(sp?)-H activation of the 2-
benzhydryl pyridine 3.47 (Scheme 3.10).52 The prochiral a,a-gem diphenyl substituents
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underwent C(sp?)-H/R-B(OH). cross-coupling in the presence of Pd(ll) and (-)-menthyl
substituted amino acid ligand 3.49.

| A RB(OH), (3 eq.) | N ‘Bu.___COOH
N Pd(OAc), (10 mol%) _N o
H H MPAA (20 mol%) HN\|¢O

BQ(05eq) O O o)
Ag,0 (1.0 eq.) \0,
THF, 60 °C, 20 hrs

3.47 3.48 3.49

up to 91% MPAA
up to 95% ee

Scheme 3.10: Enantioselective C(sp?)-H activation catalysed by MPAA ligand.

The discovery of the MPPA ligand in the enantioselective C-H activation is intriguing. Initially,
the reaction of 2-benzhydryl pyridine 3.47 with stoichiometric Pd(OAc)2 led to formation of
the racemic cyclometallated dimer. This can be converted to a chiral cyclometallated dimer by
replacing the bridging acetate of Pd(OAc)2 with an amino acid ligand. Unprotected amino acids
and both N-protected amino acids failed to introduce the desired stereoselectivity. Later,
MPAA had shown an average enantiocontrol. Further optimisation led to identify the (-)-
menthol derivative of leucine 3.49 as an effective MPAA ligand. The proposed transition state
is based on the coordination of palladium to both ligand and directing group (Scheme 3.11).
The disfavoured transition state 3.52 involves an interaction between the MPAA ligand and the

bulky aryl group. The major (R)-enantiomer 3.49 is formed when this clash is minimised.
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Scheme 3.11: Stereochemical models for MPAA chiral induction.

Initial studies suggested that MPAA reactivity depends on the bidentate coordination ability of
both the carboxylate and mono-protected amine to the metal centre. Recently, Musaev and
coworkers performed detailed computational studies to gain more insight on the mechanism
governed by MPAA >3 The study suggests that a single MPAA-bridged dipalladium complex
3.54 [Pd2MPAA] — an active catalyst comprised of two Pd centres bridged by a single MPAA

ligand, is responsible for stereoinduction (Figure 3.11).>

3.54

Figure 3.11: MPAA-bridged dipalladium complex 3.54 [Pd.MPAA].
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3.7. Role of solvent in C-H functionalisation

The nature of the reaction medium (polar or non-polar, acidic, or basic) has a significant
influence on the outcome of the C-H activation reactions. A wide selection of polar solvents
has been employed including polar protic, polar aprotic, acidic, halogenated solvents, and

recently biomass-derived green solvents.

One of the more interesting choices is the polyfluorinated alcohol such as 1,1,1,3,3,3-
hexafluoroisopropanol (HFIP) and 1,1,1-trifluoroethanol (TFE).>>>" HFIP, which is now
considered as a ‘magic’ solvent due to its unique properties. HFIP is a highly polar, protic
solvent yet is non-nucleophilic. The inductive effects of six fluorine atoms make it a weakly
acidic media with a pKa of 9.4 (at 25 °C in water). Due to its high dielectric constant, it can be
employed as a co-solvent, generally with water, to stabilise the cationic species. All these
characteristics allow HFIP to modulate the energy differences between different transition

states.

Wencel-Delord and Colobert demonstrated the superior influence of HFIP in chiral sulfoxide-
assisted atropo-diastereoselective oxidative olefination (Scheme 3.12).%8 The reaction was slow
in common solvents like DCE, i-PrOH, AcOH, and CHCIs, and gave only moderate
stereoselectivity. The authors postulated that hydrogen bonding between the sulfoxide
directing group and HFIP has two major implications. Firstly, H-bonding modifies the
coordination ability of the directing group, which in turn influences the rate of C-H activation.
Secondly, H-bonding modulates the geometry of the key palladacycle in a favourable way of

stereoinduction.

O 0 Z>Cco,Me o
R! g 3.56 (2eq.) R 7
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Scheme 3.12: Chiral sulfoxide-directed atropo-diastereoselective oxidative olefination in HFIP.
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C-H functionalisation reactions accomplished so far are mainly based on the platinum group
metals such as palladium, rhodium, ruthenium, and iridium.2® Recently, a new trend of
employing the earth-abundant 3d-transition metals has also been observed towards the more
sustainable C-H activation.!* Among all, palladium is the most employed transition metal. The

following discussion will focus on palladium-catalysed C-H activation reactions.

3.8. Nature of active catalyst in Pd-catalysed transformations

Palladium can form complexes at different oxidation states at (0), (1), (1), (I11), and (1VV). There
are different mechanistic cycles in the catalytic activity of palladium involving (a) mononuclear
Pd(0)/Pd(11) species, or (b) Pd(I1)/Pd(1V) species. Recently, Pd(111)*® and Pd(V1)®° oxidation
states have also been proposed based on spectroscopic evidence, but not yet isolated.
Considering the enormous success of palladium in C-H functionalisation reactions, the
following discussion will focus on general mechanism of Pd(0)/Pd(ll), Pd(II)/Pd(0), and
Pd(I1)/Pd(IV) catalytic pathways with examples of asymmetric variants.

3.8.1. Pd(0)/Pd(I1) catalytic cycle

The Pd(0)/Pd(I1) catalytic cycle is normally advanced for the intramolecular cyclisation of aryl
halides (Figure 3.12). This strategy involves an initial oxidative addition to carbon-halide or
equivalents prior to insertion into C-H bond. The oxidative addition can be accelerated by an
electron-rich phosphine. This step requires ta monoligated Pd(Il) species. The chiral
ligand/base has an important role in controlling enantioselectivity. The regeneration of the
carboxylate co-catalyst will occur via irreversible deprotonation. Finally, the reductive

elimination delivers the desired product and regenerates the active Pd(0) catalyst.
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Figure 3.12: General catalytic cycle for Pd(0)-catalysed C-H activation.

For intramolecular C-H activation reactions, enantioselectivity can be achieved in two different
ways. First, by employing a chiral auxiliary ligand in combination with an achiral base and
second by utilising a combination of an achiral ligand with a chiral base. These strategies have
been successfully employed to synthesise tri- and tetrasubstituted stereocentres in high

enantiopurity.

Cramer et al. demonstrated an intramolecular direct arylation of vinyl triflates 3.59 at room
temperature to give enantiopure indanes 3.60 bearing an all-carbon quaternary stereocentre
(Scheme 3.13).5! The key to achieving the high enantioselectivity was the tailored TADDOL-
based phosphoramide ligand 3.61 in combination with the highly polar DMA solvent. The
authors proposed a mechanistic model in which, sodium carbonate acts as a conjugate base to

initiate a CMD of the aryl group to provide a six-membered palladacycle 3.64.
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Scheme 3.13: Enantioselective Pd(0)/Pd(I1) C(sp?)-H activation: synthesis of chiral indanes.

The role of TADDOL-derived phosphoramidites as a chiral ligand was extended for an
intramolecular Pd(0)-mediated C(sp®)-H activation of chloroacetamide 3.65 for the synthesis
of highly functionalised p-lactams 3.69 (Scheme 3.14).%” Under standard conditions, this
cyclisation was plagued by unwanted substitution of the chloride with either acid or
phosphoramidites. The side products 3.71 & 3.72 were obtained from the undesired
nucleophilic substitution at the a-chloro group. This side reaction could be minimised by the
collaborative catalyst effect of precisely designed bulky TADDOL ligand 3.70 and 1-
adamantane carboxylic acid (AdCOOQOH).
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Scheme 3.14: Enantioselective Pd(0)-catalysed C(sp®)-H activation approach to S-lactams 3.69.

Holstein et al. demonstrated diastereoselective and enantioselective intramolecular arylation of

primary and secondary C(sp®)-H bonds of aryl bromides 3.73 & 3.75 to synthesise up to three

stereocentres containing fused cyclopentanes 3.74 & 3.76 (Scheme 3.15). Ferrocenylbinepine

ligand 3.77 proved to be competent to impart high stereoselectivity. Based on computational

studies, the authors proposed that the monoligated palladium complex 3.79 is essential for the

enantiodetermining step. The selective formation of the (R,R)-enantiomer was reasoned to the

weak interactions between phosphine ligand, base, and substrate in the favoured transition state

3.78, in which the O-Pd-C(sp®) angle is reduced to ~120° for proton abstraction by carbonate

base.
R i-Pr R'
< 4 l-Pr
X Pd,dbas (1 mol% N
R 2dbag ( o) R@i;..qwe
Ng, Sy L:HBF, (3 mol%) =
K,CO3, DMSO
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NC
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Scheme 3.15: Enantioselective Pd(0)-catalysed C(sp®)-H activation approach to fused cyclopentanes
3.74 & 3.76.

3.8.3. Pd(I1)/Pd(0) catalytic cycle

Most of the reported palladium-catalysed C-H activation reactions take place at the Pd(ll)
centre. The Pd(I1)/Pd(0) catalytic cycle is illustrated in Figure 3.13. First, the Pd(Il) complex
initiates the C-H activation event. This is followed by transmetallation and then reductive
elimination to furnish the desired product. The resultant Pd(0) species must be oxidised into
Pd(I1) with an external oxidant before the completion of the cycle.®?

R-H
L,Pd(NX,
[O] cH H-X

Oxidation activation
L,Pd© R
L,pd)

R-R' Reductive Transmetallation
elimination M-R'

R
LnPdﬁ'lg'

M-X

Figure 3.13: General catalytic cycle for Pd(Il)-catalysed C-H activation.
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Cui and coworkers performed a Pd(I1)-mediated desymmetrisation of a ferrocene derivative
3.80 to give the planar chiral product 3.82.% In this example the N,N-dimethylaminomethy!l
group was the directing group and the enantioselectivity was achieved by an MPAA ligand, —
Boc-L-Phe-OH. Further, the experimental studies suggested that both air, and the ferrocene
moiety are crucial. It was proposed that a ferrocenium 3.81 was formed in situ by air and this
served as a terminal oxidant to regenerate a Pd(Il) species from the reduced Pd(0) in the

catalytic cycle.

/ /
< N- — Pd(OAC), (5 mol%) N—
Fe + R  Boc-L-Phe-OH (10 mol%) F:e —
@ K,CO3 (30 mol%) &> R
TBAB (50 mol%)
3.80 3.81 DMF, 60 °C, 5 hrs 3.82
up to 95%

up to 99% ee

_ — p
H F:e —
> R
Boc/N f 3.80
Pd©®
H

.
0”0 .
T ] L N=
F:e N/\ 0, air
= otN—
- 3.83 - R

3.81

Scheme 3.16: Pd(I1)-mediated desymmetrisation of a ferrocene derivative 3.80.

3.8.4. PA(I1)/Pd(IV) catalytic cycle

The C-H transformation by the Pd(IV) catalytic cycle is an emerging topic, and reactions
proceeding through this cycle are generally operationally simple with good functional group
compatibility. Moreover, both C-C and C-heteroatom bonds can be constructed. The strong
oxidant that converts Pd(Il) to Pd(IV) is normally based on electrophilic “F* reagents,
hypervalent iodine reagents, or inorganic peroxides. C-H activation reactions that follow the
Pd(I1)/Pd(IV) catalytic cycle are believed to proceed with the generation of a Pd(l1)-C bond

prior to the oxidation event.

The general Pd(11)/Pd(IV) catalytic cycle is believed to proceed following the four steps as
depicted in Figure 3.14. The first step is similar to the Pd(11)/Pd(0) cycle, C-H activation at

Pd(I1) centre (step 1). The second step differs, here a stoichiometric external oxidant converts
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Pd(I1) into an electron deficient Pd(IV) by the loss of two electrons (step 2). In the next step,
the organopalladium intermediate Il can interact with the substrate (R’-H) to form the Pd(1V)
complex 111 (step 3). Finally, the reductive elimination closes the catalytic cycle by delivering
the desired C-H activation product (step 4).

R-R’ Substrate 1
Desired T
product Ln Pd( )X2
Step 4 Step 1
Oox-Y
ox R LpP (u)
L Pd('V) ¢
Y|||
Step 3 Step 2
Ox | ox*-Y
R'-H |_ pd( V)
Substrate 2 X

Ox-Y = Strong Oxidant

Figure 3.14: General catalytic cycle for Pd(IV)-catalysed C-H activation.

The first report of the Pd(IV) catalytic cycle was disclosed by the Sanford group.®* They
achieved the intermolecular oxidative coupling of 2-aryl pyridines 3.84 in the presence of
oxone as a terminal oxidant (Scheme 3.17). A series of mechanistic investigations proved that
the reaction involved two sequential C-H activation steps. The first C-H activation was
believed to take place at Pd(I1), while the second one at Pd(IV).
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Scheme 3.17: Pd(IV)-catalysed dimerization of 2-aryl pyridines 3.84.

The first enantioselective reaction to proceed through a Pd(I1)/Pd(IV) catalytic cycle was
reported by Yu and co-workers.®® The direct synthesis of a,a-disubstituted chiral benzofuran-
2-ones 3.90 was achieved by C-H activation/C-O bond formation from diphenyl acetic acids
3.89, employing the MPAA ligand, Boc-L-lle-OH 3.91, and the oxidant -

diacetoxyiodobenzene (Scheme 3.18).

R1 R1
N\
» N
= Pd(OAc), (5 mol%) _ Me
R on _Boc-t-le-OH (40 mol%) /| R? Me\/\rCOOH
PhI(OAc), (1.5 eq.) o NHE
b © KOAC (2.0 eq.) o oc
t-BuOH, 80 °C, 12 hrs 3.91
3.89 3.90 Boc-L-lle-OH
up to 86%

up to 96% ee

Scheme 3.18: Enantioselective C-H lactonisation of diphenyl acetic acids 3.89.

3.9. C-H functionalisation of saturated-N-heterocycles

Due to the abundance of saturated-N-heterocycles in natural products and their prominent
biological activities, the efficient synthesis of these scaffolds has always been of great interest
to organic chemists.®® Among various methods available, C-H functionalisation offers shorter

and easier route to access the library of analogues.®’
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For a piperidine system, the proximal position i.e. a-position to the nitrogen centre is the easiest
to functionalise.®®%® However, the research on C(sp®)-H functionalisation of the remote sites
I.e. f-position and y-position is still limited (Figure 3.15).

»~C-H functionalisation
using bespoke directing group

B-C-H functionalisation limited
B - with an amine functionality at C3
a - With a carboxylic acid functionality at C3
N - with dual HAT catalyst and transition-metal
392 H catalyst on aza-bicyclic system

a—C-H functionalisation
wealth of chemistry reported

Figure 3.15: C(sp®)-H functionalisation of saturated cyclic aza-heterocycles.

The C(sp®)-H functionalisation of saturated aza-heterocycle has been achieved in numerous
ways.®® Among all, the most common method is deprotonation with strong base. For example,
Campos and co-workers reported Pd(Il)-catalysed enantioselective a-arylation of N-Boc-
pyrrolidine 3.93.%° The strategy includes the butyllithium/(-)-sparteine-mediated asymmetric
deprotonation from the a-position followed by transmetallation with ZnCl, and subsequently

palladium-catalysed Negishi coupling with aryl bromides (Scheme 3.19).

ArBr (1.0 eq.)

{ \ s-BuLi (1.2 eq.) O

(-)-sparteine (1.2 eq.) N Ay
| ZnCl, (0.6 eq.) I
oc

B o . Boc
3.93 t Pd(OAc), (4 mol%) 3.94
(1.2 eq.) 'BusP.HBF4(5mol%) upto87%

up to 97.5% ee

Scheme 3.19: Enantioselective a-arylation of N-Boc-pyrrolidine 3.93.

Reports on the remote S-C(sp®)-H functionalisation are sparse. Only two methods have been
reported to the best of our knowledge.”>’* Both of these approaches utilise existing ring
substituents to control the regioselectivity. In Maes’s approach, a bidentate directing group
permits the site-selective arylation of the piperdine ring 3.95.° The addition of a carboxylic
acid additive was crucial to success, suggesting that CMD is an important step. The authors

postulated 5,5-fused palladacycle 3.97 for successful transformation.
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Scheme 3.20: Maes’s approach for 8-C(sp?)-H functionalisation.

Bull and co-workers adopted a similar strategy with a carboxylic acid functionality at C3
permitting formation of a bidentate directing group (Scheme 3.21).”* However, this protocol
gave the mixture of both isomers, cis- and trans-3,4-disubstituted products 3.99 & 3.100. The
authors suggested the formation of trans-palladacycle for the minor trans-piperidine isomer
3.100. In both these methods for S-C(sp®)-H functionalisation, the necessity for an existing

functional group on the ring limit the substrate generality.

| X (Het)Ar-1 (3 eq.) A AN
N Pd(OAC), (5 mol%) | \
H O K,COs; (1eq.)  (Het)Ar O (HehAr O

PivOH (1 eq. 2

N ivOH (1eq) _ N \

H PhCF; (1 M) H H
N 110 °C, 18 hrs N N
! I I
R R R

3.98 3.99 3.100

R = Boc, Cbz cis-piperidine trans-piperidine

Scheme 3.21: Bull’s approach for -C(sp®)-H functionalisation.

Sandford et al. achieved the transannular y-C(sp®)-H arylation of cyclic amines with the well-
designed fluoroamide directing group.”® The authors postulated that the directing group
prearranges the cyclic amine system in the presence of the palladium catalyst from the stable
chair conformation to the thermodynamically disfavoured boat conformation. However, with
the piperidine substrate 3.101, the desired product 3.102 was obtained only in moderate yield,
giving the aminal by-products 3.103 & 3.104, both from the starting material 3.101 and the
product 3.102 respectively (Scheme 3.22).
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Scheme 3.22: Sandford’s approach for y-C(sp®)-H functionalisation.

Over the past two decades, the C-H activation field has experienced enormous progress in
achieving both chemo- and regioselectivity. Among the different types of C-H activation
described in the introductory section, the selective functionalisation of C(sp%)-H remains the
most challenging. The poor reactivity of C(sp®)-H bond is attributed to its high bond energy
(376-416 kJ/mol) and low acidity (~ pKa = 50). Compared to the C(sp?)-H system, the C(sp®)-
H holds an added degree of conformational freedom so that metal cannot directly coordinate
to the selective C-H bond via a m-orbital interaction. Moreover, the methylene C(sp®)-H
functionalisation is more restricted than its methyl counterpart because of more steric hindrance
in the key palladacycle formation. Further, the differentiation of enantiotopic methylene C-H
bonds is even more challenging.
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3.10. Results and discussion

The main aim of this project was to develop the chemistry that would allow the shortest route
to synthesise the alkaloid epibatidine 3.109, a potent analgesic isolated from Ecuadoran poison
dart frog in enantiomerically pure form.” There have been multiple procedures reported in the
literature for the total synthesis of epibatidine.”* However, the reported multi-steps synthetic
procedures restrict the diversity of analogues. We aimed to develop the chemistry by the late-
stage B-C(sp®)-arylation of the 7-azanorbornene (7-azabicyclo[2.2.1]heptane) 3.106, which is
the core skeleton of epibatidine (Scheme 3.23). In this way, a number of analogues can be
synthesised simply by altering the aromatic ring. Moreover, this approach would allow us to
investigate one of the current limitations in the C-H activation field, namely the s-C(sp®)-H
functionalisation of cyclic amines. The C-H functionalisation of the a-position of cyclic aza-
heterocycles is well researched® and the y-position to some extent,’>" but the chemistry for
the 5-C(sp®)-H functionalisation is limited. Here, we aimed to develop the chemistry with a

suitable directing group that can lead to form the metallacycle at the S-position.

Cl
S-C(sp®)-arylation R X | NN
Rl — I % = |I_
N~-pG Q—x +—N-DG ~—NH L-TM—DG

B a |

_______ 3.107_ N

[TM]
3.106 3.108 3.109
DG = Directing group Epibatidine Metallacycle

TM = Transition metal

Scheme 3.23: Synthetic plan for the -C(sp?)-arylation of the 7-azabicyclo[2.2.1]heptane 3.106
system and the structure of epibatidine 3.109.

For the asymmetric synthesis of epibatidine, we chose the intermolecular desymmetrisation®
of enantiotopic $-C(sp®)-H bonds. This would a be challenging target. The main problem in
this type of C-H activation is that the oxidative insertion into the C-X (X = halide) bond
precedes the coordination of the directing group to control regio- and chemoselectivity. This
prohibits the coordination of a chiral ligand, making the task of imparting enantioselectivity
difficult. It would be nearly unprecedented to achieve the C-H activation without the prior

coordination of the substrate.

Achieving above goal will be a stepwise process; it is unlikely that we will be able to study this
objective straight away. One starting point would be to investigate the intramolecular
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functionalisation of the 7-azanorbornene system 3.110 (Scheme 3.24). Intramolecular
cyclisation reaction does not require the prior coordination as the coupling partners are in the
same molecule, enforcing the proximity into the reacting sites. Additionally, this system would
avoid the need for a directing group, so that the main focus will remain the optimisation of the

catalytic system while studying the effect of different reaction additives.

O

TM = Transition metal

Scheme 3.24: Intramolecular S-C(sp®)-arylation of 7-azanorbornene system 3.110. (3.110 structure
nitrogen in amide looks like Sp3- hybridised)

There is always an element of risk in attempting new chemistry. We wanted to minimise this
risk by developing a fallback position that would enable us to undertake the challenging task
while building upon the past precedent. For this, we planned to achieve the y-C(sp®)-H
activation on the 1,4-disubstituted cyclohexylamine system 3.112 (Scheme 3.25). The main
aim would remain the same. The only difference is formation of azabicyclo[2.2.1]heptane
system would be achieved by the late-stage cyclisation. Moreover, the nitrogen would not be a
part of the ring system, which will simplify the directing group-assisted C-H activation.

\
X DG~ N
DG- \ N ~DG
NN op 7 3113, OP Late stage _
[TM] 72\ cyclisation
—X

3.112 3.114 3.108

DG = Directing group
TM = Transition metal
P = Protecting group

Scheme 3.25: Intramolecular y-C(sp®)-arylation of 1,4-disubstituted cyclohexylamine system 3.112.

It is worth mentioning that the above objective involves the intermolecular desymmetrisation
of enantiotopic methylene C-H substituents. Before we study this objective, we first planned
to study an intramolecular C(sp®)-H activation at the enantiotopic carbon. We selected a model

reaction based on the construction of (fused) indoline system 3.116 (Scheme 3.26). We wanted
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to learn C-H activation chemistry by employing SPO-based ligands. We also planned to
synthesise other heteroatom-substituted secondary phosphine oxide (HASPO) ligands and to
check if they could be useful ligands. This will help in studying the influence of the chiral
ligand and its stereoelectronics on the metal centre. The knowledge gained from this process

would be transferred to the former challenging objective.

?OOEt COOEt
Clr ™ C-
Br
3.115 3.116

TM = Transition metal

Scheme 3.26: Model reaction to study intramolecular C(sp®)-H activation at the enantiotopic carbon.

The overall aim of this project was to increase the generality of C-H activation reactions while
improving the enantioselectivity. The key to this project would not be exotic ligands but readily
available and useful chiral ligands. We wanted to develop efficient chiral catalysts that could
be versatile in terms of different substrates. Our focus was also to develop step and atom-
economical catalytic processes which could minimise the requirement for specific directing

groups.

3.11. Intramolecular C(sp®-H activation at enantiotopic carbon - a chiral indoline
system

Our study began with accessing chiral indolines by the palladium-mediated functionalisation
of unactivated C(sp®)-H alkyl groups. During the last decade, the research groups of Kundig,’’
Kagan,” Cramer,’®®° and Baudoin,® have all generated indolines by a desymmetrisation
strategy. Each group achieved this objective by an intramolecular cyclisation following the
Pd(0)/Pd(Il) cycle. Notably, the initial step of C-H activation proceeds through proton
abstraction by the coordinated base, usually either carbonate or in situ generated carboxylate
(CMD mechanism).8! The CMD step is crucial for achieving high enantioselectivity. The
method of achieving the CMD step varies based on the type of (chiral) ligand and (chiral) acid
in each strategy.

In Kundig’s pioneering work, chiral indolines were synthesised by an intramolecular
desymmetrisation (Scheme 3.27).82 Here, a chiral NHC ligand aided oxidative insertion and

induced selectivity during CMD. The key step is CMD promoted by a bulky carboxylate.*24
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Scheme 3.27: Synthesis of indolines 3.118 & 3.119 via enantioselective C(sp®)-H activation.

Subsequently, a combination of other chiral ligands with an achiral conjugated base® were
reported for the same transformation, namely the Sagephos ligand with 9H-xanthene-9-
carboxylic acid by Saget et al.,”® and (R,R)-Me-DuPho with pivalic acid by Anas et al. ® In all
the cases, the bulky substituents on the ligand and resulting interaction with the achiral
carboxylic acid were believed to favour the CMD step. Baudoin and co-workers achieved the
same transformation with a cooperative effect of an achiral phosphine ligand and BINOL-
derived phosphoric acid (BPA) chiral base (Section 3.6.1, Scheme 3.9).%

Overall, it was observed that the chiral conjugate base has dominance over ligand in governing
the asymmetric induction during C-H functionalisation. For example, Cramer and co-workers
observed an 85.5% ee with a chiral tetraline carboxylic acid 3.124 and an achiral NHC ligand
(Scheme 3.28, Table 3.1, entry 1), while Kagan and co-workers obtained 82.5% ee in the

presence of 50 mol% Boc-valine 3.125 in the absence of any ligand (entry 2).”8

¢ Conjugated base of Brgnsted acid
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Scheme 3.28: Intramolecular desymmetrisation of aryl(pseudo)halide to the synthesis of chiral
indolines

Table 3.1: Influence of the chiral Brgnsted acid on the intramolecular desymmetrisation of
aryl(pseudo)halide

Entry Ligand (L)/catalyst Brgnsted acid Enantiomeric
excess
1 [(3-cinnamyl)('Pr)PdCI] COOH
achiral
82.5% ee
3.124
2 Ligand free NHBoc
HOOC
0,
3.125 85.5% ee
50 mol%

From the above studies, it is clear that the cooperative effect of a chiral ligand and chiral
conjugate base plays a pivotal role in the formation of enantioenriched indolines. We planned
to design a bifunctional ligand by combining both functionalities into one molecule (Figure
3.16). In the Pd(0)/(11) mechanism, the C-H insertion occurs through a CMD step with a
conjugate base removing the proton. This base can be external or incorporated into the ligand.
We prefer the latter approach. Our strategy involves a single molecule that acts as both the
chiral ligand and chiral conjugate base. By incorporating both functionalities in a single
molecule, we hope the transition state would be more rigid and hence greater control over the
environment in which reaction proceeds. Moreover, it will leave the palladium coordinate site

free to facilitate the C-H activation step effectively.

Inspired by our previous planar chiral SPO study (Chapter 2), we planned to elaborate on a
diverse range of SPOs, such as P,N-type SPOs. We surmised that a heteroatom-substituted
secondary phosphine oxide (HASPO) ligand could fulfil two roles (Figure 3.16).

i. The soft phosphorus centre can coordinate to palladium to stabilise the metal catalyst.
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ii. The hard oxygen functionality could act as an internal conjugate base to facilitate the

CMD step.?
Chiral Chiral conjugate
ligand base
Bifunctional
ligand
HASPO

i \
Select the appropriate
m source of chirality

N\ /N
modulate R, R' to tune ®/ P \®
steric & electronic ) / \
environment ~ .-~ 0 / H

\ Oxygen atom acts as
‘. __y aninternal base

Figure 3.16: Design of bifunctional — HASPO ligands.

HASPO ligands are implemented in the palladium-catalysed coupling of unactivated aryl
halides.8>®" The role of HASPO ligands as an internal base is also revealed in the C(sp?)-H
activation of aromatic rings with palladium®”2 or ruthenium.® For example, Ackermann et al.
utilised an air-stable sterically hindered adamantyl-substituted phosphine oxide [(1-
Ad),P(O)H] for the arylation of a-C-H acidic compounds. Various substituted (aza)oxindoles
3.127 were synthesised by intramolecular a-arylation of amides with aryl chlorides 3.126
(Scheme 3.29).
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X Cl
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Scheme 3.29: Palladium-catalysed (aza)oxindoles 3.127 synthesis.

The electronic and steric properties of HASPO ligands can be easily modulated by varying

both nitrogen substituents and the functional groups on the nitrogen backbone. Several moieties
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would be suitable such as amino acids, chiral amines, or chiral diamines. Ideally, this unit
should be readily available in an enantiomerically pure form and should be easily modified to
synthesise a variety of ligands quickly. This would allow us to acquire more empirical data and
help to optimise the ligand design. Ultimately, the main objective is to design modular
bifunctional ligands to control the stereoselectivity while improving the versatility of the C-H

activation reactions.

We planned to design an electron-rich and bulky HASPO ligand. Based on the ligand design,
the organometallic intermediate 3.128 was predicted (Scheme 3.30). We surmise that the
HAPSO ligand promotes C-H activation via a phosphine oxide — induced CMD mechanism.
The model shows the CMD step via a five-membered palladacycle, which is usually the

kinetically favoured in most of the reported C-H functionalisation reactions.®

Br COOEt COOE
N [Pd] ( t
W/ HASPO m
3.115 3.116 @o\
_P—PdL,
\ N
EtOOC N
/ \ Electron-rich
& bulky HASPO
ligand

3.128

Scheme 3.30: Structural basis for design of HASPO catalyst.

3.11.1. Design and synthesis of HASPO ligands and substrates

Initially, we decided to screen a number of readily available achiral SPO and HASPO ligands.
The knowledge obtained from this would be later transferred to study the effect of chiral ligands
(Scheme 3.31). As a starting point, we investigated electron-rich HASPO and SPO as Pd(0)-
catalysed C-H activation often benefits from the electron-rich phosphine ligands.®* The first
targets were tert-butyl (HASPO-1) 3.131, mesitylene (HASPO-I1) 3.132, and 2,6-diisopropyl
phenyl (HASPO-I111) 3.133, and which were synthesised by the reported procedures (Scheme
3.32).%2 The analogue, SPO-IV, 3.134, was prepared to compare the activity of an SPO with
the HASPO. SPO-IV 3.134 was synthesised from commercially available di-tert-
butylchlorophosphine 3.137 by the addition of water (Scheme 3.32).%3
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Scheme 3.31: HASPO and SPO ligands for test reaction.®

H,0 (1 eq.) II:I’
CI—R v Py
> CH,Cl, 0 °C, rt 7«
3.137 3.134
82%
SPO-IV

Scheme 3.32: Synthesis of SPO-IV 3.134.

At this stage, we have synthesised only one chiral HAPSO (HASPO-VI) 3.136 to investigate
the chiral effect. HASPO-VI 3.136 was readily achieved in three steps from the (R)-(-)1-
phenylethylamine 3.138 and glyoxal 3.137 as reported by Cramer and co-workers (Scheme
3.33).%

d HASPO-I, HASPO-Il and HASPO-VI were synthesised by the author of this thesis, while HASPO-Il and HASPO-IIl were synthesised by interns

during this project.
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3.137 3.139 3.140 3.136
47%
HASPO-VI

Scheme 3.33: Synthesis of HASPO-VI 3.136.

The test precursor, ethyl (2-bromophenyl)(isopropyl)carbamate 3.115 was selected based on
the two geminal enantiotopic methyl groups. In Kundig’s study, the repulsive interaction
between the aryl ring and an ester group was a key factor for determining the enantioselectivity.
We also believed that an electron-withdrawing group is required to allow greater rotation of

the Cary-N bond permitting the substrate to adopt the correct conformation.’”:"®

Br CIDOOEt
fj”f
3.115

Figure 3.17: Precursor ethyl (2-bromophenyl)(isopropyl)carbamate 3.115.

Once the initial ligands and substrate were prepared, the screening process commenced. This
focused first on HASPO-I and substrate 3.115.

3.11.2. Optimisation study

A preliminary study was performed with HASPO-1 3.131 ligand to identify a suitable
palladium catalyst. As explained different mechanisms in the introductory section, it is clear
that the oxidation state of palladium is in Pd(Il) state and an acetate ion has an important role
in coordinating one of the four sites on Pd(ll). We decided to analyse the commercially
available Pd(0) and Pd(Il) catalysts (Scheme 3.34, Table 3.2). The reaction proceeded with
Pd(OAC),, giving the product in 22% compared to the starting material (entry 1). However,
only minute conversion of the starting material was observed with Pdz(dba)s (entry 2), whereas
bis[cinnamyl palladium(ll) chloride] and PdCI>(CH3sCN)2 failed to give any detectable product
at all (entry 3 & 4).
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COOEt
0 Pd(0)/Pd(ll) (5 mol%) COOE
T/ HASPO-I (10 mol%) N
5 Cs,CO5 (1.5 eq.)
r Pivalic acid (30 mol%)

3.115 Xylene (2 ml), 140 °C 3.116
14 hrs

Scheme 3.34: Effect of different palladium catalysts.

Table 3.2: Effect of different palladium catalysts

Entry [Pd] Yield?
1 Pd(OAC): 22%
2 Pd(dba)s 2%
3 Bis[cinnamyl palladium(I1) chloride] -
4 PdCI2(CHsCN): -

2 NMR vyield with internal standard: - 1,3,5-trimethoxybenzene
- Reaction did not proceed

Next, we screened different HASPO ligands with Pd(OAc). as the catalyst. Sterically
encumbered HASPOs gave unsatisfactory results (Scheme 3.35, Table 3.3). It was observed
that the pivalic acid additive had a major influence to promote the reaction (entry 2 & 4). The
product formation was observed in an average of 20% yield range except for the case of
HASPO-III 3.133 (entry 5). These results were quite contrary to our hypothesis that hard
oxygen of HASPO can act as an internal base. These results suggest that pivalic acid promotes
the CMD step. However, even a small quantity of product 3.116 formation supported our idea

that HASPO may have some potential to catalyse the reaction.

COOEt  Pd(OAc); (5 mol%) COOEt
N HASPO (10 mol%) N

©i W/ Cs,CO; (1.5 eq.) m
Br PivOH (30 mol%)

140 °C, 14 hrs

3.115

Scheme 3.35: Screening of HASPO ligands and/or achiral acid.
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Table 3.3: Optimisation study with different HASPO ligands
Entry

1

2
3
4
5

HASPO Bronsted acid Yield?
HASPO-I 3.131 w/o 3%
HASPO-I 3.131 Pivalic acid 22%
HASPO-II 3.132 w/o 4%
HASPO-II 3.132 Pivalic acid 12%
HASPO-I1I1 3.133 Pivalic acid -

2@ NMR vyield with internal standard: - 1,3,5-trimethoxybenzene

w/o without

- Reaction did not proceed

The optimisation was extended to evaluate the influence of base and solvent (Scheme 3.36,

Table 3.4). The literature suggests that caesium bases are superior to other metal salts,> but to
confirm this we screened bases such as KoCOs, NaO'Bu, and KO'Bu (entry 1, 2 & 3). The

reaction conditions involving these bases failed even to initiate the reaction. The enhanced

reactivity of caesium may be reasoned to the so-called ‘caesium effect’, better solubility,

generation of highly naked anions, the large size of caesium, and its facile polarisability.

Changing the solvent from xylene also affected the yield. Compared to xylene, 16% yield was

observed when the reaction was conducted in NMP (entry 4), while reactions did not proceed
at all in 1,4-dioxane and DCE (entry 5 & 6).

?OOEt Pd(OAc), (5 mol%) COOEt
/

N HASPO-I (10 mol%) N
@ j/ Cs,CO; (1.5eq.) m
Br

3.115

Pivalic acid (30 mol%)
Xylene (2 ml)

140 °C, 14 hrs 3.116
22%

Scheme 3.36: Effect of different bases and solvents.

Table 3.4: Effect of different bases and solvents

Entry

1
2
3
4
5

6

Deviation from scheme 3.36 Yield?
K2COs -
NaO'Bu -
KO'Bu -
NMP 16%
1,4-dioxane -
DCE -

- Reaction did not proceed
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One common observation in all of the above reactions was that they rapidly turned black, which
suggested decomposition of the active palladium species. We decided to increase the amount
of ligand and base (Scheme 3.37, Table 3.5). This proved successful with HASPO-1 3.131 but
not with HASPO-II 3.132. Increasing the reaction time led to the highest yield of 38% (entry
6).

COOEt Pd(OAc); (5 mol%), COOEt

N HA(SPO) (20 mol%) N

©i \( Cs,CO; (3eq) m
Br Pivalic acid (30 mol%)

3.115 Xylene (2 ml), 140 °C 3.116
14 hrs

Scheme 3.37: Effect of different HASPO ligands.

Table 3.5: Optimisation study with HASPO ligands

Entry (HA)SPO Yield?
1 HASPO-I 3.131 27%
2 HASPO-11 3.132 6%
3 HASPO-VI1 3.136
4 SPO-V 3.135 4%
5 SPO-1V 3.134 1%
6* HASPO-1 3.131 38%"

2 NMR vyield with internal standard 1,3,5-trimethoxybenzene
- Reaction did not proceed
* 24 hours, "isolated yield

It is clear that our designed HASPO ligands were incapable of the desired proton abstraction
to initiate the C-H insertion step. The reactions only proceeded when pivalic acid was
incorporated, suggesting it was involved in CMD. It was decided to investigate chiral acid
additive. The test reactions were separately performed with N-acetyl-L-valine 3.141 and
[2.2]paracyclophane acid derivatives 3.142 & 3.143 (Scheme 3.38). In all reactions, only the
starting material was returned. We reasoned the failure of these reactions was due to the steric
bulk of these acids preventing their participation in the crucial proton abstraction.
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(I;ooEt Pd(OAc), (5 mol%) COOEt

N HASPO-I (20 mol%) N
@ W/ Cs,CO3 (3 eq.)
Br acid additive (30 mol%)
3.115 Xylene (2 mi) 3.116

140 °C, 24 hrs

o 0 -NH;
P COOH
N “CooH O OH O

N-acetyl-L-valine 4-HOOC-[2.2]PC 4-HOOC,13-NH-[2.2]PC
3.141 3.142 3.143

Scheme 3.38: Effect of acid additives.

Based on the screening of the reagents for an intramolecular C(sp®)-H activation of ethyl (2-
bromophenyl)(isopropyl)carbamate 3.115, it can be concluded that HASPO is capable of
stabilising the palladium catalyst through the soft phosphorus centre but does not act as an
internal base. It became apparent that reaction progress was observed only when the external
acid additive was present. That suggests, the CMD process could be attributed to the external
acid additive but not to the HAPSOs.

As per our research objectives, we moved forward from a fused cyclic system to the bridged
bicyclic system to study the desymmetrisation of enantiotopic methylene C-H substituents.
Here, our focus was to differentiate the enantiotopic protons of the cyclic amine in a remote C-

H functionalisation reaction.
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3.12. Intramolecular C(sp®)-H activation of enantiotopic and diastereotopic protons - a
7-azanorbornane system

Many C-H activation reactions share a common feature with formation of a kinetically
favoured five-membered palladacycle. However, other sized metallacycles are possible

although they are rarer (Figure 3.18).907%

=
tBU L 0. II_ N /
L o o=s O~"_"N
T ONp s 0, =N N—Pa—L
\ SF’P@ t N HsCO :
N Bu
H @
X

O
Ar—X lAr—X lAr— lAr—X
DG DG A E')G
DG = Directing group L= Ligand

Figure 3.18: Influence of chelate ring on regioselectivity of C-H activation.’

Here, we aimed to develop the chemistry with a suitable directing group that can form the
metallacycle at the s-position of a saturated cyclic aza-heterocycle. We selected the azabicyclic
system - 7-azabicyclo[2.2.1]heptane (7-azanorbornane) system as a test moiety for our study.
As shown in Figure 3.19, the six-membered ring in 7-azanorbornane is held by a one-nitrogen

bridge to the two bridgehead carbons (C-1 & C-4).

One carbon
bridge‘
.. bridgehead 2 1 7
.-7  carbon NH
34
7 5
% 6
bridgehead
carbon 3.144 3.106

Figure 3.19: Norbornane 3.144 and 7-azanorbornane skeleton 3.106.

Initially, we planned to study the palladium-catalysed intramolecular -C(sp®)-H activation of
7-azabicyclo[2.2.1]heptane scaffold 3.110 to form a C(sp®)-C(sp?) bond (Scheme 3.39). This
cyclisation does not require the prior coordination since the coupling partners are in the same

molecule, enforcing the reacting sites in a closed proximity. The knowledge from this study
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would allow us to gain information required for our next goal of developing an intermolecular

variant.

For an intramolecular S-C(sp)-H functionalisation, we proposed a seven-membered
palladacycle 3.145 based on a pivalate-assisted CMD (Scheme 3.39). As C-H activation
through a seven-membered palladacycle is sparse in the literature,®®%" we already anticipated
the challenges associated with this precursor. If we succeed in an achiral intramolecular
cyclisation, the enantioselective version of the reaction will be attempted either by using a
chiral ligand or a chiral conjugate base.

Bu

—=0
N\

Br [Pd] (0] (o) /Pld ,

N. M Moo FEL - N H_/ N 0
W\( PRs
(@)
3.110 3.111 3.145

Inner-sphere pivalate-assisted
concerted metalation/deprotonation

Scheme 3.39: Synthetic plan for an intramolecular C-H activation on 7-azabicyclo[2.2.1]heptane.

To begin our study, we first synthesised the stable hydrochloride salt of 7-
azabicyclo[2.2.1]heptane 3.106 from trans-4-aminocyclohexanol 3.146 by following the
reported procedure.®® Under amide formation conditions, the test precursor 3.110 was formed
in 68% by reacting the 3.106.HCI with 2-bromobenzoyl chloride 3.147 (Scheme 3.40).

OH cl
NH.HCI  Br
— = 3. 147 (1.1eq.) w\(
- .
- Et;N (2.5 eq.)
NH CH,Cl,, rt, o/n
3.146 3.106.HCI 3.110

68%

Scheme 3.40: Synthesis of 7-(2-bromobenzoyl)-7-azabicyclo[2.2.1]heptane 3.110.

We assumed that the reaction would proceed through the Pd(0)/Pd(1l) cycle with the palladium
inserting into the C-Br bond first before C-H activation. As the earlier mechanistic discussion
indicates (Figure 3.12, page no. 79), if the reaction proceeds by a CMD mechanism, a conjugate
base is required. Therefore, our initial reaction screening varied monodentate phosphines,

bases, and Pd sources (Scheme 3.41). We screened different phosphine ligands (PCys,
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P('Bu)s.HBF4, JohnPhos) in the presence of Pd(OAc).. However, in all reactions, only the
starting material was recovered, indicating the failure to form the seven-membered

palladacycle.

[Pd] (5 mol%)

Br L (15 mol%) 0
PivOH (0.5 eq.)
______________ o
W\(N Cs,CO0;5 (3 €q.) N

(o) Xylene (1.5 ml)
3.110 140 °C 3.1

[Pd]: Pd(OAc),, Pdy(dba); L : PCys, P(‘Bu)s.HBF,, Johnphos
Scheme 3.41: Initial attempts for intramolecular methylene C-H activation.

A possible explanation for the failure could be the amide bond enforcing an unfavourable
conformation 3.148 of the molecule. Delocalisation of the nitrogen lone pair results in a
trigonal planar nitrogen in the amide. This would place the aromatic ring perpendicular to the
ring (Figure 3.20). We wanted to have a desired conformation, in which the amide bond
arranges the f-H in the close proximity of the palladium centre. The palladium insertion into

the axial -C-H can only be possible in a favourable conformation 3.149 or 3.150 of the

molecule.
H
<= Jp o
N PdL, L,Pd N L,Pd N
: salon
3.148 3.149 3.150

Figure 3.20: Proposed conformation 3.148 and desired conformation 3.149 or 3.150.

We decided to modify the precursor so that the unfavourable conformational bias was
minimised. To allow more freedom in the linker, we removed the carbonyl group. We also the
selected aryl iodide instead of aryl bromide to rule out the possibility of a slow oxidative
insertion. The precursor 3.152 was synthesised by N-alkylation of 7-azabicyclo[2.2.1]heptane
3.106.HCI with 2-iodobenzyl bromide 3.151 in 47% vyield.
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Br

WK(NH-HCI 3.151(1.1eq.) & Ji)

K,CO3 (2.5 eq.)
Acetone, reflux
3.106.HCI oh 3.152
72 frs 47%

Scheme 3.42: Synthesis of 7-(2-iodobenzyl)-7-azabicyclo[2.2.1]heptane 3.152.

When the reaction was carried out with the precursor 3.152, an undesired coupling with the
solvent xylene was observed and by-product 3.153 was isolated (Scheme 3.43). The formation
of by-product 3.153 was reasoned to the dominance of C(sp?)-C(sp?) bond formation over
C(sp?)-C(sp®) bond. It became necessary to change the aromatic solvent to an aliphatic solvent.
Hence, a polar aprotic solvent, NMP was employed instead of xylene (Scheme 3.44). The
substrate 3.152 instead proceeded for a protodeiodination to generate another by-product 3.154.
This result indicates that the palladium inserts into the C-I bond but that C-H activation does

not occur.

Cs,CO5 (3 eq.)
Pivalic acid (0.5 eq.
3.152 Xylene, 140 °C
24 hrs
L: PCys, P(tBu)s.HBF, C(sp?)-H activation with
solvent xylene

OAc (10 mol%) O
Ji) 20 mol%)
% > Y%—/N
)

Scheme 3.43: Initial attempts for an intramolecular methylene C-H activation.

I Pd(OAc), (10 mol%)
Ji) L (20 mol%) Jij
Cs,CO3 (3 eq.)
Pivalic acid (0.5 eq.)

3.152 NMP, 140 °C 3.154
Protodeiodination

L: PCys, P(tBu)s.HBF,

Scheme 3.44: Initial attempts for an intramolecular methylene C-H activation.

It appeared that formation of the atypical seven-membered palladacycle was challenging.
Either the size of the ring was disfavoured or the molecule could not adopt the correct
conformation to place the palladium close to the C-H bond. Thus, we decided to move to the

next goal: an intermolecular desymmetrisation of enantiotopic methylene C-H protons of 7-
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azabicyclo[2.2.1]heptane. This protocol can be designed to follow the more usual five- or six-

membered palladacycle.

3.13. Intermolecular C(sp®)-H activation of enantiotopic and diastereotopic methylene
protons - a 7-azanorbornane system

For this objective, one starting point will be to design an appropriate directing group that can
coordinate to the palladium, forcing the metal and C-H bond into close proximity to form a
stable metallacycle. At this stage, the insertion of a metal catalyst into the C-H bond would be
the key activation step. With the palladium catalyst, we surmise that the catalytic cycle would
proceed through either the Pd(I1)/Pd(0) or Pd(11)/Pd(1V) pathway (Figure 3.20). Depending on
the coupling partner, if a boronic acid was used as the coupling partner, the reaction will most

likely follow the Pd(11)/Pd(0) pathway. If an aryl bromide was used the mechanism would be

the Pd(I1)/Pd(1V) pathway.

,Pd(0
Pd(l1)/Pd(0) L— pd(“
|
N
L— pd(ll DG %r B(OR),

Figure 3.20: Proposed catalytic pathways for intermolecular cyclisation of 7-azanorbornane system.

IIDG

N
Ar DG L,Pd(x, w\r
&\(N

L,Pd(NX,

L
Pd(Il)/Pd(IV) |_—|'Dd(”)—DG
5N

,?\r
L—Pd™)-DG
X 5

Ar-X

Sanford et al. revealed the palladium-catalysed transannular C-H arylation of an array of cyclic
amines (Scheme 3.45).7? The remote C-H functionalisation was achieved through coordination
of the amine nitrogen to a tethered directing group and 2-quinaldic acid 3.158 as a bidentate
ligand.”™ They claimed that ligand 3.158 plays a crucial role in recovering the active catalyst
during the reaction, and thus, maintaining the high turnover rate.
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N CsOPiv (3 eq.) N
O > @]
t-amyl-OH
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Scheme 3.45: Sanford’s approach for remote C-H functionalisation of cyclic amine.

MacMillan et al. reported a dual catalyst approach that merged hydrogen atom transfer (HAT)
catalysis with transition-metal catalysis under photoredox conditions (Scheme 3.46).%° A wide
range of saturated aliphatic and cyclic scaffolds were functionalised in these site-selective C-
H arylation reactions. In this protocol, photoexcited tetrabutylammonium decatungstate
(TBADT) abstracts a hydrogen atom from an alkyl/cyclic nucleophile to generate a carbon-
centred radical, which is captured by a nickel(0) complex. This nickel(0) complex is generated
by HAT and two single-electron reductions from the pre-catalyst, Ni(dtbbpy)Br.. After
oxidative addition of the aryl halide, reductive elimination furnishes the cross-coupled product.
With this concept, the synthesis of (x)-N-Boc-epibatidine 3.161 was accomplished from 7-
azabicyclo[2.2.1]heptane in two steps (28% yield).
Cl

TBADT (1 mol%) L

of
NBoc 4 /@( Ni(dtbbpy)Br, (5 mol%) - \B
> ocC
g 2N K3PO, (1.1 eq.)

CH5CN [0.1 m]

3.159 3.160 34 W 390 nm Kessil lamp 3.161
fan 28 %

TBADT: Tetrabutylammonium decatungstate dtbbpy: 4,4'-di-tert-butyl-2,2'-bipyridine

Scheme 3.46: MacMillan’s approach to (+)-N-Boc-epibatidine.
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Our primary approach was similar to Sanford’s approach’? i.e. to design an appropriate
catalytic system based on a directing group. A range of different directing groups was planned
that could potentially form a five-, six- or seven-membered metallacycle (Figure 3.21). The
design of directing group will have a major influence on directing the transition-metal catalyst
to activate the distal -C-H bond.

o o)
Yol Y0
: S
571/37< H

L-Pd—DG N
'?71 %{Aj N

List of directing groups on H N~
“???_)K’< 7-azabicyclo[2.2.1]heptane scaffold 3.106 N S |

E/\b 0

Figure 3.21: List of directing groups to study S-C(sp®)-H functionalisation of 7-azabicyclo-
[2.2.1]heptane

3.13.1. Design of nitrogen-containing directing groups

The strong coordinating nitrogen-containing directing groups such as pyridine, quinoline,
pyrimidine, and oxazoline have been successfully employed for various C-H transformations.?
They are mainly o-donating in nature, hence they can bind to the metal reversibly to induce the
site-selective C-H functionalisation. Although, the use of strong-coordinating directing groups

is not without its limitations (section 3.5.1.),'% we thought they were more likely to realise the
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desired C-H activation. Once we had proved the reaction was possible, we could optimise the

directing group.

As shown in Figure 3.22, amide and urea-based directing groups were designed based on the
commonly employed auxiliaries.!® At the outset of this research, Sanford’s chemistry’ had

not been reported and we were unsure if the bridge nitrogen would be involved in metallacycle

formation.
. Q ENI;
5 N
O
3.162 3.163 3.164 3.165
Amide-based directing groups Urea-based directing groups

Figure 3.22: Design of amide and urea based directing groups.

The study began with the pyridine-based auxiliary. The synthesis of the precursor (*)-7-
(picolinoyl)-7-azabicyclo[2.2.1]heptane  3.162 was achieved by reacting (x)-7-
azabicyclo[2.2.1]heptane 3.106.HCI with picolinoyl chloride 3.166 in a moderate yield
(Scheme 3.47).

N
L.
N
+ -
Et3N (2.1 eq.)
3.106.HCI CH,ClI, 3.162
0°C to rt, o/n 47%

Scheme 3.47: Synthesis of (x)-7-(picolinoyl)-7-azabicyclo[2.2.1]heptane 3.162 .

Initially, for the p-arylation of the precursor 3.162, we decided to follow the procedures
reported by Daugulis et al. %1% In these reports, the p-arylation and g-alkylation of (sp®)- and
(sp?)-C-H bonds of carboxylic acid derivatives were accomplished with pyridine and 8-
aminoquinoline-based auxiliaries. However, these conditions proved conformation issues
again (Scheme 3.48). With the pyridine auxiliary, p-C-H functionalisation of 7-
azabicyclo[2.2.1]heptane would only be possible via a 7-membered palladacycle 3.169 unless
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the bridgehead nitrogen participated. If this was involved, it would result in a strained 4,5-

membered palladacycle 3.170.

N 4< >*| N
|
%N Z ___3A6T(Arl) N A
(@] (@]

Reaction conditions

. 3.168
3.162 Reaction conditions

Ar-1 (3 eq.)
Pd(OAc), (5 mol%)
K2C03 (35 eq)
PivOH (20 mol%)

Ar-l (4 eq.)
Pd(OAc), (5 mol%)
AgOAc (1.1 eq.)
150 °C, 24 hrs

t-amyl-OH (0.4 ml) neat
110 °C, 24 hrs
7 N\
= L. L _
Lod N T
Pd 7 4 N NN
4 N
(0]
3.169 3.170
S-C-H B-C-H

Scheme 3.48: Screening of pyridine auxiliary for intermolecular C-H activation with (x)-7-(picolinoyl)-
7-azabicyclo[2.2.1]heptane 3.162 and tentative palladacycles.

Considering the widespread applicability of 8-aminoquinoline!®® and the Yu-Wasa auxiliary®
in C-H functionalisation reactions (section 3.5.1), we decided to install these auxiliaries on the
7-azabicyclo[2.2.1]heptane 3.106 skeleton. We envisaged that these auxiliaries would form
fused 6,5-membered 3.171 and 6-membered 3.172 palladacycles respectively (Figure 3.23).
While the C-H activation with the 6,5-membered metallacycle is unusual, there are several

reports based on a 6-membered metallacycle in the literature.%*%
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Figure 3.23: Proposed palladacycles with 8-aminoquinoline and Yu-Wasa auxiliaries.

Both 8-aminoquinoline and Yu-Wasa auxiliaries can be installed on the 7-
azabicyclo[2.2.1]heptane skeleton 3.106.HCI from their respective amine moieties by forming
urea derivatives. Synthesis of the urea derivative is facile in theory by attack of a nucleophilic
amine to an electrophilic isocyanate moiety (ArNCO). Both auxiliaries were converted into
their corresponding isocyanate moieties by reacting either with triphosgene or N,N’-
disuccinimidyl carbonate (Scheme 3.49). Further reactions were carried out in one-pot with the
hydrochloride salt of 7-azabicyclo[2.2.1]heptane 3.106 under reflux, in an appropriate solvent
system. However, after several attempts, only minute quantities of the corresponding products
were isolated. Due to the difficulties associated with the synthesis of the desired urea
precursors, it was decided to abandon the test of C-H functionalisation reactions based on urea

directing groups.
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Scheme 3.49: Attempted synthesis of urea precursors with 7-azabicyclo[2.2.1]heptane 3.106 based on
8-aminoquinoline and Yu-Wasa auxiliaries.

As the synthesis of precursor, 7-azabicyclo[2.2.1]heptane 3.106.HCI, was itself challenging, a
more readily available precursor was proposed, (x)-7-azabenzobicyclo[2.2.1]heptane 3.181.
This precursor contains an aromatic ring that makes the precursor less volatile and easier to
work with. It can be synthesised in just three steps from the anthranilic acid 3.177 and Boc-N-

pyrrole 3.178 following the method reported by Ohwada et al. (Scheme 3.50).1%

Boc
——NBoc i. Hj NH
3 178 Pd/C
ii TFA
3.177 3.179 3.180 3.181

78% from 3.180

Scheme 3.50: Synthesis of (£)-7-benzoazabicyclo[2.2.1]heptane 3.181.

We postulated the failure of pyridine auxiliary was due to the unfavourable conformation of
the amide as discussed in Section 3.12 (Figure 3.20). We decided to modify the pyridine
auxiliary in such a way that it allows greater rotation around the C-N bond. For this, we
proposed an auxiliary 3.185 as shown in Scheme 3.51. For the synthesis of the desired
precursor, (x)-7-[N-(pyridin-2-yl)isobutyramide]-7-benzoazabicyclo[2.2.1]heptane 3.186, first
the alkylating reagent 2-bromo-2-methyl-N-phenylpropanamide 3.185 was prepared from 2-
bromo-2-methylpropanoic acid 3.182 and 2-aminopyridine 3.184. Next, the N-alkylation of 7-
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benzoazabicyclo[2.2.1]heptane 3.181 was performed with 3.185 in the presence of K.COs to
furnish the title precursor 3.186, albeit in a low yield.

HaN
I
@ 1.1eq.)
oH (COCl), . cl 3.184 ><ff
Br DCM, DMF (cat.) Br EtsN, C|-|2c:|2 U

0 O°Ctort o) 0°
3.182 3.183 3.185
= — 1t
NH  3.185(1eq) o /_\
K,CO3 (2 eq.) N™ "NH L N
N/ 4
Nal (0.5 eq.) N o H---:Pld—N
> -
any. CH3CN [0.2 M] N o
60 °C, 18 hrs
3.181
3.186 - 3.187
18% S-C-H

Scheme 3.51: Precursor synthesis, (£)-7-[N-(pyridin-2-yl)isobutyramide]-7-
benzoazabicyclo[2.2.1]heptane 3.186 and tentative palladacycle 3.187.

With the modified pyridine-based precursor 3.186 in hand, two trial conditions were carried
out based on [Pd] and [Rh] catalysts (Scheme 3.52). The former reaction is believed to proceed
via a Pd(I1)/Pd(1V) pathway with the assistance of pivalic acid as a Brgnsted acid, whereas the
latter reaction is based on Wilkinson’s catalyst for a Rh(I)/Rh(III) pathway. Unfortunately, only
the starting material was recovered from both reactions, indicating the unfavourable 5,4-
membered metallacycle formation for this type of system.
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Reaction conditions
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Picolinic acid (5 mol%) E PCy; (20 mol%)
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PivOH [3 eq/] ! 1,4-dioxane [0.1 M]
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Scheme 3.52: Screening of modified pyridine auxiliary for intermolecular C-H activation with (x)-7-
[N-(pyridin-2-yl)isobutyr amide]-7-benzoazabicyclo[2.2.1]heptane 3.186.

3.13.2. Sulfur-containing directing groups

The trend of utilising sulfur-containing directing groups has been rapidly growing in lieu of
carbonyl based directing groups (amide, carboxylic acid).!%” Different sulfur-containing
directing groups such as thioether, thioamide, sulfoxides, and alkoxythiocarbonyl groups have
been employed in a variety of C-H functionalisation reactions.

Considering the influence of sulfur-containing directing groups in successful C-H activation
reactions, two electron-rich sulfinamide directing groups 3.189 & 3.190 were planned (Figure
3.24). It was predicted that these directing groups will form either a five-membered (through S
atom) or a six-membered (through O atom) palladacycle. Both palladacycles should facilitate
the desired product formation. However, one drawback of sulfur-based directing groups is their

ability to poison the transition-metal.
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Figure 3.24: Proposed palladacycles 3.191 & 3.192 with sulfur-containing directing groups, 3.189 &
3.190.

First, we added the sulfinyl directing group to the bicyclic system by reacting (%)-7-
azabicyclo[2.2.1]heptane 3.181 with tert-butylsulfinyl chloride 3.193 with an acceptable yield
(Scheme 3.53).

Q
NH >(S\CI N\S/%
I
3.193(1.2 eq.) o
Et;N (2.1 eq.)
CH,Cl,
3.181 0°Ctort, o/n 3.189

67%

Scheme 3.53: Precursor synthesis, (£)-7-(tert-butylsulfinyl)-7-benzoazabicyclo[2.2.1]heptane 3.189

Our biggest concern was the stability of the N-S bond under acidic conditions. We selected
reaction parameters accordingly and screened a wide range of reaction conditions (Scheme
3.54, Table 3.6). The Brgnsted acid chosen was either organic or inorganic, depending on the
compatibility with other additives. In some cases, it was a part of a bidentate ligand such as
picolinic acid or MPAA. Mostly, a monodentate ligand was employed. The choice of the base
was similar to the cross-coupling reactions such as carbonates/metal tert-butoxides. The
preference was given to polar solvents, considering their influence in lowering the energy
barrier of the transition states of the reactants. All reactions were performed near to the boiling
point of the respective solvent, in a sealed Schlenk tube.
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Scheme 3.54: Attempted intermolecular C-H activation with (£)-7-(tert-butylsulfinyl)-7-

benzoazabicyclo[2.2.1]heptane 3.189

Table 3.6: Screening of reaction parameters for intermolecular C-H activation with (£)-7-(tert-

Entry

1

© 00 N oo o1 b~

11
12

13°
14

15

butylsulfinyl)-7-benzoazabicyclo[2.2.1]heptane 3.189
Reaction conditions

Pd(OAC), (10 mol%), Cs,CO;z (3 eq.), PivOH (3 eq.), t-BuOH,
130 °C

Pd(OAC), (10 mol%), K:HPO4 (3 eq.), Ag2COs (1.5 eq.), NaOAc

(2 eq.), t-BuOH, 130 °C

Pd(OAC)2 (10 mol%), PCys (15 mol%), Ag.COs (2 eq.), HFIP,
85°C

Pd(OAC)2 (10 mol%), KOAc (2 eq.), DMA, 130 °C

Pd(OAC)2 (10 mol%), AgOAc (2.2 eq.), Tol/HFIP (4:1), 110 °C
Pd(OAC), (10 mol%), KOAc (2 eq.), t-BuOH, 90 °C

Pd(OAC)2 (10 mol%), KOAc (2 eq.), DMA, 130 °C

Pd(OAC)2 (10 mol%), PhCOOK (2 eqg.), DMA, 130 °C
Pd(OACc). (10 mol%), picolinic acid (2 eq.), Cs:COs (2 eq.),
DMA, 130 °C

Pd(OAC), (10 mol%), picolinic acid (2 eq.), K:HPO4 (2 eq.),
1,4-dioxane, 150 °C

Pd(OAC). (10 mol%), Ag-0, 1,4-dioxane, 100 °C

Pd(OAC), (10 mol%), KoCOs (2 eg.), PivOH (1 eq.), toluene,
100 °C

Pd(OACc). (10 mol%), PivOH (2 eq.), neat, 100 °C
[RhCI(PPhs)s] (5 mol%), PCys, NaO'Bu (2 eq.), 1,4-dioxane,
120 °C

[RhCI(PPh3)s] (5 mol%), PCys, LiO'Bu (2 eq.), 1,4-dioxane,
120 °C

Observation
3.189

3.189 + 3.195
(1:0.5)?
3.189 + 3.181

3.195
3.195
3.189
3.195
3.195
3.195+ 3.196°

3.196%

3.189
3.189

3.189
3.189

3.189
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16°  Pd(OAcC) (10 mol%), KHCOs (3 eq.), BQ (1.2 eq.), 'BUOH, 3.189
130 °C

174 Pd(OAC). (10 mol%), N-Ac-Leu-OH (20 mol %), BQ (1.5 eq.), 3.189
NaHCO; (3 eq.), 'BUOH [0.2 M], 100 °C
a = Based on crude *H NMR
b = 4-lodotoluene (30 eq.)
¢ = Phenyl boronic acid (1.5 eq.) was used instead of 4-iodotoluene.
d = Potassium phenyltrifluoroborate (1.5 eq.) was used instead of 4-iodotoluene.

No product arising from the targeted C-H activation was observed in any reaction. In most of
the reactions, the starting material 3.189 was recovered. Moreover, the influence of the polar
solvent and/or high temperature were proven to be detrimental in some cases. Cleavage of the
weak N-S bond led to the formation of amine 3.181 (N-S clv) (entry 3); which formed an
undesired byproduct N-Ac-bp 3.195 (entry 2, 4, 5, 7, & 8).° In all but two reactions we believe
that the solvent, DMA, acted as the source of the acetyl group. In the others, the source is less
obvious. The same effect was observed when picolinic acid was employed as a bidentate
ligand, resulting in an N-PCN-bp by-product 3.196 (entry 9 & 10). Surprisingly, the same type
of impurity was not found in the presence of pivalic acid (entry 12 &13) and N-Ac-Leu-OH
additives (entry 17), presumably due to interference of sterics from the bulky tert-butyl or
isobutyl. Changing the catalyst source to Wilkinson’s catalyst (entry 14 & 15) as well as the
coupling partner to boronates (entry 16 & 17) did not show any positive effect for C-H

functionalisation.

At this stage, we decided to replace the large tert-butyl group with the smaller p-tolyl group.
The synthesis of sulfinamide was achieved albeit in low yield due to the instability of p-tolyl
sulfinyl chloride 3.191 (Scheme 3.55). We also tried to synthesise this precursor (S)-3.191 by
employing (1R,2S,5R)-(-)-menthyl-(S)-p-tolylsulfinate (Andersen’s reagent) 3.192, via

lithiation of 7-benzoazabicyclo[2.2.1]heptane 3.190. However, all attempts were unsuccessful.

€ The protons in the *H NMR spectrum are quite distinguishable in both impurities, N-Ac-bp 3.195 and N-PCN-

bp 3.196 due to the restricted rotation of an amide bond, resulting in two rotamers.
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Scheme 3.55: Synthesis of (£)-7-(p-tolylsulfinyl)-7-benzoazabicyclo[2.2.1]heptane 3.192.

Sulfinamide 3.192 was screened in two reactions. One used palladium and the other, rhodium.
Both reactions failed to produce a product arising from the desired C-H functionalisation
(Scheme 3.56).

[Pd] or [Rh] O
II : :: :: \//\

_...3.167 (1.5eq) _
Reaction conditions

3.192 3.194
Reaction conditions

Pd(OAc), (10 mol%) | [RhCI(PPhs)s] (5 mol%)
Ac-Leu-OH (20 mol%) E PCy; (20 mol%)
Ag>CO3 (2 eq.) : LiO'Bu (2 eq.)
1,4-dioxane [0.2 M] E 1,4-dioxane [0.1 M]
110 OC, 24 hrs i 120 OC, 24 hrs

Scheme 3.56: Attempted for intermolecular C-H activation of (£)-7-(p-tolylsulfinyl)-7-
benzoazabicyclo[2.2.1]heptane 3.192.

The inactivity of both the '‘Bu- and p-tolyl sulfinyl directing groups suggests that steric
hindrance was not an issue. At this stage, we were curious to see if the sulfinyl directing group
would coordinate palladium, and attempted to form a palladium complex with a stoichiometric
Pd(COD)CI; but with no success (Scheme 3.57).
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Scheme 3.57: Attempted palladium complex 3.195 formation with (£)-7-(tert-butylsulfinyl)-7-
benzoazabicyclo[2.2.1]heptane 3.189.

3.13.3. Thioamide directing group

Next, we looked at a thioamide. The reduced electronegativity of sulfur compared to oxygen
and its larger size means thioamides are better directing groups than amides. The C=S bond
length (~1.6 A) is considerably longer than C=0. Moreover, the C=S n-orbital is higher in
energy than the C=0 m-orbital. The lone pairs of S can also coordinate to the metal.X%’
Considering these properties, the electron-rich tert-butyl thioamide directing group was
investigated. By reacting 2,2-dimethyl-1-(7-benzoazabicyclo[2.2.1]heptane)-1-propanone
3.197 with Lawesson’s reagent, the thioamide precursor 2,2-dimethyl-1-(7-
benzoazabicyclo[2.2.1]heptane)-1-propanethione 3.198 was prepared in good yield (Scheme
3.58).

O
NH %C' Nm)< N 71)<
3.196 (1.2 eq.) o Lawesson's reagent S
EtzN (1.1 eq.) Toluene
Dry. CH,Cl, 3.197 reflux, o/n
3.190 0°Ctort, o/n 86% 3.198
L 89%
| /S
L-Pd
lw@g'“
3.199

Proposed Palladacycle

Scheme 3.58: Precursor synthesis, 2,2-dimethyl-1-(7-benzoazabicyclo[2.2.1]heptane)-1-
propanethione 3.198 and putative palladacycle 3.199.

Both Yu and Glorius have used thioamides as directing groups for the a-C(sp®)-H arylation of

saturated azaheterocycles via a five-membered metallacycle.%®1% We employed their reaction
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conditions with our azabicyclic system. Unfortunately, only the starting material was recovered
(Scheme 3.59). We believe that the failure of the desired C-H functionalisation may be due to
the inability of the thioamide directing group to form a six-membered metallacycle. We
speculated that similar to the amide, the larger rotational barrier of the thioamide may arrange
the 7-benzoazabicyclo[2.2.1]heptane skeleton in an unfavourable conformation for C-H

activation.

N% N%
[Pd] or [Rh]

S oo > S
Reaction conditions
3.198 . . R= H, 3.200
Reaction conditions OMe. 3.201

PhB(OH), (2 eq.)
PdCl, (10 mol%)
KHCO3 (2 eq.)
1,4-BQ (1.5 eq.)
tert-amyl-OH [0.2 M]
100 °C, 24 hrs

4-lodoanisole (2 eq.)
[Rh(PPh)3Cl5] (5 mol%)
PCy3 (20 mol%)
LiO'Bu (2 eq.)
1,4-dioxane [0.1 M]
120 °C, 24 hrs

Scheme 3.59: Screening of thioamide directing group for intermolecular C-H activation with (%)- 2,2-
dimethyl-1-(7-benzoazabicyclo[2.2.1]heptane)-1-propanethione 3.198.

3.13.4. Phosphine oxide/sulfide directing groups

We examined phosphine oxide/sulfides directing groups, which had a single coordination site.
Recently, diphenyl phosphine oxide [Ph2(O)P] directing group has been shown to be competent

in various C-H activation reactions.!0°*!

Addition of Ph2P(O)CI to the 7-benzoazabicyclo[2.2.1]heptane 3.190 took a surprisingly long
reaction time (Scheme 3.60). The resulting phosphinamide 3.202 could be converted to a
phosphine sulfide 3.203 by reacting with Lawesson’s reagent (Scheme 3.60). We thought that
either the Ph2(O)P/Ph2(S)P would allow us to form the six-membered metallacycles 3.204 &
3.205 with 7-benzoazabicyclo[2.2.1]heptane skeleton 3.198.
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Scheme 3.60: Synthesis of (x)-7-(diphenylphosphine oxide)-7-benzoazabicyclo[2.2.1]heptane 3.202
and (x)-7-(diphenylphosphine sulfide)-7-benzoazabicyclo[2.2.1]heptane 3.203, and proposed
palladacycles 3.204 & 3.205.

As before, a number of different reaction conditions were screened (Scheme 3.61). We believed
that the reactions may proceed via the Pd(I1)/Pd(0) or Pd(I1)/Pd(IV) pathway based on the
coupling partner. The MPAA was selected as a ligand and pivalic acid was selected as a
Brensted acid in different reactions to promote a CMD. Frustratingly, the starting material was
recovered unchanged in all reactions. The only exception was when trifluoroethanol was
employed as the solvent. Oddly, the by-product N-Ac-bp 3.195 was observed. We speculated
that the more acidic character of the solvent led to cleavage of the P-N bond, and the resulting
amine 3.198 reacted with the ligand Ac-Leu-OH (yield <20%).

Om

Reaction conditions

X

¥
>

xX=

.202 X=0,R=H3.206 X=S,R=H 3.208
.203 X=0,R=H3.207 X=S,R=H 3.209

Reaction conditions

PhB(OH), (2 eq.) 4-iodoanisole (3 eq.)
Pd(OAc), (10 mol%)
Ac-Leu-OH (20 mol%)
AgOAc (3 eq.)
CF3CH,0H [0.1 M]
80 °C, 24 hrs

| 4-iodoanisole (3 eq.)
PdCl, (10 mol%) | Pd(OAc), (10 mol%)
1,4-BQ (1.1eq) ! Cs,CO; (3 eq.)
KHCO; (2 eq.) 5 PivOH [3 eq.]
t-amyl-OH [0.1 M] I t-amyl-OH [0.1 M]
100 °C, 24 hrs ! 110 °C, 24 hrs

Scheme 3.61: Screening of phosphine oxide/sulfide directing groups for intermolecular C-H.
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In all the above studies, monodentate directing groups were used. They would all possibly form
a 6-membered metallacycle, except for tert-butyl sulfinyl directing group. The latter group
could form either a 5- or a 6-membered metallacycle. As stated earlier, monodentate directing
groups have shown less success with the activation of methylene positions than have bidentate
directing groups. We therefore wanted to investigate a bidentate directing group but we were
aware that we could not use the bridge nitrogen as this would lead to a four-membered ring.
We needed a donor atom attached directly to the nitrogen. We wondered if hydrazine might

work.

3.13.5. Hydrazone/hydrazide directing groups

We envisioned that installing a donor atom next to the ring nitrogen would enable us to form a
stable 5-membered metallacycle (Figure 3.24). It was thought that converting the 7-
benzoazabicyclo[2.2.1]heptane 3.181 into a hydrazine would allow the formation of hydrazone
and hydrazide-based directing groups. Generally, bidentate directing groups are known to
facilitate C-H functionalisation through their strong chelation. In a bidentate directing group,
it is easier to tune both the steric and electronic environment. This would also, allow us to
perfectly position a nitrogen donor to selectively target the S-position via the 5,5-chelation
system. Moreover, the N-N bond would allow simple removal of the directing group at the end

of the sequence to unlock the desired amine product.
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Figure 3.24: Hydrazone- and hydrazide-based directing groups.

Synthesis of the precursor started with the conversion of 3.198 to N-nitroso 3.215 by reacting
it with tert-butyl nitrile in 67% yield (Scheme 3.62). Next, we needed to reduce the N=0O bond
without cleaving the weak N-N bond. A number of reductants were screened including LAH,
DIBAL, and single-electron reducing agents such as Zn/AcOH (Table 3.7). With the former
reagents, either the starting material was returned or an uncharacterised side-product was
formed. Single-electron reduction conditions showed more promise. It was observed that the
reaction time had a major influence on the outcome of the reaction. Longer reaction times led
to N-N bond cleavage, returning the amine 3.198. It is still unclear whether this cleavage is

occurring only in the starting material, N-nitroso moiety 3.215, in the expected hydrazine
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derivative 3.216, or in both moieties. By reducing the reaction time (4 hrs), the expected
hydrazine product 3.216 was obtained as an inseparable mixture with 3.198. It was, therefore,
decided to perform the acetylation on a mixture of 3.216 and 3.198. Reaction with picolinoyl
chloride 3.166, gave expected hydrazine derivative albeit in 16% yield, with an amide by-
product (10%) (Scheme 3.63).

i. -BuONO (1.5 eq.)

NH THF [0.2 M], reflux, o/n N‘NO Reductlon NH2 .
or “conditions
ii. 68 N HCI, NaNO,,
H,0, 0°C

3.198 3.215 3.216 3.198
67% (method i: reliable) Expect_ed N-N clevage
39% (method ii: not reproducible) hydrazine (NNC)
(EPH)

Scheme 3.62: Synthesise of 7-(N-nitroso)-7-benzoazabicyclo[2.2.1]heptane 3.215 followed by
attempted reduction.

Table 3.7: Attempted reduction conditions of 7-(N-nitroso)-benzoazabicyclo[2.2.1]heptane 3.215
Entry Reduction conditions Observations
1 LAH (1.5eq.), THF, 0 °C to rt to reflux Starting material 3.125 returned
2 DIBAL (1 M, 2 eq.), CH.CI, -78 °C to rt Uncharacterised by-product
3 Zn (3 eq.), NH4Cl (3eq.), THF : H,O,0°Ctort Starting material 3.125 returned
4 Zn (4 eq.), AcOH : EtOH : H,O,0°Ctort,0/n  N-N cleavage observed
5

Zn (4 eq.), AcOH : H,O (1:1), 0 °C, 4 hrs Mixture of 3.216 and 3.198
| N =
N\NHZ + NH \H/O
3.166 (1.1 eq.)
Et3N (1.2 eq.)
3.216 3.198 CH,Cl,[0.5 M] 3.211 3.217
rt, o/n 16% 10%

Scheme 3.63: Precursor synthesis, 7-(picolinoylhydrazine)-7-benzoazabicyclo[2.2.1]heptane 3.211.

Considering the difficulties associated with formation of the hydrazine derivative 3.211, an
alternative strategy was investigated (Scheme 3.64). This involved adding the hydrazine moiety
3.222 before forming the bicyclic molecule. The synthetic scheme proceeded smoothly until
the penultimate stage. However, deacetylation of 3.224 did not work. If we would have able to
form the 3.225, we had anticipated the challenges associated with the cyclisation of

cyclohexanol intermediate 3.225. We expected only the trans isomer of 3.225 to cyclise to the
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desired bicyclic amine scaffold 3.211 and made the separation feasible from the cis isomer of
3.225.

X
ol
N =
N\ [\ \ o HaN N
o__ O o0._°©0 Ac,0 (2eq), O_ O o}
NaBH,4, MeOH, DMAP (10 mol%) FeCl;.6H,0 (5 eq.) 3.222 (1eq.)
_— =
0°Ctort, o/n CH,CI, [0.5 M] CH,Cly, rt, o/n CeCl3.7H,0 (10 mol%)
S OH 0°Ctort, o/n OAc OAG EtOH [0.5 M], rt, o/n
3.218 3.219 3.220 3.221
61% 98% 71%

= =
H N ‘ H NS ‘ N
N~ N NaBH3CN (0.68 eq.) HN~ N i. EtzN, MeOH:H,0 / H \
‘ 0 MeOH [0.06 M] o} Aqg. NH3, MeOH/ N A
PH = 3 (Methanolic HCI) ii. TsCl
0°Ctort, 4 hrs

OAc OAc O
3.223 3.224 3.225 3.211
49% 52%

Scheme 3.64: Attempted precursor synthesis, 7-(picolinoylhydrazine)-7-azabicyclo[2.2.1]heptane
3.211.

After comprehensive screening of a range of directing groups, S-C(sp%)-H arylation of 7-
(benzo)azabicyclo[2.2.1]heptane failed. We believed that all of the directing groups led to an
unfavourable conformation of the directing group in the 7-azanorbornane, so that the metal
catalyst could access the 8-C(sp®)-H bonds to form a metallacycle. We suggest that it would be
advantageous to design an appropriate directing group that could form a thermodynamically
more favoured metallacycle such as a 5- or 5,5-membered metallacycle. This suggestion is in
agreement of Sanford’s y-C(sp®)-H arylation of cyclic systems, which was published” when
we were evaluating our last designed directing groups. In their study, they proposed the
formation of a thermodynamically favoured fused 5,5-membered palladacycle with the

tethered directing group, considering the involvement of ring nitrogen.

The S-C(sp®)-H functionalisation of saturated azaheterocycles would definitely open a new
avenue to access substituted azaheterocycles in the shortest way. Considering the timeline of
Ph.D., we decided to move to our fallback plan, y-C(sp®)-H arylation of 1-cyclohexylamine
where the methods to achieve the desired C-H activation have already been reported but its

asymmetric version still needs to be addressed.
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3.14. Enantioselective y-C(sp®)-H of a cyclohexylamine system

As explained in the objective section of this chapter, we sought to investigate C(sp®)-H
activation on the 1,4-disubstituted cyclohexylamine system 3.112. We could still achieve the
goal of epibatidine synthesis by a late-stage cyclisation approach. With this system, the

directing group can be designed based on the external amine functionality.

R N T

X DG\ N
DG- \ \|/ ~DG
N op _______3_1_1_3 OP Late stage
[TM] 7\ cyclisation
=g

3.112 3.114 3.108

DG = Directing group
TM = Transition metal
P = Protecting group

Scheme 3.65: Intramolecular y-C(sp®)-arylation of 1,4-disubstituted cyclohexylamine system 3.112.

The main goal of this project was to achieve the enantioselective y-C(sp®)-H functionalisation
of the cyclohexylamine system. The catalytic system leveraging an amide directing group such
as picolinamide directing group has been exploited for C(sp®)-H activation on a wide range of

aliphatic and cyclic amine substrates.®®

Before C(sp®)-H activation of the 1,4-disubstituted cyclohexylamine system, we thought that
the simple 1-aminocyclohexane would be a good test system. The achiral y-C(sp®)-H arylation
on this system using a picolinamide directing group has been reported (Scheme 3.66a).%6112
Seki et al. also achieved C-H activation of unsubstituted cycloalkylamine derivatives using the
same conditions (Scheme 3.66b).1 Very recently, a similar study was published by Sheppard
and co-workers with an improved reaction efficiency and diverse substrate scope. Under these
silver-free reaction conditions, caesium carboxylate salt and CuBr additive were shown to

improve conversions (Scheme 3.66¢).*
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Scheme 3.66: Different reaction conditions reported for picolinamide-directed y-C(sp®)-H arylation of
cycloalkylamine derivatives.
As per the proposed mechanism, the picolinamide directing group coordinates with Pd(OAc):
to form a palladium complex | (Figure 3.25). The next step would enable the activation of y-
C(sp®)-H bond. The bidentate coordination of both the amide and pyridine leads to a
thermodynamically favoured 5,5-fused palladacycle I1. Subsequently, the oxidative addition
of aryl iodide generates Pd!) intermediate 111, which would lead to product formation upon

reductive elimination.

127



N N
| N
~ N Ar 3.234
T N
=
3.235
Pd'/PdV HoON
Pathway _«9>pd! 0
= / 0 N=
N \ 7/
O AC™N
O / Ar |
N-PdV)_,
]
o N
n 5 |
N-Pd(D-OAc
5

Ar-|
Il

Figure 3.25: Proposed Pd(11)/Pd"™) pathway for a y-C(sp®)-H arylation of N-cyclohexylpicolinamide
3.234.

We sought to achieve an asymmetric version of y-C(sp®)-H activation of the N-
cyclohexylpicolinamide 3.234. It is noteworthy to mention here that the initial proton
abstraction step is enabled by an acetate from the catalyst Pd(OAc).. By replacing it with a
chiral conjugate base, it may be possible to achieve the enantioselective C-H functionalisation.
We envisaged that chirality could be introduced in two possible ways (Figure 3.26).

i. By introducing a chiral Brgnsted acid (chiral conjugate base) (Enantioselective)
ii. By appending a chiral directing (chiral auxiliary) while maintaining the same fused
5,5-system (Diastereoselective)
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Figure 3.26: Proposed strategies for asymmetric y-C(sp®)-H arylation of N-cyclohexylpicolinamide

3.234.

Inducing asymmetry during C-H functionalisation might be possible if the diastereomeric

transition states formed by using a chiral conjugate base were sufficiently different. This is

particularly challenging in this example where we must also consider about the conformation

of the molecule. Our study began by probing various (chiral) Brensted acids (Scheme 3.68,

Table 3.8).

The first experiment was a control to establish that we could functionalise 3.234 (Scheme
3.67).113 The C-H transformation was accomplished in 60% yield. Using HPLC, Daicel As-H

column (normal phase), and Lux Amulose column (reverse phase), it was possible to resolve

the two enantiomers distinctly so that the enantiomeric ratio could be accurately determined.

oM
Do

N~ Y; 5 3.187 (2 eq.)
H Pd(OAC), (20mol%) _[| N
Ag,CO5 (1.5 eq.) Z
tert-amyl-OH [0.2 M]
234
3.23 110 °C, 48 hrs
OMe
+
o)
N N
| _N H OMe
3.240
60%

(50 : 50 mixture of enantiomers)
1,3-cis equatorial

Scheme 3.67: Control reaction for y-C(sp®)-H arylation on N-cyclohexylpicolinamide 3.234.
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Our screening of different (chiral) Brgnsted acids began (Scheme 3.68, Table 3.8). The
Pd(OAc)2 was replaced by PdCI, [Pd(11)] as an active catalyst so that we could remove the
acetate ion and hopefully avoid a non-selective background reaction. The reaction was set up
in the absence of any Brgnsted acid (entry 1). Surprisingly, product formation was observed
(SM:P 82:18), suggesting that the strong chelating effect of the bidentate directing group was
sufficient to initiate the reaction albeit slowly. When pivalic acid was employed as an acid
additive, the reaction conversion increased to 88% (entry 2). This clearly shows that a Brgnsted
acid, presumably, as the carboxylate salt, mediates the concerted metalation deprotonation

process. Next, we investigated a range of chiral acid derivatives as shown in Table 3.8.

I
O

3.187 (2 eq
| N u/m PdCl, (10 mol%
N (Chiral) acid (40 mol%
3.234 Agch3 (1.5eq.)
tert-amyl-OH [0.2 M]

110 °C, 48 hrs

o)
N N
| N H OMe

3.240

Scheme 3.68: Optimisation study to evaluate the effect of chiral acid on y-C(sp®)-H arylation of N-
cyclohexylpicolinamide 3.234.2

# = HPLC conditions (Normal Phase) for separation of enantiomers of 3.240:- stationary phase : Daicel As-H
column, mobile phase: 10% 'Pr-OH: Hexane (1% TFA) for 45 min. Flow rate: 1.0 ml/min, Injection vol. 10 pl,
RT: for enantiomer 1: 18.39 min., for enantiomer 2: 22.99 min.

= HPLC conditions (Reverse Phase) for separation of enantiomers of 3.240:- stationary phase : Lux Amulose
column, mobile phase: 70% CHsCN: HO for 50 min. Flow rate: 0.5 ml/min, Injection vol. 10 ul, RT: for
enantiomer 1: 36.75 min., for enantiomer 2: 42.16 min.
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Table 3.8: Effect of various (chiral) Brgnsted acid

Entry

1
2

339

4

594

8115

(Chiral) Brgnsted acid
no Bransted acid

o)
%OH

3.241

3.242

Deviation from the reaction conditions of scheme

Observation?? ¢
SM:P =82:18
SM:P =12:88

SM:P =78:22*

SM:P = 95:5*

SM:P =76:24
er =49.42:50.58

SM:P =81.5:18.5*

SM:P =27:73
er = 52.38:47.62

SM:P = 35:65
er =51.63:48.37
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gL15 OO SM:P =0:100
er = 47.96: 52.04
O~ 'N” "0
10116 o SM:P = 25:75
@ er =49.42:50.58

1147 SM:P =0:100
O COOH
1218 SM:P =0:100
.COOH
O COOH

13119 O SM:P = 0:100
*‘ COOH

3.249

3= The ratio of starting material and product (SM:P) was determined based on crude *H NMR,

comparing the ratio of distinct C1-proton of SM and P.
b= Enantiomeric ratio (e.r.) was determined based on optimised HPLC conditions on pure product

* e.r. is not determined due to low conversion.

¢= (Chiral) Brgnsted acids were synthesised by following the reported procedures of
respective references mentioned in the entry column

4 = PdCl(CH3CN), (10 mol%), (S)-BINOL-P(O)zH, (20 mol%), Cs,COs (1.5 eq.),
xylene, 140 °C, 22 hrs.
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Considering the widespread success of BINOL derivatives in asymmetric catalysis,*?

started with the BINOL-based chiral phosphoric acid 3.242. BINOL possesses an axis of

we

chirality and the high rotational barrier of 1,1’-binaphthyl enables the high configurational
stability of the enantiomers. When (S)-BINOL-P(O).H 3.242 was employed, it had shown a
very minimal effect on reaction conversion (entry 3). Product formation was nearly the same
as the background reaction (entry 1). Chen et al. reported an enantioselective picolinamide
directed benzylic C(sp®)-H arylation of phenylpropylamine by employing BINOL phosphate
ligand. His team proposed that the cooperative effect of the BINOL with the caesium carbonate,
generating caesium phosphate complex may be responsible for the good stereocontrol in the
C-H palladation step.'?* When the same reaction conditions were applied for the substrate
3.234, it proved detrimental to the reaction progress (entry 4). An alternative C2-symmetric
additive HASPO-VI 3.136 was also implemented, hoping to act as an internal base but with no

success (entry 5).

We then screened a collection of readily accessible chiral acids. With (1S)-(+)-10-
camphorsulfonic acid 3.243, the reaction did not show any promise (entry 6) while significant
product formation was accomplished with dibenzyl-L-tartrate 3.244 (entry 7) but failed to
induce good enantiocontrol (er = 52.38:47.62). Due to the bidentate nature of the picolinamide
directing group, only one valence site of Pd(11) is available to interact with a chiral acid. Hence,
we selected bis-N-protected naphthalimide-based amino acids (entry 8 & 9).'** When
naphthalimide-L-valine 3.245 and naphthalimide-L-phenylalanine 3.246 were employed in the
reaction, complete product formation was observed in the latter case (entry 9). Unfortunately,
neither reaction showed any selectivity (51.63:48.37 and 47.96: 52.04).

In light of the recent success of a novel C2-symmetric carboxylic acid, (4S,5S)-1,3-dibenzoyl-
4,5-diphenylimidazolidine-2-carboxylic acid 3.247 in the enantioselective cobalt(I11) catalysed
C-H activation,'*® it was exciting to explore its potential on the current 1-aminocyclohexyl

system (entry 10). The reaction proceeded in 75% yield and 49.42:50.58 er.

An obvious interest of our group is planar chiral [2.2]paracyclophane derivatives. Generally,
the resolution of planar chiral [2.2]paracyclophane carboxylic acid derivatives can be
tedious.’?® Therefore, the efficiency of racemic carboxylic acids was established first.
Gratifyingly, all [2.2]paracyclophane carboxylic acid derivatives, including mono- and
disubstituted derivatives 3.142, 3.248, and 3.249 showed 100% reaction conversion (entry 11,
12 & 13).
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With the success of racemic paracyclophane acids, we needed a quick method to resolve them.
Initially, we attempted desymmetrisation of the diacid 3.248 by formation of a monoamide.
The desymmetrisation of 3.248 was attempted by adding the readily available chiral amine -
(R)-phenylethylamine 3.138 using standard amide coupling methods (Scheme 3.69).12% Here,
our aim was to form only a mono-coupled product with the half equivalent of desired coupling
reagents. Unfortunately, the reaction was non-selective, occurring on both carboxylic acid
groups to give a chiral monosubstituted product 3.250 in 16% and chiral disubstituted product
3.251 in 13%.

NH,
Ph™

(R)-3.138(0.5 eq.) J\ - HNT
.COOH \ : -COooH
S60H _EDCHCI (0.52 eq.) : J\\ COOH
O HOB (0.5 eq.) /\©
DIPEA (1.125 eq.)

DCM:DMF [0.05 M]

Oc°Ctort, o/n
3.248 3.250 3.251 3.248

(1 eq.) 16% 13% >50%

Scheme 3.69: Attempted desymmetrisation of [2.2]paracyclophane-4,13-dicarboxylic acid 3.248.

Due to the difficulty encountered in desymmetrising the disubstituted derivative, we decided
to resolve the monosubstituted derivative (£)-[2.2]paracyclophane-4-carboxylic acid 3.142
(Scheme 3.70). The same approach was applied but this time with L-phenyl alaninol 3.252.
Unfortunately, the product formation 3.253 was observed in low yield and the diastereomers

were inseparable by column chromatography.

0 i. (COCIl), (1.1 eq.), DMF (Cat.)
CH,CI, [0.5M], 0O °Ctort, 2 hrs /\/@
H
WOH (S)-3.252
H> (0.90 eq.)

EtsN (1.2 eq.), CH,Cl, [0.5 M]
(+)-3.142 : 3.253 (£)-3.142
CH,Cl, [0.5 M], 0 °C, t, o/n 7% ~50%

Diastereomers inseparable

Scheme 3.70: Attempted resolution of ()-[2.2]paracyclophane-4-carboxylic acid 3.142.

Due to the challenges faced during the synthesis of enantiopure mono- and di-substituted
[2.2]paracyclophane carboxylic acid derivatives, we became interested in developing an
alternative methodology to access these useful compounds. One of the most intriguing
strategies was through the direct synthesis of an oxazoline that would be formed as a
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diastereomeric mixture that could be resolved. Once the pure diastereomer was in hand, it could

be hydrolysed to obtain the enantiopure [2.2]paracyclophane carboxylic acid (Figure 3.27).

R’ R’

3.254 3.254

Resolution of Diastereomers

Hydrolysis

(Rp)-142 (Sp)-142
Planar chiral [2.2]paracyclophane-carboxylic acid

Figure 3.27: Strategy to access enantiopure [2.2]paracyclophane acid derivatives.

At this point, we decided to develop the methodology for the synthesis of [2.2]paracyclophane-
oxazoline derivatives. If we succeed to gain access to the planar chiral acid derivatives, the

above study of asymmetric y-C(sp®)-H of the N-cyclohexylpicolinamide would be resumed
later.
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Chapter 4
A Facile Single-Step Protocol for the Synthesis of

Planar Chiral Oxazolines
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4.0. Coupling between [2.2]paracyclophane halides and chiral oxazolines

Similar to the success of BOX ligands in asymmetric catalysis,> [2.2]paracyclophane-bis-
oxazolines could be explored as chiral ligands in various stereoselective transformations. In the
literature, [2.2]paracyclophane-oxazoline derivatives are synthesised from the corresponding
carboxylic acid derivatives by a traditional route involving three steps (Scheme 4.1).5%6 In the
first step, carboxylic acid 4.1 is converted into an acyl chloride which subsequently reacts with
an amino alcohol to form amide derivative 4.2. Finally, Appel cyclisation'’ of the amide

derivative gives oxazoline derivative 4.3.

_OH
B IR
OH i SOCI, / (COCI), R" iii Appel cyclisation
i R PPhs, CCI
Y\OH 3 4
NH,
(£)-4.1 4.2 43

Scheme 4.1: Traditional route to synthesis [2.2]paracyclophane-oxazoline derivatives.

It is worth mentioning that the synthesis of the [2.2]paracyclophane-carboxylic acid derivatives
is not always straight forward. The synthesis of the monosubstituted carboxylic acid requires a
minimum of two steps from [2.2]paracyclophane. To access disubstituted carboxylic acid
derivatives is lengthier. Due to these challenges associated with the synthesis of
[2.2]paracyclophane-oxazoline derivatives, there is always a need for practical methodology

that can access these valuable compounds.

Recently, Lu et al.®®® and Ackermann et al.?® independently reported the direct C-H
(hetero)arylation of oxazolines 4.5 at the 2-position (Scheme 4.2). The former group employed
bidentate diphosphine ligands (dppe or dppp) while the latter group used a bulky SPO-based
catalyst 4.7. These protocols are good alternatives to the traditional methods for the synthesis

of chiral oxazoline ligands.'?
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X = Br, ClI 4.6 R' Me
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LiO'Bu (2.5 eq.) substituted SPO
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_ (cat.)
t-BuOLi (2 eq.) 'BuOLi (4 eq.) DMA
1,4-dioxane toluene 100 °C, 16 hrs
100 °C, 24 hrs 120 °C, 26 hrs
N, 4.8

Diam = diamantane

Scheme 4.2: Reported conditions for the C-H (hetero)arylation of oxazolines.

4.1. Scope of bromo[2.2]paracyclophane for oxazoline coupling

The chemistry above served as inspiration for a new synthesis of planar chiral oxazolines.
We screened different SPO and HASPO ligands (Scheme 4.3). After a brief optimisation
study, we found that a combination of Pd(OAc). and di-tert-butyl SPO 4.15 coupled (4S)-
4-benzyl-oxazoline 4.10 to (£)-4-bromo[2.2]paracyclophane 4.9 in 82% yield. We were
unable to separate the diastereomers but it has subsequently become clear that they are
separable.” Further hydrolysis of the coupled product 4.11 proceeded smoothly in an acidic
medium to give (z)-[2.2]paracyclophane-4-carboxylic acid 4.12 in 100% yield. While we

did not resolve the enantiomers here, it is clear that it can be achieved.

A colleague of mine was able to separate two diastereomers of 4.11 by column chromatography.
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Scheme 4.3: Synthesis of 4-(4-benzyl-oxazoline-2-yl)[2.2]paracyclophane 4.11 and its hydrolysis.
“SM : P was determined based on the crude *H NMR spectroscopy

A plausible mechanism for the coupling is based on the Pd(0) /Pd(Il) pathway and is shown
in Figure 4.1. The catalytic cycle is initiated by the oxidative addition of the ligated Pd(0)
to the [2.2]paracyclophane-halide. The oxazoline 4.5 is deprotonated by the LiO'Bu to
generate the lithium oxazoline intermediate, which subsequently undergoes transmetallation
with the organopalladium intermediate | to give the palladium-oxazoline intermediate 11.
Finally, reductive elimination produces coupled product 4.17, and simultaneously reducing
the Pd(I1) back to Pd(0).
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R-X

L,Pd©
R SPO-IV
N)\O LiO'Bu
\_< Pd(OAc),
R"” R"
4.17

'BUOH + LiX

Figure 4.1: Proposed mechanism for [2.2]paracyclophane halide and oxazoline coupling.

Having optimised the coupling, we decided to delineate the scope of the reaction using

various bromo[2.2]paracyclophanes. It would be further exciting to resolve the enantiomers

of [2.2]paracyclophane moieties by isolating diastereomers in a pure form. If we succeed,

hydrolysis of the pure diastereomers will be carried out to derive an array of planar chiral

[2.2]paracyclophane-carboxylic acid derivatives.

4.2. Scope of dibromo[2.2]paracyclophane derivatives for oxazoline coupling

First, we investigated whether the addition of two oxazolines was possible, then whether it was
possible to stop the reaction halfway. The latter reaction would retain a bromide for subsequent

functionalisation.

To attempt mono coupling, just one equivalent of (4S)-4-benzyl-oxazoline 4.10 was employed
with 4,16-dibromo[2.2]paracyclophane (pseudo-para) 4.18 under the optimised protocol
(Scheme 4.4). Monocoupling was observed but unfortunately also with protodebromination,
which resulted in oxazoline 4.11 in 52% yield. A single diastereomer of bis-coupling product
4.19 was also isolated in 31% from the same reaction (entry 1). This result suggests that nothing
is stopping the second coupling from occurring. Doubling the catalytic loading, while
maintaining the same equivalent of the base was detrimental to the reaction (entry 2). The
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reaction conversion dropped by nearly half compared to the previous conditions. It became
imperative to double the concentration of base (5 eq.) with other additives to achieve the bis-

coupled product 4.19 in maximum yield (81%, entry 3).

<]

O/>
~ / "'Bn

’Bn

Br "'Bn N
@ (S)-4.10 ( BnOx eq.) @
o N
Br Pd(OAc), (Pd mol%) Bn“"</\
(BBu),P(O)H (L mol%) 0
LiO'Bu (B eq.)
100 °C, t hrs Dl_astereomers Single
inseparable diastereomer
BnOx:Pd:L:B:t
entry 1 11:5:10:25:24 52% 31% <1%
entry2 22:10:20:2.5:48 28% 18% N/D
entry3 22:10:20:5.0:48 18% 81% N/D

Scheme 4.4: Attempted mono- and bis-coupling of 4,16-dibromo[2.2]paracyclophane 4.18 with (4S)-
4-benzyl-oxazoline 4.10.

The same strategy was applied to (£)-4,12-dibromo[2.2]paracyclophane (pseudo-ortho)
substrate 4.21 (Scheme 4.5). Using one equivalent of (4S)-4-benzyl-oxazoline 4.10 led to both
the mono- and the bis-coupled oxazoline products, 4.22 & 4.23 in 25% and 38% yield,
respectively, with 4.11 in 31% (entry 1). It was possible to isolate the bis-oxazolines as single
diastereomers by flash chromatography. Again, when performing the double addition, the
quantity of base was crucial. Doubling all the reagents except the base (2.5 eg.) had a
detrimental effect on the coupling (entry 2). Doubling all the reagents including base (5 eq.)
gave bis-oxazolines 4.23 as the exclusive product in 70% yield (entry 3). Moreover, each pure
diastereomer of product 4.23 was separated. With that, we achieved the shortest route to access

planar chiral [2.2]paracyclophane-based bis-oxazoline ligands in a one-pot reaction.
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Scheme 4.5: Mono- and bis-coupling of (x)-4,12-dibromo[2.2]paracyclophane 4.21 with (4S)-4-
benzyl-oxazoline 4.10.
Dial: Isolated yield of first diastereomer, Dia 2: Isolated yield of second diastereomer

4.3. Scope of pseudo-gem-[2.2]paracyclophane derivatives for oxazoline coupling

The true power of the methodology would be in forming any functionalised oxazoline so we
set out to determine the functional group compatibility. We started with the pseudo-gem
derivatives as we believed they would be the easiest to synthesise but the hardest to react.
Surprisingly, the electron-donating groups (NHz and 1-piperidine) 4.25 & 4.28 gave good
yields (Scheme 4.6, entry 1 & entry 2). Moreover, the separation of diastereomeric products
was possible. We were surprised with the results because the same precursor, (z)-4-bromo-13-
amino[2.2]paracyclophane 4.25 gave poor yields in the desulfitative reactions (see Section
6.3.1.4).

Equally surprising was the lack of success obtained with the electron-deficient nitro and ester
derivatives 4.31 & 4.34. No reaction was obtained with the electron-withdrawing NO2 group
(entry 3). However, the oxazoline coupling was observed in low vyield with (£)-4-
bromo[2.2]paracyclophane-13-methyl ester 4.34 (entry 4).
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N™ “gp

(S)-4.10 (1.1 eq.) -
Pd(OAc), (5 mol%)
('Bu),P(O)H (10 mol%)
LiOBu (2.5 eq.)
DMA [0.25 M]

100 °C, 24 hrs

R Dia.1 Dia mix Dia.2 Yield Protodebro
mination
entry 1 NH, 18% 38% 18% 74% 24%
(x)-4.25 4.26 4.26 (x)-4.27
entry 2 1-piperidine 29% 31% 24% 84% <1%
(%)-4.28 4.29 4.29 (+)-4.30
entry 3 NO, ND ND ND - ND
(%)-4.31 4.32 4.32 (+)-4.33
entry 4 CO,Me 6% 12% 5% 21% 16%
(£)-4.34 4.35 4.35 (x)-4.35

Scheme 4.6: Scope of pseudo-gem-[2.2]paracyclophane derivatives for oxazoline coupling.

Dial*: Isolated yield of the first diastereomer, Dia mix: Isolated yield of mixed fraction of first diastereomer
and second diastereomer, Dia 2*: Isolated yield of the second diastereomer, Yield: Total isolated yield of the
reaction. *The exact configuration of the diastereomer is not determined yet.

We decided to hydrolyse the ester 4.34 substrate to a carboxylic acid 4.37. It is also clear that
electron-rich systems give better yields, so by making carboxylate, we obtained an electron-
rich variant. The reaction was set up with (£)-4-bromo[2.2]paracyclophane-13-carboxylic acid
4.37. Fortunately, the product formation was nearly doubled. On the down side, the

diastereomers of 4.38 were inseparable.

@]
<
N Bn
(S)-4.10 (1.1eq.)
Pd(OAc), (5 mol%)

('Bu),P(O)H (10 mol%)
LiO'Bu (2.5 eq.)

(+)-4.37 DMA [0.25 M] 4.38 (+)-4.12
R = COOH 100 °C, 24 hrs o Ao 27%
Diastereomers  protodebromination
inseparable

Scheme 4.7: Coupling of (£)-4-bromo[2.2]paracyclophane-13-carboxylic acid 4.37.
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4.4. Scope of pseudo-ortho-[2.2]paracyclophane derivatives for oxazoline coupling

Normally, we expect higher yield from pseudo-ortho substrates compared to pseudo-gem
substrates due to a reduction in steric congestion. However, when the oxazoline coupling
reaction was performed with (x)-4-bromo-13-amino[2.2]paracyclophane 4.39, we observed the
opposite. Only protodebromination coupling was detected (Scheme 4.8, entry 1) The same
result was observed with (z)-4-bromo[2.2]paracyclophane-13-ethyl ester 4.41 (entry 2). This
result suggests that oxidative insertion is occurring but transmetallation is a problematic. When
(x)-4-bromo[2.2]paracyclophane-13-carboxylic acid 4.41 was employed under the same
reaction conditions, the desired coupling was obtained in 61% yield. No protodebromination
was observed (entry 3). It is still unclear why the less sterically hindered pseudo-ortho pocket
isomer is a poor substrate for this reaction. This study suggests that a detailed mechanistic
investigation is required to probe the reactivity of these systems.

<
N~ “gp
(S)-4.10 (1.1 eq.)
Br  Pd(OAc); (5 mol%)
('Bu),P(O)H (10 mol%)
LiO'Bu (2.5 eq.)

OMA 1025 M] Diastereomers Protodebromination
100 °C, t hrs inseparable
t R Yield
entry 1 48 NH, ND 100%
(*)-4.39 4.40 ()-4.27
entry2 14 CO,Et ND 100%
(x)-4.41 4.42 (x)-4.43
entry 3 22 COOH 61% ND
(x)-4.44 4.45 (£)-4.12

Scheme 4.8: Scope of pseudo-ortho-[2.2]paracyclophane derivatives for oxazoline coupling.

4.5. Scope of ortho-[2.2]paracyclophane derivatives for oxazoline coupling

Due to steric hindrance, the coupling of ortho-substituted bromides is often taxing. The
substrate, (+)-4-bromo-5-amino[2.2]paracyclophane coupled 4.46 in a moderate yield under
the optimised conditions (Scheme 4.9, entry 1). The diastereomers were separable by

preparative TLC. The only other ortho-substituted derivative we had access to was formyl
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derivative 4.48; however, this failed to react (entry 2). This reaction produced by-products in
DMA solvent. By changing the reaction solvent to 1,4-dioxane, only the starting material was
recovered (entry 3). These results suggest that further studies are required before this

methodology proves its generality.

O
<]
N~ "pgp

@ R (S)-4.10 (1.1eq.) @ R
g Pd(OAc); (5 mol%) o

('Bu),P(O)H (10 mol%) ’\L}
LiOBu (2.5 eq.) 2 2
solvent [0.25 M] Bn Bn
100 °C, t hrs
Solvent t R Dia.1 Dia.2 Yield
entry 1 DMA 17 NH, 16% 18% 34%
(+)-4.46 4.47 4.47
entry 2 DMA 24 CHO Uncharacterised
(+)-4.48 by-product
entry 3 1,4-dioxane 24 CHO Starting material
(+)-4.48

Scheme 4.9: Scope of ortho-[2.2]paracyclophane derivatives for oxazoline coupling.

4.6. Attempts to improve generality of the reaction and resolution of the
[2.2]paracyclophane derivatives

The preliminary investigation of the coupling of (4S)-4-benzyl-oxazoline 4.10 with various
[2.2]paracyclophane derivatives raised several concerns. The coupling was possible and in a
number of examples the diastereomers could be separated. But the resolution was challenging
and a number of substituents delivered the product of protodebromination. We wondered if a
different oxazoline might help the separation of the diastereomers and possibly give more

information about the coupling.

Chiral oxazolines can be easily synthesised from chiral 2-amino alcohols and carboxylic acid
derivatives such as naturally/specifically designed amino acids and amino alcohols. The
oxazoline ring substituents play a major role in tuning the steric property e.g. bulky groups
and/or aromatic substituents can exert intra- and intermolecular interactions. Both C-4 and C-

5 positions of oxazolines can be modified to regulate the chiral environment.

Another problem we encountered was the separation of the resulting diastereomers. Ideally, we

wanted to easily separate the diastereomers by column chromatography. By altering the

151



substituents in the oxazoline ring we hoped to alter the two diastereomers sufficiently that

separation would be more facile.

Considering the above factors, we decided to modify the chiral oxazoline substituents at the
C4 and C5 positions and evaluate their effects on oxazoline coupling as well as separation of

diastereomers.

4.6.1. (4S)-4-Phenyl-oxazoline-based coupling partner

Our first attempt brought the aromatic substituent of the oxazoline closer to the
[2.2]paracyclophane framework and we investigated (4R)-4-phenyl-oxazoline substrate 4.49
Unexpectedly coupling of (£)-4-bromo[2.2]paracyclophane with 4.49 gave the heteroaromatic
compound 4.50 (Scheme 4.10). We speculated that C-4 proton abstraction by a strong base
promotes the aromatisation of oxazoline ring to the thermodynamically favourable oxazole
(Scheme 4.11). It should be noted that aromatisation only occurred with (4R)-4-phenyl-
oxazoline substrate 4.49 but not with (4S)-4-benzyl-oxazoline 4.10. We reasoned the
conjugated double bonds resulting after proton abstraction leads to a stable heteroaromatic ring.

However, it is difficult to predict whether elimination occurred before or after coupling.

o)

&

N

Br (R)-4.49 (1 eq.) />\©
@ Pd(OAc), (5 mol%)
(Bu),P(O)H (10 mol%)

LiOBu (2.5 eq.)
(£)-4.9 100 °C, DMA [0.25 M] (+)-4.50 4.20
(1.1eq.) 24 hrs 28% 53%

Scheme 4.10: Coupling of (+)-4-bromo[2.2]paracyclophane 4.9 with (4S)-4-phenyl-oxazoline 4.49.

g X
ey ey 19

OBuLi* Pd(OAc),
(S)-4.49 4.51 4.52

Scheme 4.11: Postulated aromatisation of oxazoline ring in presence of strong base.
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4.6.2. Modification of C-4 position of oxazoline

Our next oxazoline would increase the steric bulk and add a polar functional group that might
interact with silica to facilitate separation. It also avoids the issue of conjugation so should not
undergo aromatisation. The synthesis involved addition of Grignard reagent to an ester to form
a tertiary amino alcohol, that could rapidly be converted into the family of oxazolines. The
ability of the free hydroxy group for hydrogen bonding may induce intermolecular interactions
to ease the separation of diastereomers (Figure 4.2).

)

Sl

N
Ar

polar sterically bulky

§

ijp,‘[ .
{OH;

Ar~--

hydrogen bonding

oxazoline molecular interactions

Figure 4.2: Design of polar sterically encumbered oxazoline.

The synthesis of C-4 modified oxazolines and their attempted coupling with (%)-4-

bromo[2.2]paracyclophane 4.9 is shown in Scheme 4.12.

O,

Ph
Ph
NH,
4.56
MgBr by-product
+
" <O (£)-4.9
T NN e
Reaction A ppOH  Reaction B ppOH  Reaction C
OF e (S)y-4.57 4.58 13%
MgBr 23% 60% (Scheme 4.12a) Djastereomers
OH inseparable
0 OH
HO NH,
- 0 4.59 . OO .
ClHsN h Reaction A OO
(0]
(5)-4.53 (S)-4.60 4.61 4.62 (Scheme 4.12b)
(1eq.) (by-products)
©/\MgBr HO
O Bn
4.63 y NJXBH ¢ <\o "
B 2 -
Reaction A BnOH Reaction B N B * N
Bn O HO
(S)-4.64 (5)-4.65 (5)-4.66
19% (Scheme 4.12c)
Reaction A Reaction B Reaction C

ArMgBr (6 eq.)
Dry ether
0°Ctort, o/n

Triethyl orthoformate (1.5 eq.)
CH3;COOH (10 mol%)
DCE [0.5 M]
reflux, o/n

Pd(OAc), (5 mol%)
('Bu),P(O)H (10 mol%)
LiOBu (2.5 eq.)

100 °C, DMA [0.25 M], 36 hrs

Scheme 4.12: Coupling of ()-4-bromo[2.2]paracyclophane 4.9 with C-4 modified oxazoline.
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As per our plan, the reactions were carried out between L-serine methyl ester hydrochloride
4.53 and Grignard reagents, PhMgBr 4.54, NaphthMgBr 4.59, and BnMgBr 4.63 separately to

achieve their corresponding diaryl tertiary amino alcohols (Reaction A).

During the synthesis of diphenyl tertiary aminoalcohol 4.55 (Reaction A, Scheme 4.12a), the
oxetane-containing by-product 4.56 was detected. We speculated that an Sy1 mechanism
accounts for this by-product (Scheme 4.13). Under the strongly acidic workup conditions, the
tertiary alcohol 4.55 is protonated. The loss of water from 4.68 creates a tertiary carbocation
4.69. Next, the attack of primary hydroxyl group to tertiary carbocation forms the oxetane ring.

HO
OH —» '@ —
j\’< during acidic H,N C j\@%Ph %

workup

Ph NH,
(S)-4.55 4.68 4.69 4.56
Oxetane
by-product

Scheme 4.13: Proposed Sy1mechanism for oxetane by-product formation.

We also decided to introduce bulkier naphthyl groups. However, during the synthesis of
dinaphthyl tertiary amino alcohol, only by-products, arising from NaphthMgBr 4.59, were
recovered (Reaction A, Scheme 4.12b). Due to difficulties encountered in the synthesis of
dinaphthyl tertiary amino alcohol, we decided to introduce different substituents in the form of
the benzyl group. The dibenzyl tertiary aminoalcohol 4.64 was synthesised (Reaction A), which
underwent the oxazoline-formation conditions (Reaction B) to furnish two distinct products,
(S)-4-(tert-hydroxyl dibenzyl)oxazoline 4.65 and (S)-4-(methan-1-ol)-5,5-dibenzyloxazoline
4.66 (Scheme 4.12c).

Next, we attempted oxazoline coupling. The coupling reaction was set up between (S)-4-(tert-
hydroxyl diphenyl)-oxazoline 4.57 (Scheme 4.12a), and (x)-4-bromo[2.2]paracyclophane 4.9
under optimised conditions (Rection C). The reaction proceeded in low yield to produce an
inseparable diastereomeric mixture 4.58. Due to the low conversion to the other desired amino

alcohols, the next step of coupling was not performed.

Since the results from the modification of C-4 position alone were not encouraging as expected,

we then thought to modify both C-4 and C-5 positions on the oxazoline backbone.
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4.6.3. Modification of both C-4 and C-5 positions of oxazoline

(1S,2S)-(+)-2-Amino-1-phenyl-1,3-propanediol 4.68 is a good starting material for the
synthesis of 4,5-disubstituted oxazolines (Scheme 4.14). Selective protection of the primary
alcohol permits synthesis of the desired compounds.

0]
<
N Ph
HO
4.70a
. (£)-4.9 (1 eq.)
Reaction A O-_»Ph Reaction C
Reaction B <\N . 12 hrs
’//OR
R =H, 65%, (4S,55)-4.70 R =H, 15%, 4.72
R = TBDPS, 35% (4S,55)-4.71 R =H, 19%, 4.72
Diastereomers
OH inseparable
lilH OR Route 1
2 R=H
R=H TBDPSC| | Route 2 BnBr (1.1 eq.)
(1S,25)-4.68 |(1.1eq) | R=H NaH (1.2 eq.)
R=TBDPS <! O5MI i BBr (4.0 eq.) ?Ogotg rt ;0
(1S,25)-4.69 Bu,SnO (10 mol%) >, omn
46% iii. TFA (1.2 eq.) Ph
/
OH O0_Ph (¥)-49(1eq) T
- OB Reaction B <\ j Reaction C OBn
= n N™", _OBn 14 hrs
NH,
| (4S,55)-4.73 4.74
20% route 1 (not reproducible) . 53%
41% route 2 (reproducible) Diastereomers
inseparable
Reaction A Reaction B Reaction C
DMF-DMA (1 eq.) Triethyl orthoformate (1.5 eq.) Pd(OAc), (5 mol%)
CH,Cl, [0.4 M] CH3COOH (10 mol%) ('Bu),P(O)H (10 mol%)
reflux, 6 hrs DCE [0.5 M] LiO'Bu (2.5 eq.)
reflux, o/n 100 °C, DMA [0.25 M]

Scheme 4.14: Coupling of ()-4-bromo[2.2]paracyclophane 4.9 with C-4 and C-5 modified
oxazolines.
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(4S,5S)-4-(Methylalcohol)-5-phenyloxazoline 4.70 was synthesised from 4.68 in 65% yield.
(Reaction A). Here, the crude *H NMR spectroscopy data revealed 4.70 only product. We
speculated that both product 4.70 and 4.70a had been formed and the kinetic product 4.70a
may rearranged in situ to give exclusive 4.70 product. The selective 1° hydroxy group
protection of precursor 4.68 was performed with the TBDPS group to increase the steric bulk.
However, TBDPS protected substrate 4.69 required different conditions to form the desired
oxazoline 4.71 albeit in lower yield (Reaction B). The coupling reaction of oxazoline 4.70 with
(x)-4-bromo[2.2]paracyclophane 4.9 produced the desired product 4.72 only in 15% yield
while the protodebromination by-product [2.2]paracyclophane was significant (Reaction C).
The oxazoline-coupling reaction of TBDPS protected oxazoline 4.71 gave the same product
4.72 in 19% after TBDPS deprotection during the reaction (Reaction C). As satisfactory results
were not forthcoming, we considered installing a benzyl group at the primary hydroxyl group
(C4 position).

Initially, we attempted the benzylation of oxazoline 4.70 with the typical conditions of NaH
and BnBr but the yield was disappointing and could not be reproduced (Route 1). Better results
were achieved by the selective protection of Boc carbamate of 4.68 using Bu.SnO (Route
2).2122 After selective benzylation, the (4S,5S)-4-((benzyloxy)(methyl))-5-phenyloxazoline
4.73 was synthesised in 41% from | (Reaction B). The synthetic route 2 was reproducible. With
the desired oxazoline 4.73, the oxazoline-coupling was carried out with (%)-4-
bromo[2.2]paracyclophane 4.9 (Reaction C). The coupling was accomplished in 53% yield.

However, the separation of the diastereomers was not possible.

These results show that modified oxazolines can also be coupled with (%)-4-
bromo[2.2]paracyclophane 4.9, albeit in moderate yields. However, separation of the
diastereomers was not possible. We proceeded further to evaluate the scope of both aromatic

and non-aromatic heterocycles under the coupling conditions.

4.7. Non-aromatic heterocycle as a coupling partner

Inspired by the oxazoline-coupling results, we wondered if the chemistry would work with
other heterocycles. We investigated imidazolines first as this would allow the stereocentre to
be placed closer to the paracyclophane, which might increase the ease of separation. They can
make equally good ligands. The chiral variant of the imidazoline 4.78 was synthesised
following the method of Kotschy et al. in good yield (Scheme 4.15).2® Unfortunately, the
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coupling failed under our standard conditions. As we did not recover any imidazoline 4.78 after
the reaction, we suspected that the strong LiO'Bu had led to decomposition. Milder conditions
were investigated. These were based on Bischoff’s methodology and used a copper catalyst to
activate the imidazoline and palladium to catalyse the coupling.?* Under these new conditions,
the imidazoline substrate 4.78 coupled with (z)-4-bromo[2.2]paracyclophane 4.9 in 32% yield.

However, the separation of the diastereomers was not feasible for the resulting product 4.79.

0 OCH,
i )J\/Cl = ~ )\
; " 76 : N~ ~OCH;
. ii. NaN; NNz gy N
NH; H N
iii. LiAIH, Cyclohexane N
Reflux
(S)-4.75 (S)-4.76 (S)-4.78
94%
N//\NJ\©
(S)-4.78 (1 eq.) + @
Pd(OAc), (5 mol%)
PPh; (10 mol%)
Cul (1 eq.)
DBU (1 eq.) 4.79 4.20
DMF [0.35 M] 32% 57%
110 °C,16 hrs Diastereomers

inseparable
Scheme 4.15: Coupling of ()-4-bromo[2.2]paracyclophane 4.9 with the imidazoline substrate 4.76.

As protodebromination product 4.20 was significant, it suggests that oxidative insertion
occurred efficiently, while the copper catalyst is only moderately efficient to activate the
imidazoline 4.76. Optimisation with a different catalyst, base, or Brgnsted acid may help to

improve the above coupling reaction.

4.8. Aromatic heterocycles as coupling partner

Next, we looked at the coupling of an aromatic heterocycle, 1-methyl benzimidazole 4.80.
Again, the oxazoline coupling conditions failed but modification of the imidazoline conditions
were more promising: using a more electron-rich ligand, PCys, in conjunction with mild base
K2CO3, and Cul, gave the coupled product 4.81 in 59% yield (Scheme 4.16).
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480 (1eq.)

Pd(OAc), (5 mol%)
PCys (10 mol%)
K2C03(25 eq)

Cul (1 eq)) (
DMA [0.25 M]
100 °C, 48 hrs

I+

)-4.81 4.20
59% 27%

Scheme 4.16: Coupling of ()-4-bromo[2.2]paracyclophane 4.9 with 1-methyl benzimidazole 4.80.

We then tried to couple (x)-4-bromo[2.2]paracyclophane 4.9 with 1-methylindole 4.82. Once
again, the oxazoline-coupling conditions failed. The above catalytic system (Scheme 4.16) was
slightly modified where the Cul was replaced with PivOH (Scheme 4.17). With these modified
conditions, the coupling was observed at both C-2 and C-3 positions in the indole system. The
C-2 position of indole moiety is most prone to metalation, the major coupling was deduced to
occur at the C-2 position. Based on the reported literature, we confirmed that C-H
functionalisation at C-2 position delivered the major coupled product 4.83 (61%), while the
minor coupled product 4.84 (24%) was as a result of C3-(sp?)-H activation.?®

4.82(1eq.)
Pd(OAc), (5 mol%)

PCy; (10 mol%)

K,CO3 (2.5 eq.)
(x)-4.9 PivOH (50 mol%) (+)-4.83 61% (%)-4.84 24%
(2 eq.) DMA [0.25 M]
100 °C, 24 hrs

C-2-(sp?)-H activation* C-3-(sp?)-H activation*

Scheme 4.17: Coupling of ()-4-bromo[2.2]paracyclophane 4.9 with 1-methylindole 4.82.
* Data for C2-(sp?)-H activation product is comparable to that reported in literature.?

4.9. Conclusions

The main goal of this project was to develop a method to access planar chiral
[2.2]paracyclophane acid derivatives. For this, we optimised a facile single-step protocol for
the synthesis of planar chiral [2.2]paracyclophane-oxazolines, and hence carboxylic acids. Di-

tert-butyl SPO 4.15 was found to be an adequate ligand for the C(sp?)-H activation of chiral
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oxazolines and for their coupling with bromo[2.2]paracyclophanes. In some cases, such as
pseudo-ortho and pseudo-gem derivatives, the separation of corresponding diastereomers was
possible and thus allowed the resolution of the enantiomers. In order to improve the separation
of the diastereomers, the C-4 and C-5 positions of chiral oxazolines modified. With these
oxazolines, the coupling with (z)-4-bromo[2.2]paracyclophane 4.9 was achieved in moderate
yield only and separation of corresponding diastereomers was also not successful. Further, the
scope of both aromatic and non-aromatic heterocycles was investigated with slightly modified

conditions.

Ultimately, our one-pot strategy provides easy access to [2.2]paracyclophane-oxazolines that
have great potential as planar chiral ligands in catalysis. These oxazolines could be readily
hydrolysed to furnish an array of planar chiral carboxylic acids that could be chiral building
blocks. Our initial results of coupling heterocycles to bromo[2.2]paracyclophane were
promising. This study can be further elaborated to access a diverse range of planar chiral

heterocyclic derivatives.
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Chapter 5

Regioselective C-H Functionalisation Via
Desulfitative Coupling Using Heteroarene Sulfinates
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5.0. Introduction to Sulfinates

Aryl- or alkyl-(hetero)aryl derivatives are key building blocks for natural products, medicinal
drugs, advanced materials, agrochemicals, and fine chemicals.! Classical transition metal-
mediated cross-coupling reactions, like Mizoroki-Heck,? Suzuki-Miyaura,® Stille,* or Negishi
reactions,’ allow rapid and convergent syntheses of these molecules. Palladium is the most
commonly utilised transition metal catalyst for such cross-coupling reactions,® although other
noble metals, and more recently, earth-abundant metals, such as nickel, copper, and zinc, have
all been studied.”® New methodologies such as C-H activation® and transition metal-free
coupling®® have recently emerged as alternative methods that overcome issue of low efficiency
associated with the classical reactions. Each method requires different coupling partners,
which can limit their use. As a result, there is ongoing research to find new substrates with
greater stability, cheaper access, clean reactions, or alternative functional group tolerances.

Sulfinates are a promising candidate for coupling reactions.**2 They are attractive reagents
as they are easy to handle, bench-stable, moisture-resistant, and easily accessible from simple
precursors. They can readily be transformed into sulfones and sulfonamides by sulfonylative
S-C and S-N bond formation (Figure 5.1). In addition, sulfinates are also employed as
electrophilic and nucleophilic partners with the transition metal catalysis in desulfitative cross-
coupling reactions like Mizoroki-Heck, Suzuki-Miyaura, Stille couplings, C-H
functionalisation for C-C bond formation (Figure 5.2).* Hence, sulfinate chemistry is

becoming increasingly popular.

Nucleophilic reactivity

/,o (I? //O
S /S\ -+ S\ -+
v+ AKTOOM oM

Aryl / alkyl / heteroaryl Sulfinates

S-attack
Transition-metal catalysts Substitution Nucleophilic Metallaphotoredox catalysts
Aromatic
7 0 > AL
Jw O @ (]
Sulfones R = -NHR' Sulfonamides Sulfones Sulfones
R=-F Sulfonyl fluorides

Figure Error! No text of specified style in document..1 : Sulfinates as versatile coupling partners —
Nucleophilic reactivity.
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Desulfitative Cross-Coupling
C-S cleavage

a
O -
X=Cl,Br, |
Y = SOZNa, SOZCL SOZNHNHZ
Nucleophilic Coupling Partner
(b) Ff
o R
\ 7/ * =|=
g \_ 7/
Z = B(OH),,
Si(OEt);
@Y Electrophilic Coupling Partner R = alkyl, aryl RS
Y = SO,Na, SO,Cl, SO,NHNH,
R———R' R™
R = alkyl, aryl R'
(c)
\ — +
Heteroaromatic sulfinates
X =Cl, Br, | Role in desulfitative - Only few examples are reported
cross-coupling ? - Challenge of strong coordination of
heteroatoms with transition metals
- Metal poisoning to catalyst
(d)
R
)—SO0;Na R
Metallaphotoredox R'
catalyst
X=Cl,Br, | R,R' = Alkyl, Aryl

Figure Error! No text of specified style in document..2: Sulfinates as versatile coupling partners (C-

S cleavage).

Before explaining the role of sulfinates, it is important to mention the different terminologies
used here to describe the loss of the sulfur fragment (SO, SOs, SOs?- or thiolates), compare

the ease of this process to decarboxylation, and the nature of sulfinato complexes.
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5.1. Terminologies for extrusion of sulfur from organosulfur compounds

Sulfur can exist in a number of oxidation states and this gives rise to a range of organosulfur

compounds (Figure 5.3).

(0]
sH _ [O] i s [0] I 0] QP
R 9N _~— R/ \OH E— R/S\OH [ /S\
R H R" OH
Thiol Sulfenic acid Sulfinic acid Sulfonic acid
S S.__R' E R
O~ Y NA- 9N, /S\
R R R S R R R R
Sulfide Disulfide Sulfoxide Sulfone

Figure Error! No text of specified style in document..3: Different organosulfur compounds.

Desulfitative means the extrusion of SO> gas during a metal-mediated C-S bond cleavage

reaction. It is also defined as a desulfination reaction (Scheme 5.1).14

HgCl
SO,H -HCI il 9
2% 4 HgCl, _ boiling + SO,
0°C, EtOH/ H,0
EtOH/H,0
5.1 5.2 5.3 5.4

Scheme 5.1: Desulfination reaction, loss of SO,.

On the other hand, desulfonative means the loss of SOz gas during a metal-mediated C-S bond

cleavage reaction. It is also called a desulfonation reaction (Scheme 5.2).%°

F
F SO3H F SO; Hg?* o~ F Hg
+ Hg(OAc), 2 HOAC _210°C .+ S0,
F E H0 4 hrs
F F vacuum F
F F
5.5 5.6 5.7 5.8

Scheme 5.2: Desulfonation reaction, loss of SOs.

A similar terminology, desulfonylation is mainly applicable to demonstrate the loss of RSO?*
from a sulfonyl functional group (RSO2R’). The classical example, which uses

desulfonylation terminology is the Julia-Kocienski olefination reaction (Scheme 5.3).1
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@E \>_8/\R 5.10 @E \>_8 r @) @[S}o R :[
5 ° i R SO,M* H R
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5.9 5.11 5.12 SOz 543

Scheme 5.3: Julia-Kocienski elimination reaction, loss of SO,, (a) Smiles rearrangement.

In this thesis, both terminologies desulfitative and desulfination are used, meaning the same

loss of SO- gas in the cleavage of a C-S bond.

5.2. The ease of desulfination: desulfination vs. decarboxylation

It has been shown that extrusion of SO, gas from metal complexes is easier than the extrusion
of COz and SOs; from analogues complexes.!’ Sraj et al. compared the intrinsic reactivity
orders of three heteroligands, [MeCO,CuO.SMe], [MeCO,CuOsSMe], and
[MeSO,CuCO3SMe] for organocuprate formation via ligand decomposition in the gas phase.
In each case, desulfination (-SO.) dominates over decarboxylation (-CO.), while
desulfonylation (-SOs) is least favoured. In addition, DFT calculations were also consistent
with an experimental order of organocuprate formation which follows SO; loss > CO loss >
SOz loss.

The above results show that metal-mediated desulfination reactions are relatively easier than
metal-assisted decarboxylation reactions, and avoid the need for harsh reaction conditions.
The relative ease of desulfination and continued supply of inexpensive organosulfur
compounds from the oil industry are the main reasons for the growing interest in the

applications of desulfitative reactions in various organic transformations.

5.3. Sulfinato complexes

As transition metal-mediated desulfitative reactions proceed via different sulfinato metal
complexes, it is first important to understand the types of these complexes. Initial studies of
sulfinato metal complexes suggested that there are four possibilities for coordinating the
RSOy ligands to metals (Figure 5.4). RSO can form a monodentate complex either through
lone pair of electrons either on one oxygen atom (sulfinato-O complex 5.14) or sulfur atom
(sulfinato-S complex 5.15). The coordination of lone pair of electrons on both oxygen atoms

forms an intramolecular (5.16) or intermolecular sulfinato-O,0’ complex 5.17. The last co-

165



ordination possibility is by electron donation, by one oxygen and one sulfur to the central

metal to produce the intramolecular (5.18) or intermolecular sulfinato-O,S complex 5.19.

: I OO\\S/R
I J—
O\\ ?I : 7N M/ \M
e
5—R MmS—R M s—R 0 o ML N
M—0 i o) M M RN S
! o o R "0 R™ %o
I
514 5.15 ! 5.16 $ 547 5.18 5.19
! R
Sulfinato-O Sulfinato-S E Sulfinato-0,0' Sulfinato-0,S
complex complex ! complex complex
I
Monodentate ! Bidentate

Figure 5.4: Possible sulfinato metal complexes.

The sulfinate ion, RSO, can act as an electron donor through either the soft S atom or the hard
O atom. The co-ordination of a ligand to a metal follows the HSAB (hard and soft acids and
bases) concept. Transition-metals in low oxidation states adopt a soft character and favour the
formation of the sulfinato-S complex. Based on the Ahrland-Chatt classification,'® it was
observed that 5d and 4d metals tend to form sulfinato-S-complexes, while sulfinato-O-
complexes are formed with 3d metals.

Before describing the role of sulfinates in desulfitative reactions, | have presented a brief sight

on general synthetic methods of sulfinate derivatives.

5.4. Synthesis of sulfinates

Although, there are only a few commercially available substrates, aryl sulfinates (ArSO2"M*)

can easily be synthesised by the following methods.

The most common way is by metal-mediated reduction of sulfonyl chlorides 5.20 in water
(Scheme 5.4).1°

N SOZC| 7n I AN SOZNa
il ————— R{
Ry _ Nach3 =

5.20 H,0,70°C 5.21
64%

Scheme 5.4: Reduction of sulfonyl chloride to sulfinates.

An alternative synthesis involves quenching organometallic compounds 5.22 generated from

aryl/alkyl halides with sulfur dioxide (Scheme 5.5). However, use of either gaseous or liquid
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SOz is problematic. Instead a solid form of SO:i.e. in-situ SO release or DABSO 5.23 (1,4-
diazabicyclo[2.2.2]octane bis(sulfur dioxide) permits a well-defined quantity to be added.?°
DABSO is an air-stable, white solid, formed by condensing the SO> gas over freshly sublimed
DABCO (1,4-diazabicyclo[2.2.2]octane).

a. quenching with
M] sulfur dioxide ,S0;|M|
R

A\
b. 0,8.N"\ _N.SO,
5.22 5.23 5.24

/

R

Scheme 5.5: Schematic representation of synthesis of sulfinates from SO, or DABSCO.

The organometallic reagent 5.22 can be replaced by an arylhalide 5.25 and a palladium-
mediated sulfinate synthesis can be performed. In this Pd(I1)-catalysed reaction, the arylhalide
5.25 can be converted into an ammonium sulfinate salt 5.26 by employing a stoichiometric
quantity of DABSO 5.23, and catalytic bulky di(1-adamantyl)-n-butylphosphine (PAd2Bu)
ligand (Scheme 5.6).%

— +
! Pd(OAc), (5 mol%) Xy 002 NHE;
| + DABSO |
Ve PAd,BU (7.5 mol%) /=

R NEt; (3 eq.)
5.25 5.23 iPI‘OH, 75 oC, 16 hrs 5.26

Scheme 5.6: Pd(I1)-catalysed synthesis of ammonium sulfinates.

Another palladium-mediated synthesis was reported by the group of Mascitti. In this reaction,
potassium metabisulfite was not only the sulfur source but also the buffering agent of the

reaction medium, while sodium formate was employed as a hydrogen donor (Scheme 5.7).%

K28205 (20 eq)

NaO,CH (2.2 eq.) _
(het)ArX [ (het)ArSO, ]
Pd(OAc), (5 mol%)

5.27 PPh3 (15 mol%) 5.28
Phen (15 mol%)
DMSO or MeCN, 70 °C

Scheme 5.7: Pd(I1)-catalysed synthesis of aryl/heteroaryl sulfinate.

Recently, it was shown that alkyl sulfinates can be formed from the carboxylic acids.?® The
advantage of this source is the structural diversity of commercially available carboxylic acids.

In this method, the carboxylic acid 5.29 is first converted to a thiohydroximate ester 5.30,
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which rearranges to 2-pyridinyl thioether 5.31 wunder the photolytic Barton-type
decarboxylation conditions.?* After oxidation, the resulting pyridine sulfone 5.32 undergoes
nucleophilic attack by alkoxide or thiolate to release the sulfinate 5.33 in moderate to excellent
yield (Scheme 5.8).

_COOH 1. (COCI), o S N hv R/S | N
R . .
2. Sﬁ R)J\O/N | radical photolytic N
rearrangement
N~
5.29 NaO 5.30 5.31
ONPY NaOEt
RUC|3, Na|O4 R/S AN or R/SOZNa
Oxidation NI — NaSEt
5.32 5.33
up to 98%

Scheme 5.8: Synthesis of alkyl sulfinates from carboxylic acids via a Barton ester.

5.5. Role of sulfinates in desulfitative reactions

Aryl sulfinates have been extensively studied over the last decade. Their most common use is
as a replacement for organic halides and boronic acids in arylation reactions. However, alkyl
sulfinates (AIkSO>"M*) and heteroarene sulfinates (HetArSO,"M*) have not been thoroughly
exploited as organometallic reagents.

5.5.1. Sulfinates as electrophilic coupling partners

In the last few years have, a number of desulfitative C(sp?)-C(sp?) coupling reactions have
been reported. In these reports, the electrophilic properties of sulfinates have been exploited
and these reagents have replaced the aryl halide coupling partners (Scheme 5.9).

R.= HO =R |pgq Ry= — R
WaR oW kS W
HO
5.34 5.35 5.36
Electrophile Nucleophile

Standard X = halide
Here X =8S0,M

Scheme 5.9: Sulfinates as electrophilic coupling partners.
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As per the bond energy? for C-1 (213), C-S (272), C-Br (285), and C-CI (327), sulfinates lie
somewhere between aryl iodides and aryl bromides in terms of reactivity.”® Due to this
reactivity, sulfinates can easily be extended in place of organic halides in metal-catalysed
cross-coupling reactions. The most commonly employed aryl sulfinate derivatives for such
organic transformations are either ArSO2Na or ArSO.NHNHz. In the last few years, an
extensive number of desulfitative cross-coupling catalysed by Pd and Ru have been reported.
The section below will highlight the general mechanism and key examples of Mizoroki-Heck,
Suzuki-Miyaura, Hiyama, and Sonogashira-type cross-coupling reactions.

5.5.1.1. General mechanism for palladium-catalysed desulfitative reaction: (ArSOz2"M*)
as an electrophile

All the palladium-catalysed reactions described in this section react the aryl sulfinates with
nucleophilic coupling reagents. The catalytic cycle differs to the conventional cross-coupling

reactions as outlined below.

e In the conventional Heck reaction, an arylpalladium(ll) species is generated by the
oxidative addition of aryl halides or pseudohalides to Pd(0). However, in the Heck-
type reaction employing sulfinates, the catalytic cycle is initiated by ligand exchange
between Pd(I1) and the sulfinate, followed by desulfitative C-S bond cleavage.

e As the first step involves the nucleophilic attack of ArSO2™ anion on the active Pd(I1)

species, oxidative addition is not a part of the reaction mechanism.

9 Bond energy in kJ mol*
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The plausible general reaction mechanism is illustrated as shown Figure 5.5.

R? R
A 20%
Af H (
f PdOIL, cu 0,
or

Ar-Ar' cul

Step : 4 Step: 5
RZ R'
Ar>:< PdL,

or \Y
ArPd(L Ar

Step: 3 Step: 1

Ar'-B(OH),, Ar'-SiR,

.S.
Nucleophilic i Ar-—0 0
Coupling Partner PdL,,

S0,

Figure 5.5: General catalytic cycle of aryl sulfinates as electrophile in desulfitative reactions.

Firstly, the co-ordination of Pd(I1) species, generated either from Pd(I1)-complexes e.g. PdCl,
Pd(OAc). or by the oxidation of Pd(0) complexes e.g. Pd>(dba)s, with ArSO> forms
ArS(O)OPd(I) O -complex (step: 1). This is followed by the expulsion of SO gas to give an
ArPd(Il) species (step: 2). The next step (step 3) is transmetallation of the ArPd(ll)
intermediate with either an organoborane (Suzuki-Miyaura) or organosilane (Hiyama
reaction). For the Mizoroki-Heck-type and Sonogashira-type reactions, this step would instead
be the insertion of the ArPd(Il) intermediate into alkene double bond or alkyne triple bond
respectively. Finally, in the first type of the reactions, reductive elimination of the desulfitative
coupling product leads to the formation of the reduced Pd(0) species, which is oxidised by the
appropriate oxidant (step: 5). In the latter type of reactions, the regeneration of the active
Pd(I1) catalyst occurs after protonation of the intermediate V by an acid to release the addition

product.
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5.5.1.2. Mizoroki-Heck-type reaction

The Mizoroki-Heck-type reaction is a powerful technique for the arylation of alkenes.??® The
reaction involves the coupling of an alkene with an aryl halide or equivalent, such as aryl
triflates, aryl diazonium salts, and diaryl iodonium salts. Generally, in conventional Heck
reactions, a base and a ligand are required for the conversion of the hydropalladium(Il)-
complex to the active palladium(0)-catalyst. However, Heck type reactions employing

sulfinates as coupling partners do not require a base and a ligand.1%3

Raj et al. disclosed a simple and mild Pd(I1)-catalysed desulfitative Heck-type arylation for
the synthesis of highly functionalised a-benzyl-S-keto ester 5.39 from sodium arenesulfinates
5.38 and Baylis-Hillman adducts 5.37 in good to excellent yields (Scheme 5.10).2” This
reaction tolerates a wider range of functionalities i.e. methyl, bromo, and chloro on the sodium
arenesulfinate, under these reaction conditions. The authors proposed a plausible catalytic
cycle in a sequence of desulfination, oxidative insertion, and g-hydride elimination followed

by keto-enol tautomerisation.

SOzNa
PdCl, (10 mol%) o O
OH @ CuCl, (1 eq.) _R?
1 _R% + » R’ o)
R o 1,4 -dioxane, 90 °C, 8 hrs
R3
R3
5.37 5.38 5.39
up to 97%

Scheme 5.10: Desulfinative synthesis of a-benzyl-f-keto ester.

5.5.1.3. Suzuki-Miyaura cross-coupling reaction

The palladium-catalysed cross-coupling of an aromatic halide and organoborane is known as
the Suzuki-Miyaura reaction.?®?° Recently, C-S bond cleavage by employing aryl sulfinate as
the electrophilic coupling partner with organoboronic acid has been shown an attractive

approach for Suzuki-Miyaura cross-coupling reactions.*!'*

Qi and co-workers used a combination of Pd(I1) and Cu(ll) to catalyse desulfitative coupling
reactions of sodium arylsulfinates 5.40 with aryl boronic acids 5.41 under aerobic conditions
(Scheme 5.11).%° The reaction followed the standard mechanism described in Figure 5.5, with

the palladium coupling the substrates and the copper regenerating the active Pd(ll) catalyst.
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The stoichiometric oxidant is oxygen. The authors found the mixed solvent system was

essential to prevent homocoupling of 5.40 but they do not say how it activates it.
PdCl, (5 mol%)

- | DMSO/CH5CN (1:1) I |
R R2 R?

R2

90 °C, aerobic conition
5.40 5.41 5.42
up to 94%

Scheme 5.11: Desulfitative coupling reactions of sodium arylsulfinates with aryl boronic acids.

5.5.1.4. Hiyama-type cross-coupling reaction

Due to inherent drawbacks such as high cost, toxicity, low stability and poor biocompatibility
of organotin reagents in cross-coupling reactions, organosilicon reagents have emerged as

alternative nucleophilic partners.3!2

Qi et al. described the cross-coupling between aryltrialkoxy silanes 5.44 with arylsulfinates
5.43.% In this protocol, TBAF was employed to activate the silane towards transmetallation.
The reaction proceeded in a solution of PdCIz, TBAF in THF at 70 °C in presence of air as an

oxidant in three hours (Scheme 5.12).

@SOzNa + @SI(OEUS PdC|2 (5 mOl%) . é_\ /_l |
RM= —/ R’ TBAF (2eq., 1MinTHF) R R

70 °C, air, 3 hrs 5.45
up to 94%

5.43 5.44

Scheme 5.12: Cross-coupling of trialkoxyaryl-silanes with arylsulfinates.

5.5.1.5. Sonogashira-type cross-coupling reaction

The Sonogashira cross-coupling reaction couples aryl halides and terminal alkynes using
palladium and copper catalysts in the presence of a base.33°

Jiang et al. coupled sodium sulfinates 5.46 and aryl alkynes 5.47 to give unsymmetrical
internal alkynes 5.49 and vinyl sulfones 5.51 (Scheme 5.13).%6 While evaluating the optimised
protocol, the authors noticed that electronic effects on the aromatic ring of the phenylacetylene
play a crucial role in the selective formation of either C-C and C-S bond. Electron-rich aryl
alkynes (alkoxy, amine and hydroxy substituents) gave the products of C-C bond formation

products while strongly electron-withdrawing substituents (-NO2, -CF3) led to the sulfone
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product. Two different mechanisms were postulated. In the internal alkyne formation, the first
step involves coordination of the alkyne with PdCI; to give an alkynyl palladium intermediate
5.48. Formation of the sulfone starts with the oxidative addition of Pd(ll) to the sulfinates to
afford intermediate 5.50. Unlike the conventional Sonogashira reaction, this convenient

protocol does not employ a copper co-catalyst and base.

C-C bond formation 7 N\ — /7 \
R, = electron-rich R1/_ — ) R2
groups 5.49
7 N\ up to 92%
QSOZNa @%Pdm Internal alkyne
R 5.46 PdCl,, DMSO, 80 °C | |R2\=
" 5.48
R%:H, TMS
/7 N — R
2 —
R 5.47 C-S bond formation @g
R, = electron-deficient K=/ 1 N\
R (@] _ N 2
groups R
o 5.51
I up to 93%
AN S\O Vinyl sulfone
|
|/ = PdX
R'I
5.50

Scheme 5.13: Unsymmetrical alkyne and vinyl sulfones synthesis by coupling of sodium sulfinates
and aryl/heteroaryl alkynes.

5.5.2. Aryl/heteroaryl sulfinates as nucleophilic coupling partners

The potential of sulfinates as nucleophilic coupling partners has only been realised recently
by the pioneering studies of the Duan and Forgione groups.3’ Their studies demonstrated the
desulfitative coupling between aryl triflates or bromides and aryl sulfinates.

Before that, there had only been one report for such a reaction in a 1992 US patent where Sato
and Okoshi attempted the reaction of aryl sulfinates with aryl halides under palladium

catalysis, in a polar solvent NMP, at high temperature 150 °C (Scheme 5.14).%°

//R2
SON Pd(OAc), (0.5 mol%)
A 2hNa A dppe (0.6 mol%) N X
R + | R |
~ B NF CaO. NP, 150°C L/ -
6-8 hrs, N
5.52 5.53 s T2 R 554

Scheme 5.14: Desulfitative cross-coupling between aryl bromide and arylsulfinates.
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5.5.2.1. General mechanism for palladium-catalysed desulfitative reaction: (ArSO2"M*)
as a nucleophile

When the aryl sulfinate acts as the nucleophilic coupling partner, the catalytic cycle changes
(Figure 5.6). The first step is oxidative addition of a Pd(0) species into the aryl halide (step 1).
Next, transmetallation gives the tetrahedral sulfinato-S complex (step 2). Finally, extrusion of
SO> gas leads to the formation of the bis-aryl Pd(Il) intermediate (step 3); which then

undergoes reductive elimination to continue the Pd(0)-Pd(ll) catalytic cycle (step 4).

It is important to mention here that most of the reports have employed bidentate phosphine
ligands with a wide bite angle. The stereoelectronic property of substituents on the ligand play
a major role in controlling the Pd(0)-Pd(Il) catalytic cycle as outlined below.

e Electron-rich substituents enhance the rate of oxidative addition. (step 1)

e Large substituents accelerate the reductive elimination step. (step 4)

e Bulky substituents can suppress the homocoupling of the aryl sulfinates.

The plausible general reaction mechanism is illustrated Figure 5.6.

Ar-X
X =Br, I, CI,OTf
0) Electrophilic
Pd™L, Coupling Partner
Ar-Ar'
Step : 4
ArPdML Ar
L,Br
Q
-+
Ar'/S‘O Na
Nucleophilic
Step: 3 Step: 2 Coupling Partner
SO,
extrusion
NaBr
O‘\S/'O
Ar > pdL,
Ar

Figure 5.6: A general catalytic cycle of aryl sulfinates as nucleophile in desulfitative reactions.
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Duan et al. have investigated the formation of biaryls 5.57 through the coupling of aryl triflates
5.55 and aryl sulfinates 5.56 (Scheme 5.15).3" This efficient protocol employs only 2 mol%
of Pd(OAC). and 4 mol% of the bidentate ligand, Xanthphos, at 120 °C in toluene without any
additives. Both electron-donating and electron-withdrawing groups are tolerated on either

substrate and in any position. The only exception is the nitro-substituted aryl triflate or aryl

sulfinate.
R2
Pd(OAc), (2 mol%) =7
o OTf o -SO0:2Na XPhos (4 mol%) X
+ >
|// @/ toluene, 120 °C |//
R1 R2 24 hrs, N2 R1
5.55 5.56 5.57
up to 99%

Scheme 5.15: Desulfitative cross-coupling between aryl triflates and arylsulfinates.

Forgione et al. presented a detailed mechanistic study of the desulfitative cross-coupling
reaction of aryl sulfinates 5.58 with aryl bromides 5.59.%8 The best results were obtained with
PdCI and the bidentate phosphine ligand, dppf (Scheme 5.16). It was observed that increasing
the number of equivalents of aryl sulfinate 5.58 led to desulfitative homocoupling. If electron-
deficient aryl bromides were used, SnAr gave sulfones instead. The control experiment
between 1-bromo-4-(trifluoromethyl)benzene 5.62 and p-tolyl sulfinate 5.61 in the presence
or absence of catalyst ruled out the possibility of a palladium-catalysed SnAr (Scheme 5.17).
In addition, thioether 5.65 (C-S bond formation) was also observed and this will be relevant

to the discussion in the next chapter (Chapter 6, Section 6.3.1.1, Scheme 6.15).

R2
S
PdCl, (5 mol%) « |
- S02Na . | \—RZ dppf (5 mol%) | N
|// B P Cs,CO3 (1.5 €q.) 1//
R r DMF, 185°C, 20 hrs R
5.58 5.59 5.60
up to 82%

Scheme 5.16: Desulfitative cross-coupling between aryl bromides and arylsulfinates.
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CF3

CFs  Ppdcl, (5 mol%) O O .
dppf (5 mol%)
+ > + +
CSQCO3 (1 5 GQ)
DMF, 185 °C, 20 hrs 5%
SOzNa Br (]

5.61 5.62 5.63 5.64 5.65
5% 829%
no Pd with Pd
SyAT, 78% AP 0%
/©/ \©\CF3
5.66

Scheme 5.17: Desulfitative cross-coupling between 1-bromo-4-(trifluoromethyl)benzene 5.62 and p-
tolyl sulfinate 5.61.

In the same year, Chen’s group established a novel one-pot elimination-cyclisation-
desulfitative reaction to convert 2-(gem-dibromovinyl)phenols(thiophenols) 5.67 into 2-
arylbenzo-furans(thiophene) 5.69 under mild conditions.* In this efficient catalytic protocol,
TBAF promotes the in-situ elimination of 5.67 followed by the intramolecular nucleophilic
addition of aryl sulfinates 5.68 while the Pd(ll) system plays a role for the desulfitative
coupling reaction. This protocol does not utilise a phosphine ligand, but it incorporates a
stoichiometric quantity of Cu(OAc)2 to maintain the Pd(0) to Pd(I1) catalytic cycle.

Br
m o )—sona o ea) TN, (O
F B \ |/ P “Pacl, (lomol%) S A~ N\ |/
R2

Cu(OAc),(2eq.) R R2
Z=0,38 NEt; (2 eq.)
5.67 5.68 DMF, 110 °C 5.69, upto 88%
TBAF
-HBr
——Br 2 pPq(© X -
(o = [ e [ L eaer = ()P
A ® O 1/ Z R 5
“H--F

Scheme 5.18: Tandem elimination-cyclization-desulfitative reaction.

The Forgione and Willis groups have explored the reactivity of heteroaromatic sulfinates in
palladium-mediated cross-couplings.**#> The focus of the former group was on five-
membered 2-heteroarene sulfinates whereas the latter studied both five- and six-membered

heteroarenes.
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Initially, Forgione employed heteroaromatic sulfinates 5.70 & 5.71 to synthesise the C2-
arylated heteroaromatics 5.74 & 5.75. Both palladium pre-catalysts, Pd(P'Bus)2 and Pd(PPhs)4
gave nearly similar results under microwave conditions for a short reaction time of 8 min. at
170 °C even when using wet solvents (Scheme 5.19).4344 The presence of water was thought
to reduce the rate of sulfinic acid disproportion. The group has further evaluated the potential
of aryl triflates 5.73 instead of aryl bromides 5.72 as electrophilic coupling partners.*> Aryl

triflates 5.73 have shown similar reactivity albeit with longer reaction times.

I L e (O
SO,Li Reaction | j—@
/f * \—RZ conditions N\ Y

R |

pZ R’ R?
Z=05.70 X=Br 5.72 Z=05.74
Z=S5.71 X =0Tf5.73 Z=S5.75
up to 98%
X =Br Reaction conditions X =OTf

[PA(P'Bug); (5mol%)  PdCIL/PPh (5/25 mol%) Pd(acac); (5 mol%)
DMF (anhy.) or PPh; (25 mol%) EtOH or

pw, 170 °C, 8 min. Pd(PPhs), (5 mol%) i H,O/DMF (3:1)
H,O/DMF (3:1) or E uw, 150 °C, 1 hr
uw, 170 °C, 8 min. |

Scheme 5.19: Heteroaromatic desulfitative cross-coupling with aryl bromides/triflates.

Willis and co-workers have shown that sulfinates are good replacements for azoheteroaryl
boronates.*® The initial investigation was focused on the reaction of pyridine sulfinates 5.76
(2-, 3- and 4-) as nucleophilic coupling partners with aryl bromide 5.77 (Scheme 5.20). A
variety of six-membered heterocycles e.g. pyrazines, pyrimidines, quinolines, iminopyridines,
and pyridines 5.79 were efficiently coupled with pyridine sulfinates to provide the

corresponding bis-heterocyclic moieties 5.80.
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X
i
=
5.77
X =Br, Cl
_ Conditions up to 99%
R@\ Pd(OAC), (5 mol%)
X SO,Na — PCy; (10 mol%)
Pyridine dioxane, 150 °C
sodium sulfinates
—\ R’ >
W)X
5.79 5.80
X = Br. C up to 94%

Scheme 5.20: Desulfitative coupling of pyridine sulfinates 5.76 with aryl/heteroary! halides
5.77/5.79.
This methodology was later extended to couple both 5- and 6-membered heteroaryl sulfinates
5.81 (Scheme 5.21).2 The reaction protocol used a different ligand di-tert-
butylmethylphospine [P(t-Bu).Me] and could be performed at lower temperature (120 °C)
with less heteroaryl sulfinate (1.5 eq.). A broad range of heteroaryl sulfinates 5.81, including
pyrazine, pyridazine, pyrimidine, pyrazole, imidazole, and indazole sulfinates were coupled

to deliver the bis-heteroaryl and aryl-heteroaryl derivatives 5.83 in an efficient manner.

d(OAc), (5 mol%)

R@\ fBu ,Me.HBF, (10 mol%)
NN SO,Na N —R' K,CO3 (1.5 eq.)

dioxane, 120 °C
5.81 5.83 up to 97%

Scheme 5.21: Desulfitative coupling of heteroarene sulfinates 5.81 with heteroaryl/aryl halides 5.82

Willis’s group has performed a detail mechanistic investigation of these cross-coupling
reactions, which provides better understanding of how the reaction proceeds.*” Two model
reactions were studied, the coupling of an aryl sulfinate 5.85 and a heteroaryl sulfinate 5.87.
(Scheme 5.22). Based on NMR spectroscopic data and the crystal structure studies of the
intermediates, the detailed mechanisms for both reactions are postulated as illustrated in

Figure 5.7.
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5.22 a : Me Me
N302S O
5.85 (2.0 eq.) O

F

5.86
95%
o
F
5.84
(1.0 eq.) = |
Conditions 5.22b . \N
Pd(OAc); (5 mol%) AN
PCys (10 mol%) | F
K,CO3 (1.5 eq.) NaO,S™ N 5.88
. ° 0,
1,4-dioxane, 150 °C 5.87(2.0 eq.) 95%

Scheme 5.22: Model reactions to study the mechanism of desulfitative reaction.
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PCys At o \©\
RSI
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" a4 o |
2ArSOZNa " pr3 /. 3 +PC
* Cy3P Pd-SO,Ar P Y
P PCy3 i
Cys PCys F Pd-Q G !
] AcO-Pd-OAc NS, N v
Pd’(OAc), PCy, 9 kS F S, F.
Ar-Ar 5.89 1 RSI 5.92 PCy;
+ TLS 2 - Pdo 9
Strong k' -chelation ;o OUw
2802 g N,O CY3P g
K.CO 594 Me
F— }A
' S0, 224 0, + K,S0,
5.86 or 5.88 Ar
e -raroy
PCys Ar = 4-Methylbenezene sulfinate 5.85 /
5.95 Pyridine-2-sulfinate 5.87

RSI/TLS for 4-methylbenezene sulfinate 5.85
RSI/TLS for pyridine-2-sulfinate 5.87

Figure 5.7: Proposed mechanisms of reactions in scheme 5.22."

h Scheme 5.22 to 5.25 and structure 5.95 to 5.101 were removed at the request of examiner.

179



5.5.3. Role of arylsulfinates in C-H activation reactions

C-H activation offers an efficient method for C-C bond formation and it is no surprise that
arene sulfinates have been used as coupling partners. Recently, the arylation or alkylation of
(hetero)aromatics via metal-catalysed C-H bond activation has revolutionised the field of
chemistry. The scope of desulfitative reaction in metal catalysed C-H functionalisation is
summarised in the review published by Jean-Francois'! and Henri Doucet.*> The section
below depicts some of the recent advances of desulfitative C-H bond functionalisation using

arylsulfinates as coupling partners.

5.5.3.1. Heteroarenes containing one heteroatom

An unexpected and highly regioselective palladium-catalysed desulfitative arylation of
coumarin 5.102 was achieved with commercially available arenesulfinates 5.103 by Jafarpour
and co-workers (Scheme 5.26).%% The authors were surprised to isolate 3-aryl coumarins 5.104
instead of the expected 4-aryl coumarins 5.105 (Heck-type products). The authors did not
show the exact reason behind the observed regioselectivity; however, the arylsulfinato-S
complex may have changed the course of the reaction. The copper salt was added as an oxidant

and it also contributed in the desulfination process to form the aryl metal species.

o
N Xy SO;Na  PdCl, (10 mol%) ,\w"‘\\‘a 5.104
|// ) « Cu(OAC),.H,0 (1 eq.) ©
R O” "0 | /_R2 1,4 -Dioxane, 80 °C
5102 5103 24 hrs

Scheme 5.26: Regioselective synthesis of 3-aryl coumarin 5.104.

Luo and co-workers demonstrated a palladium-catalysed desulfitative arylation of N-methyl
indoles 5.106 with sodium sulfinates 5.107 using copper(ll) chloride dihydrate as the
stoichiometric oxidant.*® This methodology permits arylation exclusively in the C-2 position
of the N-methyl indoles (Scheme 5.27). The coupling tolerates both electron-rich and electron-
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poor substituents on N-methyl indole. All arylsulfinates reacted in good to excellent yields
except those substituted with a nitro group, which was found to be unreactive. One limitation
of this chemistry is that the indole had to be N-methylated. The free N-H compound failed to
react.

Pd(COD)Cl, (5 mol%)

CUC|2.2H20 (2 eq) AN
TN+ ArsopNa . N—ar
o/ Z~N Toluene:Dioxane (1:1) N
R’ \ 110 °C, 24 hrs R \

5.106 5.107 5.108
up to 88%

Scheme 5.27: Desulfitative arylation of N-Methyl indoles 5.106.

The latter limitation was overcome by performing the reaction under acidic conditions with
microwave heating. While this method shared the same broad substrate scope as the previous
arylation, it was found that arylsulfinic acids with ortho-substituents gave poor vyields,
presumably due to steric hindrance. The role of H2SOy is still not known, although the authors
proposed that it minimises the decomposition of indole and facilitates the regioselective C-2
arylation (Scheme 5.28).%

) PdCl, (5 mol%) ,
| SN N O //—xR AgOAc (2eq.) N\ — R
// /S \ / 0 - | \ /
AZN HG H,S0, (98%, 2 €q.) W
R H DMF/CH,CN (1:1)  R'  H
5.109 5.110 MW, 100 °C, 40 min

5.111
up to 83%

Scheme 5.28: C-2 arylation of free indole 5.109 with arylsulfinic acid 5.110.

5.5.3.2. Heteroarenes containing more than one heteroatom

Heteroarenes containing more than one heteroatom, such as benzoxazoles, thiazoles,
imidazoles, and purine derivatives, are important building blocks for many drug molecules
and catalysts.>® These molecules typically react at the most acidic site, which is between the

two heteroatoms.

Deng’s research group reported a palladium-catalysed direct desulfitative arylation of azoles.
The optimised methodology comprises Pd(OAc).2, Cu(OAc): in 1,4-dioxane/diglyme. A wide
range of azoles, such as benzothiazole 5.112, benzoxazole 5.113, and imidazoles 5.114 with

the diverse substituents tolerated this protocol (Scheme 5.29).%*
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Pd(OAc), (2.5 mol%) X R
prg Q. /=R Cu(OAc) (2eq) g ML oY
ot A\ ISV W/
HO

1,4-dioxane/diglyme (1:3)

X =85112 5.115 120 °C, 24 hrs, air X=S55.116

X=05.113 X =0 5.117

X =N 5.114 X=N5.118
up to 92%

Scheme 5.29: Desulfitative C-H arylation of azoles.

Yu et al. revealed the construction of aryl-heteroaryl bonds by the transition-metal catalysed
C-H arylation of a wide range of N-heteroarenes 5.119 (Scheme 5.30).%2 The study mainly
focused on caffeine derivatives and was subsequently expanded to other xanthines including

benzylic theobromine, benzylic theophylline, and n-butyl theophylline.

0 0
/ SO,Na /
\NJHIN> AN Pd(PhCN)2C|2 (5 m0|%) \N)‘IN>_®
7
O&'\N VN P Cu(OAc), (2 eq.) O%\N N \Fli/
I

3 1,4-dioxane/DMSO (9:1) |

R
110 °C, 24 hrs
5.119 5.120 5.121
up to 95%

Scheme 5.30: C-H arylation of caffeine with aryl sulfinates.

In general, over the past few years, the role of aryl(heteroaryl) sulfinates as either electrophilic
or nucleophilic coupling partners has been expanded from the synthesis of sulfones and
sulfonamides to the desulfitative cross-coupling and C-H functionalisation reactions. Despite
the substantial improvements in the desulfitative reaction conditions, the application of
sulfinate reagents is limited to C(sp?)-C(sp?) bond formation. However, research in this area
is still in its infancy. There are only a few reports of C(sp®-C(sp?) bond formation by
employing sulfinate derivatives. The scope of sulfinates in C-H functionalisation is also
limited. Moreover, the potential of only a few arene/heteroarene sulfinates have been realised
in the desired transformations. The nature of heteroarene sulfinates on reactivity and
selectivity is yet to be explored. Here, | present our efforts to broaden the scope of sulfinates

with emphasis on the heteroarene sulfinates in the desulfitative reactions.
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5.6. Results and Discussion

The desulfitative coupling of sulfinates in the direct arylation of (hetero)arenes is becoming
increasingly important.!® The majority of these coupling reactions are based on the
functionalisation of the most acidic proton of a heterocycle.!? To the best of our knowledge,
there have been no reports where heterocyclic sulfinates have been employed in the
desulfitative C-H activation reaction. Thus, our research group has decided to answer the

following challenge of sulfinate chemistry.

1. Can we develop an efficient system for regioselective C-H functionalisation via

desulfitative coupling using heteroarene sulfinates? (Scheme 5.31)

R O—y R O NaO,S @ R O
S
™ -
@\/% L o YT - O OH
i Desulfitative
H [TM] coupling @

R = Alkyl, aryl TM = Transition metal Aryl-Heteroaryl scaffolds
Scheme 5.31: Synthetic plan to access aryl-heteroaryl scaffolds via desulfitative coupling.

The issue of regioselectivity can be solved by introducing an appropriate directing group for
the selective cleavage of the proximal aromatic C-H bond.>*°" However, there are a few

drawbacks,

« Installation and removal of the directing group require additional steps

e Removal of the directing group is often problematic, requiring either harsh or long
sequences; leaving the directing group in the molecule limits product utility.

o Directing groups can direct to both ortho positions.

e Only a few directing groups allow further ipso functionalisation after removal.

Over the last decade, a number of groups have shown that carboxylic acids can act as directing
groups, allowing direct C-H activation to form C-C, C-O, C-N, C-S, C-P, and C-halogen
bonds.® The main advantage of carboxylic directing groups is their intrinsic weak-
coordinating ability and weak o-donor tendency. They are attractive directing groups in
numerous transformations due to their prevalence. These functionalities can be readily
synthesised by means of various well-established methods. Furthermore, most of them are air

and moisture stable, easy to handle, and have a long-life expectancy.
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The majority of the reactions utilise the aromatic acids for the regioselective ortho-
decarboxylative C-H activation reactions. Recently, the meta- and para-substituted moieties
can also be achieved by a traceless carboxylic ortho directing group. In this approach, the
products with meta- and para- substituents can be directly accessed which otherwise require
conversion of directing group at ortho position into another functional group (Scheme 5.31a).
Decarboxylative C-H functionalisation reactions generally follow either of the two

mechanistic pathways.

a. The redox-neutral decarboxylation to form a nucleophilic organometallic intermediate
in which the oxidation state of the metal ion does not change
b. Oxidative decarboxylation to form radical intermediates in which the oxidation state

of the metal changes as the catalytic cycle progresses.
R R R R

COOH
©/ Catalytic System A CECOOH Catalytic System B @\ or
R'X
R’ R'

= R'
R=H.FG C-H functionalisation Decarboxylation

Scheme 5.31a: Traceless/deciduous directing groups.

With such a great potential of carboxylic acid derivatives for an ortho C-H functionalisation,
we sought to develop a carboxylic acid-directed desulfination to access for aryl-heteroaryl
scaffolds in a selective and efficient way (Scheme 5.31). Our main target was to choose an
ortho-substituted aromatic acid to avoid double functionalisation and use the acid
functionality as a directing group to introduce a heteroarene at the ortho position in the

desulfitative reaction.

5.6.1. Initial optimisation for desulfitative coupling

Based on our plan, we selected the potassium salt of 2-methoxybenzoic acid 5.122 and
pyridine-2-sulfinate 5.123 as our test substrates (Scheme 5.32).

OMe
OMe Q\K COOH
S ~ .
o 4 @ Conditions
~ X
N SOzNa |
N~
5.122 5.123 5.124
(1eq) (2eq.) desired product

Scheme 5.32: Initial investigation for desulfitative coupling.
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We postulated the mechanism of this reaction as illustrated in Figure 5.8. The first step would
be the carboxylic acid-directed Pd(Il) insertion into the ortho C-H bond to form the dimeric
palladacycle I as described by Yu et al. (step 1).°° The palladacycle usually adopts dimeric or
trinuclear forms in the absence of any external ligand.*® For an efficient desulfitative coupling,
it is imperative at this stage for the catalytic cycle to proceed through an efficient
transmetallation step to give a trans-monomeric intermediate 11. The expulsion of SO> gas in
the next step will result in the palladium intermediate 111, which would subsequently deliver

the desulfitative coupling product 5.124.

OMe Q\K
|
e}
OMe O  Oxidant Pd(OAc),
OH 5.122
A Step 4 Step 1
5124 N__—
OMe
COOH
JOAc
/Pd\
| SN OAc
=
- S02Na
Step 3 Step 2 | _N
5.123
o
/7 'ﬁ "o
S

— \\

Figure 5.8: Plausible mechanism for desulfitative coupling.
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Our initial reaction conditions are shown in Table 5.1.

OMe
OMe O\K COOH
. A
‘é @ Conditions
+ _— —_— AN
N SO,Na |
N~
5.122 5.123 5.124
(1eq.) (2eq.) desired product

Scheme 5.33: Initial investigation for desulfitative coupling.

Table 5.1: Test conditions for desulfitative coupling between potassium
2-methoxybenzoate and pyridine-2-sulfinate

Entry [Pd] Ligand Additive Solvent Observation
source Temperature
146 Pd(OAC). PCy; K2COs 1,4-dioxane SM
(5 mol%) (10 mol%) (1.5eq.) [0. 1M], 150 °C
260 Pd(OAC) PCys Ag20 (1 eq.), THF [0.1M], SM
(10 mol%) (20 mol%) BQ (0.5eq.) 60 °C
3 Pd(OAC): PCys Ag.0 (1.5eq.), DMF:THF SM
(5 mol%) (10 mol%) BQ (0.5€eq.) (1:1), 100 °C
4 Pd(OAc), PCys Ag.0 (1.5¢eq.), 'BUOH, SM
(5 mol%) (10 mol%) BQ (0.5eq.) 100 °C
549 Pd(COD)CI; - CuCl».2H,0 toluene:1,4- SM
(5 mol%) (2.0eq.) dioxane (1:1),
110 °C

SM = Starting material 2-methoxybenzoic acid recovered

The initial reaction used the conditions described by Willis for the cross-coupling of 2-pyridyl
sulfinate 5.123 and aryl bromides but these conditions failed to deliver any product (entry 1).4
Unlike Willis’s reactions, directed C-H activation does not involve oxidative insertion into a
C-Br bond and is more likely to follow a Pd(I1) to Pd(0) pathway. This requires an oxidant to
complete the catalytic cycle (Figure 5.8, step 4). We, therefore, decided to check the effects
of oxidants like Ag-0, Ag.COzand BQ. The reactions were performed with different oxidants
in different (co)solvents, THF (entry 2), DMF (entry 3), and tert-butyl alcohol (entry 4), but
to no avail. In all reactions, the starting material 2-methoxybenzoic acid was recovered
without any sign of product formation. We also attempted the established procedure (entry 5)
of desulfitative direct arylation of indoles with substituted aryl sulfinates in the presence of
CuCl2.2H20, which follows the Pd(Il) to Pd(0) cycle.*® However, the result of this reaction

was also disappointing, returning only the starting material.
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At this stage, substantial changes were introduced to the reaction parameters. Firstly, the
starting material was replaced by the potassium salt of ortho-toluic acid 5.125, as we were
concerned that the lone pair of electrons on the ether substituent adversely affected the five-
membered palladacycle formation. The next trials were performed in the absence of any
ligand. Lastly, we decided to reduce the reaction temperature to 100 °C (Scheme 5.34, Table
5.2).

O
O-\K Pd(OAc), (10 mol%) OH
% @ K,CO5 (4 eq.)
O + _ X
N SO,Na Oxidant (1 eq.)/ Nl P
Additive (1 eq.)
5.125 5.123 1,4-dioxane [0.5 M] 5.126

(1eq.) (2 eq.) 100 °C desired

Product

Scheme 5.34: Screening of different oxidants and their effects on desulfitative coupling.

Table 5.2: Effect of different oxidants/additives in desulfitative coupling
between potassium ortho-toluic acid 5.125 and sodium pyridine-2-sulfinate 5.123

Entry Oxidant/additive Observation
1 Cu(OAc),.H.0 SM
2 CuCl; SM
3 Ag.CO; SM
4 K2S:0g SM
5 CuCl; + Pivalic acid SM

SM = Starting material ortho toluic acid recovered

The next set of trial reactions kept the palladium source, the base, and the solvent constant and
varied different oxidants (Scheme 5.34). Employing an excess quantity of carbonate would
help to sequester liberated SO> gas and thus expedite the transmetallation step. However, only

the starting material, o-toluic acid was recovered.

After observing no product formation in the above trials, we ruled out the influence of the
oxidant. Though 1,4-dioxane has been shown to be an efficient solvent for a desulfitative
coupling,*® the poor solubility of the potassium salt of the ortho toluic acid 5.125 was a
concern. Maintaining the same reaction temperature 100 °C, the effect of polar solvents (THF,
DME, t-amyl-OH, DMF, HFIP) was evaluated in the absence of the oxidant (Scheme 5.35).
Surprisingly, in all cases (Table 5.3), a significant proportion of homocoupling by-product
2,2'-bipyridine 5.127 was seen without the desired product 5.126 formation.
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o + _

N~ >S0O,Na

5.123
(2eq.)

Pd(OAc), (10 mol%)

K2CO3 (4 eq)

0]

Solvent [0.5 M]
100 °C

| X
> +
| X
N~ 7N
A
5.126 5.127
<30%
desired 2,2'-Bipyridine
Product Homocoupling
by-product

Scheme 5.35: Screening of different solvents and their effect on desulfitative coupling.

Table 5.3: Effect of different solvents in desulfitative coupling between
potassium ortho-toluic acid and sodium pyridine-2-sulfinate
Solvent/oxidant

Entry

1

2
3
4
5
6
7

1,4-dioxane + Ag.COs;

THF
DME
t-amyl-OH
DMF
HFIP

1,4-dioxane

Observation*
SM +5.127
SM + 5.127
SM + 5.127
SM + 5.127
SM + 5.127
SM + 5.127

SM

SM = Starting material ortho toluic acid recovered

* 2,2'-bipyridine 5.127 was detected on the average <30%

The homocoupling of two arylsulfinates using a stoichiometric quantity of Pd(I1) was reported
by Garves.®! The author observed the evaluation of SO, gas during the addition of a palladium
salt to aromatic sulfinates 5.128 in a heated solution (Scheme 5.36). The aryl groups coupled

to form biaryls 5.129 and Pd(ll) was reduced to metallic palladium. The author proposed an

electrophilic aromatic substitution process for this reaction.

2 |

A
R

SO,Na
X

5.128

5.129
up to 35%

2 Na,PdCl —

b N \ ) * 2502+ 2Pd+ 4 NaCl
=|= |
R R

Scheme 5.36: Homocoupling of arylsulfinates using a stoichiometric quantity of Pd(11).
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Based on this report, we speculated a similar palladium-mediated homocoupling with pyridyl-
2-sulfinates 5.123. We believed that the strong chelation of the Pd(l1) catalyst in a 2 n,o-mode
of 2-pyridyl sulfinate leads to a five-membered palladacycle 5.130, which ultimately forms
the homocoupled by-product 5.127 (Scheme 5.37). However, the same homocoupling was not
observed in the presence of oxidant Ag2COs. We surmise that silver replaces the palladium in

the complex 5.130.

O /= |
, Pd(OAG), & N_s N
_ —_ Pd R +2S0, + Pd
N SO5Na J N’ /o N
\
B — S\\c) ] NN !
5.123 5.130 5.127
Putative

Intermediate

Scheme 5.37: Plausible pathway of homocoupling of 2-pyridine sulfinate.

5.6.2. Investigation of the effect of catalytic Pd(OAc)2 on the desulfitative homocoupling

We were curious to know whether the above homocoupling by stoichiometric Pd(OAC):
(Scheme 5.36) could be converted into a catalytic process. Initially, we screened the standard
parameters such as solvent, base, temperature, and time under microwave irradiation as
depicted in Table 5.4 (Scheme 5.38).

Pd(OAc), (10 mol%)

@ K,COs (4 eq.)
N/ SO,Na 1,4-dioxane [0.5 M]
T =110 °C, P = 300 bar

MW, t =4 hrs

5.123 5.127

Scheme 5.38: Palladium-catalysed desulfitative homocoupling
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Table 5.4: Effect of catalytic palladium on the desulfitative homocoupling

Entry Deviation from standard conditions Yield?
1 No deviation 0%
2 Without K2CO3 0%
3 NMP 25%
4 DMF 45%
5 DMF, t =12 hrs 43%
6 DMF, without K,COs t =12 hrs 46%
7 K-Me-palladacycle (10 mol%) 0%
8 K-Me-palladacycle (10 mol%), DMF, t = 12 hrs 42%

a: % Yield"P-C, HPLC condition:- stationary phase: reverse phase C*® column, mobile phase:
5% H,0: CH3CN for 5 min., 100% CH3CN for 25 min. RT for SM: 0.899 min., P: 2.790 min.

No self-coupling of pyridine-2-sulfinate 5.123 was observed with the sub-stoichiometric
quantity of Pd(OAc). (entry 1) or without K2COs in 1,4-dioxane at 110 °C (entry 2). It was
reasoned that the poor solubility of pyridine-2-sulfinate 5.123 could be the problem, and hence
more polar solvents i.e. DMF and NMP were investigated. The desulfitative self-coupled
product 5.127 was observed in 25% (NMP, entry 3) and 45% (DMF, entry 4) yield. Proceeding
further with the DMF solvent system, the experiment was set up for a long time 12 hrs, under
the same reaction conditions. However, no significant change was seen in homocoupling

product formation compared to the previous reaction (entry 5 & 6).

We also trialled a different palladium catalyst — pre-formed palladacycle of substrate 5.125.
The K-Me-palladacycle (K-Me-Palla.) 5.131 was easily synthesised by reacting equimolar
amounts of potassium o-toluic acid 5.125 and Pd(OAc). in dry 1,4-dioxane at 100 °C
overnight (Scheme 5.39).5%62

O 0
L 5< Pd(OAc),(1eq) : :pq
O 1 4-dioxane [0.25 M] 0
100 °C, o/n /go
55%
5.125 5.131

Scheme 5.39: Formation of K-Me-palladacycle 5.131.
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We thought that the metal metathesis (K/Na) between both substrates may alleviate the
solubility problem. However, homocoupling was not observed with the catalytic palladacycle
5.131 (entry 7). When the reaction was performed with a pre-formed palladacycle 5.131 (10
mol%, 20 mol% Pd) in DMF (entry 8), the homocoupled product formed in the same range as
in entry 4 & 5. This result suggests that increasing catalyst loading (10 mol% to 20 mol%)

does not have any influence on homocoupling.

Based on this study, it became apparent that strong chelation of the palladium in a x°n,0-mode
of pyridine-2-sulfinate 5.123 and resulting homocoupling by-product 5.127 hindered the
desired cross-coupling. Even catalytic palladium can initiate the homocoupling between
sulfinates in nearly 45% vyield. It became necessary to prevent such chelation so that the
palladium catalyst can actively participate in the desired desulfitative reaction. For this
purpose, we decided to introduce an alternative ligand that would coordinate the palladium in

the reaction parameters.

5.6.3. Investigation of effect of nitrogen-containing ligands

We postulated that the ligand may coordinate to the palladium catalyst and restrict the self-
coupling of pyridine-2-sulfinates 5.123. Particularly, nitrogen-based bidentate ligands
possessing xn,0-mode were selected which resembled pyridine-2-sulfinate 5.123 (Scheme
5.40).

Pd(OAc), (10 mol%) o)
O~ Ligand (20 mol%)
K 9 °
. @ K,COs (4 eq.) OH
— >
N™ “SO,;Na 1,4-dioxane [0.5 M] |
100 °C, 24 hrs N~
5.125 5.123 5.126
(1eq.) (2 eq.) desired
Product
H | | \
o.__N _ /
>( il ~Hon %OH N oH NN
o o]
N-Boc-Gly-OH 2-Picolinic acid 2-Hydroxypyridine 2,2'-Bipyridine
5.132 5.133 5.134 5.127

Scheme 5.40: Screening of nitrogen-containing ligands and their effects on desulfitative coupling.
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N-Boc-Gly-OH 5.132 and pyridine-based ligands, namely 2-picolinic acid 5.133, 2-
hydrodxypyridine 5.134, 2,2'-bipyridine 5.127 were screened in desulfitative reaction. To our
surprise, only the starting material o-toluic acid was recovered. We were correct, the ligands
prevent homocoupling. Unfortunately, they did not promote the desired coupling either.

We decided to change the order of addition of reactants. We thought if pyridine-2-sulfinate
5.123 is introduced at a later stage, in the reaction mixture, once the stable palladacycle had
formed between o-toluic acid and Pd(OAC)z, this time period may avoid any interference of
chelate formation between Pd(OAc)2 and 2-pyridinesulfinic acid. Unfortunately, the results

were still not promising and only starting material was returned (Scheme 5.41).

O o
L K Pd(OAc), (10 mol%)
S After 30 min. OH
o) Ac-Leu-OH (20 mol%) . g
K2CO3 (4 eq) AN X
1,4-dioxane [0.5M] | |
= N~
5.125 100 °C N SO,Na
(1eq.) y 9 5123
N, (2eq) 5.126
W ‘ OH desired
o) Product
Ac-Leu-OH
5.135

Scheme 5.41: Reaction of changing the order of addition of pyridine-2-sulfinate 5.97.

Next we also decided to reduce the number of equivalents of pyridine-2-substrate 5.123, as
well as the catalytic loading, while maintaining the 1:2 ratio of Pd(Il) and Ac-Leu-OH 5.135
(MPAA) ligand. Reactions were set up separately in three different solvents, 1,4-dioxane,
DMF, and NMP in microwave irradiation conditions (T = 170 °C, P = 300 Bar) with nearly
half the concentration of solvent [0.5 M to 0.2 M] (Scheme 5.35). Gratifyingly, the
desulfitative coupled product 5.136 was observed for the first time in 1,4-dioxane reaction
conditions. We did not expect decarboxylation but the high reaction temperature caused it.
The ratio of product 5.136 : 2,2-bipyridine 5.127 was only 1:6 based on crude *H NMR

spectroscopy. This result served as an inspiration for further optimisation.
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K N Pd(OAc), (5 mol%)
3 . @ Ac-Leu-OH (10 mol %) | N
~
~
N SO,Na K,CO3 (4 eq.) _ | N+ N | X
Sol .
olvent [0.2 M] N> N~
Lw, T=170 °C, P =300 Bar
5.125 5.123 = anr 5.136 5.127
(1eq) (2eq.) Sanes
Solvent:

1,4-dioxane : product 5.136 : by-product 5.127 (1:6)
DMF : only by-product 5.127
NMP : only by-product 5.127

Scheme 5.42: Pd(ll)-catalysed desulfitative coupling under microwave irradiation.

We thought that it made sense to study the reaction using a stoichiometric amount of palladium
as this may allow to isolate intermediates and remove the need to regenerate the catalyst. If
we succeed, then, this knowledge could be applied to developing a catalytic version.

5.6.4. Study with stoichiometric quantity of Pd(OAc)2

The next experiment was set up to minimise the formation of complex 5.130 (Figure 5.9) so

that the palladium catalyst could participate in C-H activation.

5.130

Putative
Intermediate

Figure 5.9: Putative complex of pyridine-2-sulfinate 5.123 with Pd(OAC)..

The reaction was set up by taking the same equivalent of Pd(OACc): as the starting material,
the potassium salt of o-toluic acid 5.125, but reducing the amount (0.5 equivalent) of pyridine-
2-sulfinate 5.123 (Scheme 5.43). To our surprise, neither homocoupling nor desulfitative
coupling was observed and only the starting material returned. The conclusion made from this
reaction was that reducing the equivalent of pyridine substrate helps to repress both
homocoupling and desulfitative coupling.
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O~
~K
S| @ Pd(OAc), (1 eq.) OH
+ —
N SO,Na KoCOs (4eq.) > X

1,4-dioxane |

N
100 °C Z
5.125 5.123 5.126
(1eq.) (0.5 eq.) desired
Product

Scheme 5.43: Attempted desulfitative coupling with 0.5 eq. of 2-pyridine sulfinate.

In order to simplify the reaction still further, we decided to attempt the reaction with K-Me-
palladacycle 5.131. This would mean directed C-H activation had already occurred and that
all we would study was whether this could react with sulfinate. If this one step was impossible,
we felt the entire methodology would be impossible.

As mentioned before, the K-Me-palladacycle 5.131 was easily synthesised by reacting
equimolar quantities of potassium o-toluic acid and Pd(OACc)2 in dry 1,4-dioxane at 100 °C
overnight.®®%2 The resulting dimeric palladacycle 5.131 was subsequently utilised for an
optimisation study (Scheme 5.44, Table 5.5). Based on the previous study, the first reaction
used a stoichiometric quantity of pyridine-2-sulfinate 5.123 compared to the palladacycle
5.131 with two equivalents of base, K2COs in 1,4-dioxane at 150 °C in a Schlenk tube.
Pleasingly, the desulfitative coupling was observed and the product 5.136 was isolated in 27%
isolated yield. Here also decarboxylation was observed. The homocoupling by-product 5.127
and the starting material 5.125a were observed but could not be recovered from the reaction.
Three repetitions were performed to prove the consistency and in all of them, the desired
product was isolated in nearly the same yield (entry 1).

Standard Conditions

L
Z N Oy OH

N SOzNa |
5.123 (2 eq.) P
KoCO3 (4 eq.) | N
1,4-dioxane [0.1 M] N A
150 °C, 24 hrs 5.136 5.127 5.125a
(1eq.) Coupled 2,2'-bipyridine  Starting
product By-product material

Scheme 5.44: Attempted desulfitative coupling with K-Me-palladacycle.
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Table 5.5: Optimisation study: deviation from the standard conditions

Entry Deviation from the standard conditions Yield?
5.136 5.127 5.125a
1 Standard conditions (three repetitions) 27% n.d. n.d.
2 Oxidant: Benzoquinone B.Q. (2 eq.) 32% n.d. n.d.
3 Without base (K2CO3) 33% n.d. n.d.
4 Pyridine-2-sulfinate 5.123 (4 eq.) 26% n.d. 34%
without K,CQO3, 165 °C
5 Low temperature (100 °C) 20% n.d. n.d.
6 Solvent: NMP, at 165 °C 37% 33% n.d.
7 Solvent: ‘BuOH, at 165 °C n.d. 42% n.d.
8 Solvent: DMF, at 165 °C n.d. 46% 33%
9 MW: DMF, T =170 °C, 17% n.d. n.d.

P =300 bar, t =4 hrs

2|solated yield
n.d. = not detected

Encouraged by the initial result, we attempted to optimise the reaction conditions (Table 5.5).
The inclusion of an oxidant, B.Q. was seen to improve product formation with a slightly higher
yield (32%, entry 2). Removing the base also gave the product in nearly the same yield (33%,
entry 3). We decided to double the loading of pyridine substrate 5.123 (2 eq.) and increase
temperature to 166 °C, the reaction proceeded, albeit in lower yield (26%) with 34% o-toluic
acid recovery (entry 4), once again showing an excess of pyridine-2-sulfinate 5.123 was

detrimental to the reaction.

In a further optimisation attempt, the reaction was performed at 100 °C (entry 5), however,
the yield dropped to 20%. The effect of different solvents was also evaluated. Using a more
polar solvent was beneficial only for NMP. In this case, the conversion was seen in 37% with
the recovery of 33% homocoupled by-product 5.127 (entry 6). On the contrary, the reaction
in both ‘BuOH and DMF failed to produce desulfitative coupling, giving either the by-product
5.127 or the starting material 5.125a only (entry 7 & 8). Further, the effect of microwave
irradiation was also studied in order to reduce reaction time. The reaction conversion was

affected and the product was isolated only in 17% yield.

Results from the attempted desulfitative coupling of pre-formed palladacycle 5.131 with
pyridine-2-sulfinate 5.123 showed that the maximum yield could be achieved in a range of

27% to 37%. Changing the reaction parameters did not improve the product 5.136 formation.
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We thought that the transmetallation might be the problematic step, which hindered the
reaction progress. In order to gain more insight into the reaction mechanism, we planned to

isolate products or intermediates at different time intervals.

5.6.5. Time-based study with a stoichiometric quantity of Pd(OAc)2

In this study, a total six reactions were set up with the same reaction conditions for 1 h, 2 hrs,
4 hrs, 8 hrs, 12 hrs, and 24 hrs to check the reaction progress (Scheme 5.45, Table 5.6). All
reactions were purposefully carried out at 100 °C to allow isolation of the all-possible stable
intermediates and subsequently their characterisation.

o}
5 @
Pd N |
Q.. o O
(0] pZ —
KO Y N SOzNa — S\\O OAcC
O 0L 5.97 (4eq.) 5.137 5.138
Pd__Pd
(@) K2CO3 (4 eq)

o 0
P OK" 1 4-dioxane [0.1 M]
O 100 °C, t hr(s) OH
(51.105) ~ ~
eq.
NI~ N~

5.126 5.136
Scheme 5.45: Time-based study for desulfitative coupling with dimeric K-Me-palladacycle.

Table 5.6: Time-based study

Entry Time hr(s) Observation
1 1hr 5.137 + 5.138
2 2 hrs 5.137 +5.138
3 4 hrs 5.137 +5.138
4 8 hrs 5.126
5 12 hrs 5.126
6 24 hrs 5.136

After 1 hour, the data implies that complex 5.137 was formed although we did not isolate it.
The *H NMR spectroscopy was showing a shift of the resonance for the proton adjacent to the
pyridine nitrogen at 9.1 ppm which was at 8.6 in pyridine-2-sulfinate 5.123. The isotope
pattern in mass spectrometry (m/z = 381) and fragmentation peak at m/z = 318 also indicated
the formation of plausible complex 5.137 and intermediate 5.138 after SO extrusion (entry
1). However, the intermediate 5.137 was not isolated in enough quantity for 3C NMR and
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attempted crystallisation also failed to give a single crystal for X-ray crystallography. The
reaction gave the same results after 2 hours (entry 2). Based on these results, we speculated
that the tendency of pyridine-2-sulfinate 5.123 towards the strong co-ordination to the
palladium via x? no- is a driving force for the transmetallation step. Once the intermediate
5.137 is formed, it might possess lower energy, making the expulsion of SO, slower as seen

from the outcome of the reaction after 4 hrs.

The reaction data after 8 hrs indicated the formation of the coupled product 5.126 (with an
acid functionality). The analysis of the reaction after 12 hrs produced similar characterisation
data. These results suggest a chelated Pd(Il)-sulfinate intermediate 5.138 formed post-
transmetallation is the resting-state intermediate, while the extrusion of the SO is the
turnover-limiting step. This suggestion is in agreement with Willis’s study published later in
2020.4" The loss of CO2 is most likely to be a slower rate, delivering the decarboxylative
product 5.136 in between 12 hrs to 24 hrs.

In an extension of our study, we thought to check the desulfitative reaction on palladacycle
5.140. The N-methylbenzamide 5.139 was reacted with a stoichiometric quantity of Pd(OAc)
in AcOH at 120 °C as reported by Masilamani et al. (Scheme 5.46).%% The reaction was carried
out with the resultant palladacycle 5.140 and pyridine-2-sulfinate 5.123 in dry CH3CN at 150
°C. The reaction proceeded to furnish the desulfitative coupled product 5.126 without

corresponding decarboxylation as suggested by the crude *H NMR spectroscopy and mass

»!

b
N SO,Na (2 eq.)

o) Pd(OAc), (1eq.) 0] 5.123 OH
N/OCHs AcOH (3.0 ml) / K,CO3 (4 eq.)
_ B - X
H 120 °C, 20 min. N-0 CH3CN [0.1M] |

spectrometry techniques.

Pd-N=
Pressure tube \O,:lc\C\CH3 150 °C N~
CH4CN
5.139 5.140 5.126

8%
Scheme 5.46: Study of desulfitative coupling with palladacycle 5.140.

Due to the problem of coupling of pyridine-2- sulfinate 5.123, we sought to simplify the
experiment. Lao and co-workers have shown that aryl sulfinates can be coupled to N-methyl
indole 5.141 in good yield.*® We attempted to replicate this experiment but replacing the aryl

sulfinate with the pyridine-2-sulfinate 5.123 (Scheme 5.47). A large number of conditions

were attempted but all to no avail. This study suggests that the presence of strong chelation in
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a x’n,0-mode of pyridine-2-sulfinate 5.123 by the Pd(l1)-catalyst and resulting five-membered

palladacycle 5.130 is impeding the desulfitative coupling.

L

»

N SO2Na —

@ 5123 (2eq) >,
N\ Pd(COD)CI, (5 mol%) N N

CuCl,.2H50 (2 eq.) H

5.141 Toluene : 1,4 -dioxane (1:1) 5-1.42
110 °C, 24 hrs desired
product

Scheme 5.47: Attempted desulfitative coupling of N-methyl indole with pyridine-2-sulfinate.

5.7. Conclusions

This project was aimed at the site-selective carboxylic acid-directed C-H functionalisation via
desulfitative coupling with pyridine-2-sulfinate 5.123. Initial optimisation with a Pd(OAc).
catalyst failed to deliver any desired product. Moreover, significant homocoupling between
the 2-pyridyl substrate was observed to form 2,2'-bipyridine 5.127. Hence, we evaluated the
efficiency of catalytic Pd(OAc). to probe such homocoupling. Surprisingly, it can initiate this
side-reaction up to 45%. We sought to suppress homocoupling by introducing nitrogen-based
bidentate ligands. Fortunately, we were able to solve this problem with N-Ac-Leu ligand
5.135, but the desired desulfitative coupling was obtained in a minute yield. Further, in our
study with pre-formed palladacycle 5.131, where directed C-H activation had already been
achieved, the desulfitative coupling was obtained in a moderate yield. Our time-based study

allowed us to investigate the course of this reaction with analysis of possible intermediates.

Our designed method involves two progressive steps: directed C-H activation and
desulfination. It became clear that the last step of desulfitative coupling is a problematic step.
We reasoned this owing to the slow SO> expulsion from the intermediate 5.137 and reductive
elimination thereafter. Based on our study, we surmised that extrusion of SOz is a problematic
step. In general, the Kinetics of reductive elimination is difficult to predict but a detailed kinetic
analysis will provide insight into the reaction mechanism. We also suggest that further
optimisation can be performed in order to improve the reductive elimination step e.g. by
varying transition metals, improving bidentate ligand design with the wide bite angle, and

increasing the steric hindrance to the metal centre.
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Chapter 6

The Synthesis of Pyridyl[2.2]paracyclophanes by
Palladium-Catalysed Cross-Coupling of Pyridine
Sulfinates
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6.0. Introduction to Six-membered heteroarene sulfinates

In heteroarene organometallic reagents, heteroarene boronates are a common choice of
coupling partner.2 They are the main reagents for Suzuki-Miyaura,®* Chan-Evans-Lam,>®
Liebeskind-Srogl,” and oxidative Heck coupling reactions.® Apart from being nucleophilic
coupling partners, they have also been utilised in much wider fields e.g. as radical precursors,’

Lewis acid catalysts,'®!! traceless-directing groups,'? in materials science,*®

and in drug
design.* However, reactions employing heteroarene boronates have several limitations due to
their poor functional group tolerance and low reactivity.!® In particular, the coupling of 2-
substituted nitrogen-containing heteroarene boronates e.g. 2-pyridyl boronate is notoriously

challenging.t6:1

The following discussion focuses on the limitations of 2-pyridyl boronates in cross-coupling
reactions. In the ensuing discussion, the main emphasis will be given to the ‘pyridyl sulfinates’

— an emerging coupling partner to replace the pyridyl boronates.!8:1°

6.1. 2-Pyridyl boronate as nucleophilic coupling partner’

The 2-pyridyl motif is an important building block in many natural products,?>?' medicinal
compounds,?>?* unnatural nucleotides,?>? metal-complexing ligands,?"? and materials.?>
Extensive efforts have been made to develop 2-pyridyl organometallic reagents that can be
employed efficiently in cross-coupling reactions.®'*> However, they are not suitable substrates

for coupling to aryl halides.*6:’

In comparison to 3- and 4-pyridyl boronates,®3* 2-pyridyl boronates readily undergo
hydrolysis in Suzuki-Miyuara coupling reactions.®>% This hydrolytic instability is attributed to
two main factors.®” First, the transmetallation from boron to palladium of electron-deficient 2-
heteroarene boronates is a slow process, and second, 2-pyridyl boronates rapidly undergo

protodeboronation. 383’

Due to the ease of protodeboration of 2-pyridyl boronates, different techniques have been
investigated to overcome this problem including the use of additives (Cu, Zn, and Ag salts),**-

*1 high catalyst loading,*? improvement in ligand design,* masked reagents,** and slow-release

" Scheme 6.1 to 6.4, structure 6.1 to 6.8, and figure 6.1 to 6.3 were removed at the request of examiner.
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from 2-pyridyl-N-methyl-iminodiacetic acid (MIDA) boronates 6.12.3%454€ The most common
approach is to increase the stability of the 2-pyridyl boronate 6.4 by modifying its structure
(Figure 6.4).%

N B(OiPr)sLi
N OB:0) R\ZB,B/O (\/ (0Pt ( NS B\\osso
AN
U © &\*N/ 0 RN l/\)/
=

R
6.9 6.10 6.11 6.12
N-phenydiethonlamine 2-Pyridylpinacol Lithium triisopropyl 2-Pyridyl N-methyl-
2-pyridylboronate boronates 2-pyridylborate iminodiacetic acid (MIDA)

Figure 6.4: 2-Pyridyl boronates exhibiting enhanced stability.

Significant efforts have been carried out to improve the generality of the 2-pyridyl coupling
partner in cross-coupling reactions. However, they are not as competent as other heteroarene
coupling partners. There are still unsolved challenges associated with the coupling of 2-pyridyl
derivatives in the Suzuki-Miyuara reactions. Due to the abundance of N-heterocycles and
related pyridine-heteroaryl moieties in natural products and drug molecules, the chemistry
community still needs new heteroaryl coupling partners. In recent years, ‘heteroarene

sulfinates” have emerged as alternative coupling reagents.'81°

6.2. Investigation of the role of pyridine sulfinates in cross-coupling reaction with bromo-
substituted [2.2]paracyclophane derivatives

[2.2]Paracyclophane-N-heterocycles are promising scaffolds for catalysis. They can co-
ordinate to transition metals through the lone pair on the sp-nitrogen and form planar chiral
catalysts.*®4° However, the synthesis of these derivatives is problematic. Most of the transition
metal-mediated cross-coupling reactions reported in [2.2]paracyclophane chemistry involve
aryl nucleophiles.>®>2 The corresponding reactions with heteroarene coupling partners have not
been thoroughly investigated. Inspired by the potential of hetero(arene)sulfinates as
nucleophilic coupling partners, we sought to investigate their cross-coupling with
bromol2.2]paracyclophanes. If successful, this approach would provide a new avenue to access

planar chiral heteroarenes based on the [2.2]paracyclophane framework.

Our initial focus was on [2.2]paracyclophane-based pyridine derivatives since planar chiral
pyridines are prospective ligands for catalysis,>>** in the formation of supramolecular

structures,®®® and even as organocatalysts.>’*° Most planar chiral pyridines that have been
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reported are based on the ferrocene moiety®8-%° but the [2.2]paracyclophane skeleton also offers
a potential platform. The reported procedures for the synthesis of [2.2]paracyclophane-pyridine
derivatives are mainly based on cross-coupling reactions.®2-% However, these methodologies

have several problems as discussed in the section below.
6.2.1. [2.2]Paracyclophane-pyridine derivatives

Hopf et al. reported the preparation of a pyridinyl[2.2]paracyclophane by a nitrone
cycloaddition (Scheme 6.5).5” In this approach, 6.22 synthesised from 4-
acetyl[2.2]paracyclophane and N-methylhydroxylamine.hydrochloride undergoes Michael-
type addition with an activated double bond of the dipolarophile 6.23 to furnish the
intermediate enolate 6.24. This intermediate 6.24 further proceeds for a sequence of steps to
finally give [2.2]paracyclophane-6-phenyl pyridine 6.26. However, this approach has not
proven versatile and does not work if there are other substituents on [2.2]paracyclophane.

6.23 6.24 6.25 6.26

Scheme 6.5: Hopf’s approach for [2.2]paracyclophane-pyridine derivative.

Rowlands et al. developed a convenient regioselective cross-coupling method® between
bromo[2.2]paracyclophanes 6.27 and pyridine N-oxides 6.28 based on the direct arylation
chemistry of Fagnou et al.(Scheme 6.6).% The author proposed a SeAr mechanism of pyridine
N-oxides arylation. Even though this two-steps strategy opened a new route to access
pyridinyl[2.2]paracyclophanes, there are several limitations. Firstly, this protocol is limited to
2-pyrdine substrates only. Moreover, all the products and by-products have limited solubility,
making the purification tedious by chromatography technique. Lastly, the conversion of
pyridine N-oxides to the corresponding pyridine derivatives involves reduction with the highly
volatile and hazardous trichlorosilane, which limits the potential of the pyridine substrate for

further investigation with more challenging [2.2]paracyclophane derivatives.
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R Pd(OAc), (5 mol%)

Y X ‘BugP.HBF 4 (15 mol%) .
0 | = K,CO3 (2 eq.)
: toluene, reflux

Br N

X &Y =HorBr

6.27 6.28 6.29 6.30 6.31
up to 66% up to 54% 38%

Scheme 6.6: Rowlands’s approach for the synthesis of [2.2]paracyclophane-mono- and bis(pyridine
N-oxides).

Over the last decade, Bridse and co-workers have investigated the scope of various cross-
coupling reactions for the synthesis of (hetero)arene substituted [2.2]paracyclophanes. The
scope of Suzuki, Stille, Kumada and Negishi cross-coupling reactions have been extended by
utilising [2.2]paracyclophane derivatives as either the electrophilic or nucleophilic coupling

partner.

Their initial approach employed readily accessible [2.2]paracyclophane substrates (Br, | or,
OTf) as the electrophilic coupling partners under Suzuki conditions (Scheme 6.7a) with pyridyl
organometallic reagents as nucleophilic coupling partners.®* With pyridyl boronic acids, only
4-pyridyl[2.2]paracyclophane 6.33 was obtained albeit in a moderate yield. Kumada cross-
coupling by in-situ magnesiation of 2-bromopyridine (Scheme 6.7b) and the Stille approach
with stannylated 2-pyridine 6.41 (Scheme 6.7c) were not proven effective to provide the

coupled products in high yields.

a
N/\\:/>—|3(OH)2 (2eq) g [N
6.33 | N
Pd(PPhs), (6 mol%)
KoCOj (1.5 eq.) O B
Dioxane : H,O (2:1) | N~
reflux, 16 hrs to 36 hrs
6.34 6.36
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AN bz _Br
g

6.38 (1.5eq.)

MeO Pd,(dba); (2 mol%) MeO
('Bu),PHO (8 mol%)

6.37  THF, 70°C, 40 h 6.39

16%

X
» -
N” > SnBu, |
Br 6.41(1.0 eq.) O N
O Pd(PPh3), (10 mol%)
LiCl (2 eq.)

CuCl (2 eq.) 6.42
6.40 DMF, 100 °C, o/n 42%

7

Scheme 6.7: Brése’s approaches for (a) Suzuki coupling, (b) Kumada, and (c) Stille coupling.

The alternative is to make [2.2]paracyclophane the nucleophilic coupling partner. As
mentioned, boronic acids cannot be used®> so Brise investigated 4-
(tributylstannyl)[2.2]paracyclophane  6.43.%2%%  The Stille coupling reaction with
bromopyridines 6.44 proceeded with poor to average yields (Scheme 6.8). Moreover, the
synthesis of bis-pyridyl[2.2]paracyclophane gave a low yield (27%). The problems appear to
be the synthesis of precursor. It requires the lithiation approach ("BuLi), which limits the
functional group tolerance of sensitive groups. Moreover, stannylated [2.2]paracyclophanes
are unstable and difficult to purify, often leading to low yields.

@XX=Br, Cl @

N

SnBus 6.44 _
O Pd(PPhs), (10 mol%) O

LiCl (2 eq.)
CuCl (2 eq.)

6.43 DMF, 100 °C, o/n 6.45
up to 63%

Scheme 6.8: Brise’s approach for Stille coupling.

The authors circumvented the problem of instability of paracyclophane boronic acids and
unreactivity of esters®® by using 4-trifluoroborate[2.2]paracyclophane 6.46.54% The potassium
trifluoroborate BF3'K™ salt was selected because [2.2]paracyclophane boronic acids are prone

to rapid decomposition. Moreover, boronic esters are proven inactive under catalytic reaction
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conditions.®® Pyridyl- and pyrimidyl-substituted [2.2]paracyclophanes were obtained in
comparable yields compared to the previous methods (Scheme 6.9). The above strategy was
extended to different aryl halides (Scheme 6.10).%> With modified conditions (replacing base
K3PO4 with Na,COs3 and solvent system to toluene : H>O 1:1), improvement was observed in
the synthesis of 2-pyridyl[2.2]paracyclophane 6.42 (73%). However, both these methods are
limited to only the monosubstituted [2.2]paracyclophane derivative. Of note, these strategies
were published when we had already started our study to synthesise
pyridyl[2.2]paracyclophanes.

X

| X x=B8r Cl
BFK N7 @
O 6.47(1.0eq) O

Pd(OAc), (5 mol%)
Cs,CO3 (4.0 eq.)

6.46 toluene : H,O, (3:1) 6.48
(1.25 eq.) 70 °C to 100 °C 0-, m-, or p-pyridyl
16 hrs to 24 hrs up to 82%

Scheme 6.9: Briése’s approach for Suzuki coupling.

X

N” > Br =
BFsK  6a49(1.0eq) _ Sy
O Pd(OAc), (5 mol%) O
RuPhoS (15 mol%)
6.46 KsPO4 (4 eq.) 6.42
(1.25 eq.) toluene : H,0 (10:1) 42% lsolated yield
80°C, 24 hrs 73% NMR yield

(Base : Na,COg3,
toluene : H,0, (1:1)

Scheme 6.10: Brise’s modified approach for Suzuki coupling.

The above examples clearly show that the synthesis of paracyclophane-substituted pyridines is
an unsolved challenge. Most common cross-couplings have been studied and yet none have
been proven general or high yielding. Furthermore, the synthesis of [2.2]paracyclophane-based
organoboranes and stannanes requires a minimum of two-steps with low functional group
tolerance. In addition, the modular synthesis with bis-substituted derivatives and diverse

functional group tolerance on [2.2]paracyclophane is still not proven.

208



6.3. Results and discussion

We were inspired by the recently reported nucleophilic characteristic of pyridylsulfinates in
cross-coupling reactions.8® We sought to address the above challenges associated with the
synthesis of pyridyl[2.2]paracyclophanes by employing pyridyl sulfinates. We thought this
would give a more general route with a greater functional group tolerance than those previously

reported.

6.3.1. Role of pyridine sulfinates as a nucleophilic coupling partner in cross-coupling with
bromo [2.2]paracyclophane derivatives

The obvious starting point was the coupling of pyridinylsulfinates to (%)-4-
bromo[2.2]paracyclophane 6.40 using Willis’s methodology (Scheme 6.11, Table 6.1, entry
1).1 The desired coupling was achieved in 27% isolated yield. However, this methodology
suffered a problem of reproducibility (entry 2 & 3). It was, therefore, decided to evaluate the

reaction parameters to achieve the optimal conversion.

A number of different ligands, including, SPhos and Johnphos were screened (entry 4 to 9).
None improved the yield compared to PCys.

)

N SO2Na
6.50 (2 eq.) = |
Br  Pd(OAc), (5 mol%) <

» N + Br
Ligand (10 mol%) O

K,CO3 (1.5 eq.)
1,4-dioxane [M], 150 °C
(+)-6.40 24 hrs (£)-6.42 (+)-6.40
(1eq)
Scheme 6.11: Optimisation study for synthesis of (z)-4-(2-pyridyl)[2.2]paracyclophane 6.42.

Table 6.1: Optimisation study for the synthesis of 6.42

Entry Ligand [M] Yield
1 PCys [0.1] 27%*
2 PCys [0.1] SM:6.42° = 90:10
3 PCys [0.1] SM:6.42" = 86:14
4 SPhos [0.1] SM
5 Johnphos [0.1] SM
6 P(o-tolyl)s [0.1] SM
7 Dppf [0.2] 10%°
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8 Xanthphos [0.2] 5%°
9 PCys [0.2] 19%°

SM = Starting material recovered

2= |solated yield

b= NMR vyield

¢ = HPLC yield, conditions:- stationary phase : reverse phase C*® column, mobile phase : 5-100%
H>0 : CH3sCN over 20 min., flow rate = 0.3 ml/min., RT for 4-bromo[2.2]paracyclophane 6.40: 24.50
min., Sodium pyridine-2-sulfinate 6.50 : 0.899 min., 4-(2-pyridyl)[2.2]paracyclophane 6.42; 10.103
min., bipyridine: 2.790 min.

Early results suggested that the best combination of reagents was Pd(OAc)2, PCys, and K-CO:s.
As a result, we decided to optimise the ratio of these reagents and the solvents. We increased
the Pd(OAC) loading from 5 mol% to 10 mol% in the hope to improve the catalytic turnover.
We also thought that increasing ligand would minimise the dissociation of the 2-pyridine
sulfinate 6.50. This may reduce the formation of thermodynamically stable chelated Pd(ll)-
sulfinate complex through x?n,0-chelation. The solvent concentration was also changed from
[0.1 M] to [0.2 M]. Gratifyingly, the reaction conversion improved with increasing ratio of
Pd(OAcC)2 to PCyz from 1:1 to 1:4 (Scheme 6.12, Table 6.2).

L

N SOzNa yZ
6.50 (2 eq.) |
Br Pd(OAc), (10 mol%) X

- N
O PCy; (X mol%) O

K,COj3 (1.5 eq.)

Solvent [0.2M]
(+)-6.40 150 °C, 24 hrs (£)-6.42
(1eq.)

Scheme 6.12: Optimisation study with increasing ligand loading and different solvents.

Table 6.2: Effect of altering the catalyst: ligand ratio and solvents

Entry Pd(OAc).: PCys Solvent Yield
1 1:1 1,4-dioxane 16%?*
2 1:2 1,4-dioxane 26%?
3 1:2 DMF 27%"
4 1:4 1,4-dioxane 33%?
5 1:4 DMF 38%?
6 1:4 DMA 100% 2 (63%)°
aHPLC yield

PIsolated yield
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At this stage, we also considered evaluating the solvent, particularly the use of more polar
aprotic solvent in hope to increase the solubility of 2-pyridine sulfinate 6.50. A slightly
increased conversion was detected with DMF solvent, both in Pd(OAc). : PCy3,1:2 and 1:4
(entry 3 & 5, Table 1). To our delight, 100% conversion was observed under HPLC conditions
using DMA. Further purification of this reaction mixture allowed us to isolate the coupled
product 6.42 in 63% (entry 2). At this time, this was the highest yield for (£)-4-(2-
pyridyl)[2.2]paracyclophane 6.42 in our studies and in the literature.

With the optimised reaction conditions in hand, we decided to expand the scope of desulfitative

coupling to both substituted [2.2]paracyclophane derivatives and pyridine sulfinates.

6.3.1.1. Scope of desulfitative coupling with bromo[2.2]paracyclophane

Next, we looked at different sulfinates. Both 2- and 3-pyridine sulfinate 6.50 & 6.51 gave the

desired product in good yields under the optimised reaction conditions (Scheme 6.13).

@

»

N SO,Na 4
6.50 (2 eq.) N |

Pd(OAc), (10 mol%)

Br PCy; (40 mol%) ()-6.42
O T | KCO3(15eq) 63%
DMA [0.2M]
150 °C, 24 hrs = |
(+)-6.40 <N
- SO:Na O
| N 6.51(2
6.51(2eq) (4)-6.52
84%

Scheme 6.13: Desulfitative coupling between (x)-4-bromo[2.2]paracyclophane 6.40 and sodium 2- &
3-pyridine sulfinates 6.50 & 6.51.

The coupling with 4-pyridine sulfinate 6.53 was problematic and proceeded in only 50%
isolated yield. The purification of the crude reaction mixture led to the isolation of the desired
product 6.54, unreacted starting material 6.40, protodebrominated by-product 6.56, and
surprisingly the thioether 6.55.
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N/\\:/>—802Na

(6.53)(2 eq.) = N
O Br  Pd(OAc), (10 mol%) Br
+
PCys (40 mol%)
K,CO3 (1.5 eq.)
0

DMA [0.2M]

(+)-6.40 150 °C, 72 hrs (x)-6.54 (x)-6.55 )-6.4
50% 22%

Scheme 6.14: Desulfitative coupling between monosubstituted (x)-4-bromo[2.2]paracyclophane 6.40
and 4-pyridine sulfinate 6.53.

It is unclear how the thioether formed but a similar product was identified by Vogel et al. during
their study of palladium-catalysed Stille cross-coupling of sulfonyl chlorides and
organostannanes.®® They reasoned that the thioether was formed first by the reduction of the
sulfonyl chloride to the sulfenyl chloride by the phosphine, then a palladium catalysed
coupling. The reduction was confirmed by the synthesis of 1-naphthalenesulfenyl chloride 6.59
from 1-naphthalenesulfonyl chloride 6.57 (Scheme 6.15).”° We assumed that the same process
is occurring here. The 4-pyridine sulfinate 6.53 might be less reactive then the 2- and 3-pyridine
sulfinate 6.50 & 6.51 due to delocalisation of the lone pair electrons on pyridine nitrogen. The

slower coupling allows the phosphine time to reduce the sulfinate.

0. 0
N\a?” S<
©/ 50 °C O /3
6.57 6.58 6.59 6.60

(1eq.) (2.0 eq.) 60%

Scheme 6.15: Vogel’s explanation of thioether formation.

A separate reaction was carried out between (z)-4-bromo[2.2]paracyclophane 6.40 and 4-
pyridine thiol 6.61 under the standard reaction conditions. The thioether was formed in 46%
yield with the rest of the material being unreacted 6.40. (Scheme 6.16). It was later observed
that the competitive thioether formation could be suppressed by increasing the concentration
of catalyst/ligand. Presumably, this increases the rate of the desired reaction so that reduction
cannot compete. Based on our hypothesis, when we carried out the reaction with 4-pyridine
sulfinate 6.53 as the reaction conditions shown in the scheme 6.17, the desired conversion was
achieved in 100% isolated yield of 6.54.
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6 61 (2eq.)
Pd(OAc), (10 mol%) Br
PCy3 (40 mol%) \@ O
KoCO3 (1.5 €eq.)

DMA [0.2M]
+)-6.40 150 °C, 52 hrs )-6.62 (+)-6.40
46% 49%

Scheme 6.16: Coupling between (£)-4-bromo[2.2]paracyclophane 6.40 and 4-pyridine thiol 6.61.

D*SOZNa

6.53(2 eq.) Z >N
Pd(OAc), (20 mol%) |

Br A
O PCys3 (80 mol%) O

K,COs (3 eq.)
DMA [0.2M]

(i)—6.40 150 °C, < 12 hrs (i’)-6.54
100%

Scheme 6.17: Desulfitative coupling between monosubstituted (x)-4-bromo[2.2]paracyclophane 6.40
and 4-pyridine sulfinate 6.53 with double concentration of catalyst/ligand.

6.3.1.2. Scope of bis-desulfitative coupling with dibromo[2.2]paracyclophane

After successful results with mono desulfitative coupling, the scope of the reaction was further

broadened to dibromo[2.2]paracyclophanes.

We first decided to perform a bis-coupling with the pseudo-ortho-dibromo substrate 6.63. It
was crucial that the number of equivalents of palladium and ligands were doubled. The results
were not promising. The 2- and 3-pyridine sulfinates 6.50 & 6.51 gave a low yield of bis-
coupled product while the 4-pyridine sulfinate 6.53 did not react at all. (Scheme 6.18). For the
reaction of 3-pyridine sulfinate 6.51, the thioether by-product 6.66 was the predominant
product. This result suggests that the rate of oxidative addition is slower in this dibromo

derivative than in the monobromo compound.
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N SOzNa
6.50 (4 eq.)
22 hrs
AN
N SO,Na | N
| N/ 7z I =
Br N .
6.51 (4 eq.) S
+
O 21 hrs O O
Br X A
| »
(+)-6.63 SO,Na N N
(+)-6.65 13% (£)-6.66 22%
Reaction Conditions A
Pd(OAC), (20 mol%) -
PCy; (80 mol%) N
K2CO3 (3 eq) 6.53 (4 eq) _
DMA [0.2M] 32 hrs
150 °C
t hrs

n.d. = Not detected

Scheme 6.18: Bis-desulfitative coupling with pseudo-ortho-dibromo[2.2]paracyclophane 6.63.

Unsurprisingly, the pseudo-para-dibromo derivative is generally a good substrate in the bis-
coupling. In terms of the steric environment, it is identical to the 4-bromo substrate 6.40.
Electronically, it is potentially activated. The desired products isolated in good yield for the 2-
and 4-pyridine sulfinate 6.50 & 6.53. However, 3-pyridine sulfinate 6.51 only produced the
thioether by-product 6.72 in 19% yield (Scheme 6.19). During 2-pyridine bis-coupling the

minor thioether by-product 6.70 was also observed.
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N SO,Na + \N
6.50 (4 eq.) Br O
18 hrs
(£)-6.71

12%

(TSOZNa
»

N
Br 6.51 (4 eq.)
Br O 24 hrs

(£)-6.72
(+)-6.68 SO,Na 16%

Reaction Conditions X

Pd(OAc), (20 mol%) | ||

PCys (80 mol%) N >N
K,CO3 (3 eq.) 6.53 (4 eq.) S |
DMA [0.2M] 20 hrs N O
150 °C Nl P
thrs

(+)-6.73

66%

Scheme 6.19: Bis-desulfitative coupling with pseudo-para-dibromo[2.2]paracyclophane 6.68.
6.3.1.3. Scope of mono-desulfitative coupling with dibromo[2.2]paracyclophane

We wondered if we could selectively add a single pyridine to a dibromo derivative as this
would leave a bromide group suitable for further functionalisation. If we succeed in the desired
transformation, it will open a new route to synthesise bulky N-heteroarene-[2.2]paracyclophane
derivatives that could be of great potential in catalysis.

Under the optimised conditions, the individual reaction was carried out between pseudo-ortho-
dibromo[2.2]paracyclophane and 2-, 3-, and 4-pyridine sulfinates 6.50, 6.51, & 6.53. These
reactions were maintained by taking all reagents equivalent to mono-coupling. All three
reactions were carefully monitored for consumption of the starting material, in an effort to
avoid bis-coupling. The desired products were isolated albeit in moderate yield (34% to 45%)

and bis-coupling was not observed in any case (Scheme 6.20).
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N SOzNa Br
6.50 (2 eq.) N
26 hrs O
| X
N~
(+)-6.74
- SO02Na 34%
L.
Br N .Br
6.51 (2 eq.)
O 23 hrs O
Br X
| -
(+)-6.63 SO,Na (£)-6.75
N 45%
Reaction Conditions | _
Pd(OAc), (10 mol%) N Br
PCy; (40 mol%) 6.53 (2 eq.) ’
KoCO3 (1.5 eq.) 2 hre O
DMA [0.2M] | A
152 °C _N
thrs (£)-6.76
36%

Scheme 6.20: Mono-desulfitative coupling of pseudo-ortho-dibromo[2.2]paracyclophane 6.63.

Similarly, reactions were also performed with pseudo-para-dibromo[2.2]paracyclophane 6.68
under the same conditions. In each case, the reaction conversion was slightly higher compared
to the corresponding pseudo-ortho derivative presumably due to less steric hindrance.
However, this time the unusual by-products, the monothioether product and bis-coupling
product were isolated as shown in the Scheme 6.21. It is worth mentioning that all reactions
were repeated three times and no consistency was found in the formation of by-products. It is

still not clear which factors are attributed to such inconsistency.
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N~ SO,Na

6.50 (2 eq.)
22 hrs | R
_N
(+)-6.69
o/sozNa 14%
L
N
Br 6.51 (2 eq.) Br
Br O 21 hrs X O
P
N
y (+)-6.78
(+)-6.68 SO,Na 48%
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Reaction Conditions | _
Pd(OAc), (10 mol%) N
PCys (40 mol%) 6.53 (2 eq.) Br Br
K2CO;3 (1.5 eq.) 19 hrs A O S O
DMA [0.2M] o
=
150 °C = |
thrs (£)-6.79 \N (+)-6.80
30% 20%

Scheme 6.21: Mono-desulfitative coupling with pseudo-para-dibromo[2.2]paracyclophane 6.68.

This inconsistency in desulfitative coupling with dibromo[2.2]paracyclophane suggests that a
detailed mechanistic investigation is required. More understanding will allow us to reduce the

by-product formation and subsequently to achieve better yields.

The scope of the methodology was extended to evaluate the functional group tolerance at
different positions on the [2.2]paracyclophane. The challenging pseudo-gem position was

selected first for the study to assess the influence of steric hindrance on desulfitative coupling.

6.3.1.4. Scope of pseudo-gem-[2.2]paracyclophane for desulfitative coupling

First, we decided to check the compatibility of electron-withdrawing functionalities such as an
ester and a nitro group. The synthesis of precursor, methyl (z)-4-bromo[2.2]paracyclophane-
13-caboxylate 6.81 was achieved in four steps from [2.2]paracyclophane 6.56 following the
literature.”* Unfortunately, the coupling of 6.81 with 2-pyridine sulfinate 6.50 did not proceed
under our standard reaction conditions. We then chose a non-nucleophilic solvent 1,4-dioxane
as per Willis’s reaction conditions.® The coupling product using 2-pyridine sulfinate 6.50 was
isolated in 37% vyield at the concentration [0.2 M] of 1,4-dioxane. We observed that the yield

could be increased to 62% by reducing the reaction concentration to [0.1 M], probably due to

217



the more solubility of reagents. The coupling of 3-pyridine sulfinate 6.51 was, however, not
promising as the reaction gave the coupled product 6.83 only in 20% vyield with the

protodebromination by-product 6.84 in 22%.

@\

»

N SO,Na
6.50 (2 eq.)

(£)-6.82
OMe DMA [0.2 M] 0%
1,4-dioxane [0.2 M] 37%

l Br — 1,4-dioxane [0.1 M] 63%

OMe OMe

(£)-6.81 ko A A

Reaction Conditions .

SN+
Pd(OAc), (10 mol%) - S02Na O O
PCys (40 mol%) |

—
K,CO5 (1.5 eq.) 6';1
Solvent [M )
(M) (2eq.) 1 4-dioxane [0.1 M] (%)-6.8320% (£)-6.8422%

150 °C, 36 hrs

Scheme 6.22: Desulfitative coupling with methyl (z)-4-bromo[2.2]paracyclophane-13-caboxylate
6.81.

We also checked the desulfitative coupling with the pseudo-gem nitro functionality (Scheme
6.23). The precursor, (£)-4-bromo-13-nitro[2.2]paracyclophane 6.85 was synthesised by
following Rowlands’s report.”? The precursor was found to be less reactive towards
desulfitative coupling, furnishing the main starting material back 6.85 with minor
protodebrominated by-product 6.90.

We reduced the nitro group and investigated the reaction of (%)-4-bromo-13-
amino[2.2]paracyclophane 6.86. However, this bromide 6.86 was largely unreactive. Traces of
the desulfitative coupling were observed with both 2- and 3-pyridine sulfinate 6.50 & 6.51 but
mostly unreacted starting material was returned. Protecting the primary amino group as an

acetamide did not help to improve the coupling reaction.
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Scheme 6.23: Desulfitative coupling with (x)-4-bromo-13-nitro/amino/N-acetyl
amino[2.2]paracyclophane 6.85/6.86/6.87.

6.3.1.5. Scope of pseudo-ortho-[2.2]paracyclophane for desulfitative coupling

Next, we checked pseudo-ortho-[2.2]paracyclophane derivatives. The synthesis of pseudo-

ortho-substituted derivatives requires multistep sequences and can be low-yielding. The routes

to ethyl (£)-4-bromo-[2.2]paracyclophane-12-carboxylate 6.100 and (%)-4-bromo-12-amino-

[2.2]paracyclophane 6.105 are given in Scheme 6.24. Ester 6.100 was synthesised from (%)-

4,12-dibromo[2.2]paracyclophane 6.63 by a lithium-halogen exchange followed by

nucleophilic attack of the resulting organolithium intermediate on ethyl chloroformate. After

hydrolysis, the resulting product 6.101 was first converted to an acyl chloride 6.102 and later

to an acyl azide 6.103, which subsequently underwent a Curtius rearrangement to furnish the

desired amine 6.105 in a moderate yield.
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Scheme 6.24: Synthesis of ethyl (£)-4-bromo-[2.2]paracyclophane-12-carboxylate 6.100 and 4-
bromo-12-amino-[2.2]paracyclophane 6.105.

First, we investigated the reactions of ethyl (+)-4-bromo-[2.2]paracyclophane-12-carboxylate
6.100 with 2- and 3-pyridine sulfinates 6.50 & 6.51 under the optimised reaction conditions
found for the pesudo-gem isomer (Scheme 6.25). However, this time, the results were not
promising. The 2-pyridine sulfinate 6.50 failed to couple whereas only a trace of desulfitative
coupling was observed with 3-pyridine sulfinate 6.51.

L
| _
N |

SO,Na

6.50 (2 eq.) SN
l CO,Et
B
r (+)-6.106
O — n.d.
CO,Et
(+)-6.100
Reaction Conditions
Pd(OAc), (10 mol%) SO,Na
PCys (40 mol%) (j/ CO,Et CO,Et
K2003 (1 5 eq)
1,4-dioxane [0.1M] 6. 51 16107 )-6.108
150 °C, 36 hrs (2eq.) <5/o major

n.d. = not detected

Scheme 6.25: Desulfitative coupling with ethyl (+)-4-bromo-[2.2]paracyclophane-12-carboxylate
6.100.
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The desulfitative coupling of 2-pyridine sulfinate 6.50 and (%)-4-bromo-12-amino-
[2.2]paracyclophane 6.105 gave the desulfitative product 6.109 in 61% vyield along with the
36% of protodebrominated amine 6.110. Based on our previous assumption about the pseudo-
gem substrate, it is evident that steric hindrance has a crucial role in deciding the course of the

(L
»
N~ > sO,Na

NH, 6.50 (2 eq.) NH; NH;
O Pd(OAC), (10 mol%) O O

> +
Br  PCys (40 mol%) NS
K,COs (1.5 eq.) |

DMA [0.2M]
150 °C, 22hrs

reaction.

=
(+)-6.109 (+)-6.110
61% 36%

(+)-6.105

Scheme 6.26: Desulfitative coupling with ()-4-bromo-12-amino-[2.2]paracyclophane 6.105.

6.3.1.6. Scope of ortho-[2.2]paracyclophane for desulfitative coupling

After evaluating the versatility of pyridine sulfinates to pseudo-gem and pseudo-ortho
positions, we looked at the ortho-substituted-bromo[2.2]paracyclophane derivatives. Ortho-
substituted [2.2]paracyclophane derivatives are highly desirable but their synthesis is taxing as

one cannot apply many standard aromatic transformations.

The synthesis of (£)-4-bromo-5-formyl[2.2]paracyclophane 6.111 was achieved by Brise’s
methodology,’® where Pd(l1)-catalysed ortho-bromination was performed on oxime derivative
of (x)-4-formyl[2.2]paracyclophane. Disappointingly, the protodebromination was the major
product of the attempted coupling. Unexpectedly, only 4-pyridine sulfinate 6.53 gave the
coupled product 6.115 (60% yield, Scheme 6.27). This is unusual as the 4-pyridyl derivative
6.53 more frequently gave the thioether product. Increased steric congestion and the electron-
withdrawing effect resulting from the formyl substituent could be the possible reasons for the
low reactivity of 2- & 3-pyridine sulfinates 6.51 & 6.52.
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Scheme 6.27: Desulfitative coupling with (z)-4-bromo-5-formyl-[2.2]paracyclophane 6.111.

Next, we considered performing coupling with (%)-4-bromo-5-amino[2.2]paracyclophane
6.116. The desired precursor was obtained by treating 4-bromo-5-formyl[2.2]paracyclophane
6.111 with Kosser’s reagent followed by Lossen-type rearrangement.’* Desulfitative coupling
of 6.116 with 2- & 3-pyridine sulfinates 6.50 & 6.51 was accomplished in a moderate yield
with the remainder of the reaction mixture containing unreacted starting material (Scheme
6.28). We assumed that steric bulk arising from proximal ortho groups might have impeded
further reaction. These results were exciting that the precursor 6.116 reacted at all as we have

found this material to be surprisingly unreactive in other reactions.
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Scheme 6.28: Desulfitative coupling with (z)-4-bromo-5-amino[2.2]paracyclophane 6.116.

6.4. Conclusions

Over all, the goal of this project was to overcome the shortcomings in the synthesis of
pyridyl[2.2]paracyclophanes. We have shown that pyridyl sulfinates can be employed as
nucleophilic coupling partners successfully in desulfitative cross-coupling with the
bromo[2.2]paracyclophane derivatives. Under the optimised reaction conditions, bromo- and
dibromo[2.2]paracyclophane derivatives allow access to pyridines that can be problematic to
synthesise via other routes. For example, the reported maximum isolated yield of 2-
pyridyl[2.2]paracyclophane 6.42 is 42%, while the same compound can be synthesised in a
relatively higher yield of 62% with our optimised method. In some cases, thioether by-products
were observed, suggesting an in-depth study is required to improve the desired coupling
reactions. A wide range of pyridyl[2.2]paracyclophane derivatives with diverse functionalities
were also synthesised. One of the intriguing results was the desulfitaive coupling with the
stubborn scaffold (%)-4-bromo-5-amino[2.2]paracyclophane 6.116, which, so far, has not
reacted in any other reaction. Should these derivatives be synthesised in enantiomerically pure

form, they should show great potential in asymmetric catalysis.

The initial results of desulfitative couplings are promising. Nevertheless, some challenges still

remain. We suggest that studies in this direction will create a new avenue to synthesise various
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heteroarene[2.2]paracyclophanes. Further, there will be a great opportunity to create a modular

family of planar chiral ligands based on heteroarene[2.2]paracyclophane framework.

6.5. References

)
)
©)
(4)
(%)
(6)

(")
(8)

(9)

(10)
(11)

(12)

(13)

(14)

(15)
(16)

17)

(18)

(19)

Hall, D., Ed. Boronic Acids: Preparation and Applications in Organic Synthesis, Medicine and
Materials; 2" ed.; Wiley VCH: Weinheim: Germany, 2011, 1.

Tyrrell, E.; Brookes, P. The Synthesis and Applications of Heterocyclic Boronic Acids.
Synthesis 2003, 2003, 0469.

Miyaura, N.; Suzuki, A. Palladium-Catalyzed Cross-Coupling Reactions of Organoboron
Compounds. Chem. Rev. 1995, 95, 2457.

Lennox, A. J. J.; Lloyd-Jones, G. C. Selection of Boron Reagents for Suzuki—Miyaura
Coupling. Chem. Soc. Rev. 2014, 43, 412.

Chan, D. M. T.; Monaco, K. L.; Wang, R.-P.; Winters, M. P. New N- and O-arylations with
phenylboronic acids and cupric acetate. Tetrahedron Lett. 1998, 39, 2933.

Lam, P. Y. S.; Clark, C. G.; Saubern, S.; Adams, J.; Winters, M. P.; Chan, D. M. T.; Combs,
A. New aryl/heteroaryl C-N bond cross-coupling reactions via arylboronic acid/cupric acetate
arylation. Tetrahedron Lett. 1998, 39, 2941.

Liebeskind, L. S.; Srogl, J. Thiol Ester-Boronic Acid Coupling. A Mechanistically
Unprecedented and General Ketone Synthesis. J. Am. Chem. Soc. 2000, 122, 11260.

Cho, C. S.; Uemura, S. Palladium-catalyzed cross-coupling of aryl and alkenyl boronic acids
with alkenes via oxidative addition of a carbon-boron bond to palladium(0). J. Organomet.
Chem. 1994, 465, 85.

Seiple, I. B.; Su, S.; Rodriguez, R. A.; Gianatassio, R.; Fujiwara, Y.; Sobel, A. L.; Baran, P. S.
Direct C—H Arylation of Electron-Deficient Heterocycles with Arylboronic Acids. J. Am.
Chem. Soc. 2010, 132, 13194.

Dimitrijevi¢, E.; Taylor, M. S. Organoboron Acids and Their Derivatives as Catalysts for
Organic Synthesis. ACS Catal. 2013, 3, 945.

Ishihara, K.; Ohara, S.; Yamamoto, H. Direct Polycondensation of Carboxylic Acids and
Amines Catalyzed by 3,4,5-Trifluorophenylboronic Acid. Macromolecules 2000, 33, 3511.
lhara, H.; Suginome, M. Easily Attachable and Detachable ortho-Directing Agent for
Arylboronic Acids in Ruthenium-Catalyzed Aromatic C-H Silylation. J. Am. Chem. Soc. 2009,
131, 7502.

Vancoillie, G.; Hoogenboom, R. Synthesis and polymerization of boronic acid containing
monomers. Polymer Chemistry 2016, 7, 5484,

Wang, J.; Sdnchez-Rosello, M.; Acefia, J. L.; del Pozo, C.; Sorochinsky, A. E.; Fustero, S.;
Soloshonok, V. A.; Liu, H. Fluorine in Pharmaceutical Industry: Fluorine-Containing Drugs
Introduced to the Market in the Last Decade (2001-2011). Chem. Rev. 2014, 114, 2432.
Lennox, A. J. J.; Lloyd-Jones, G. C. The Slow-Release Strategy in Suzuki—Miyaura Coupling.
Isr. J. Chem. 2010, 50, 664.

Campeau, L.-C.; Fagnou, K. Applications of and alternatives to m-electron-deficient azine
organometallics in metal catalyzed cross-coupling reactions. Chem. Soc. Rev. 2007, 36, 1058.
Billingsley, K.; Buchwald, S. L. Highly Efficient Monophosphine-Based Catalyst for the
Palladium-Catalyzed Suzuki—Miyaura Reaction of Heteroaryl Halides and Heteroaryl Boronic
Acids and Esters. J. Am. Chem. Soc. 2007, 129, 3358.

Markovic, T.; Rocke, B. N.; Blakemore, D. C.; Mascitti, V.; Willis, M. C. Catalyst Selection
Facilitates the Use of Heterocyclic Sulfinates as General Nucleophilic Coupling Partners in
Palladium-Catalyzed Coupling Reactions. Org. Lett. 2017, 19, 6033.

Markovic, T.; Rocke, B. N.; Blakemore, D. C.; Mascitti, V.; Willis, M. C. Pyridine sulfinates
as general nucleophilic coupling partners in palladium-catalyzed cross-coupling reactions with
aryl halides. Chem. Sci. 2017, 8, 4437.

224



(20)

(21)

(22)

(23)

(24)

(25)

(26)

(27)

(28)

(29)

(30)

(31)

(32)

(33)

(34)

(35)
(36)

(37)

Aida, W.; Ohtsuki, T.; Li, X.; Ishibashi, M. Isolation of new carbamate- or pyridine-containing
natural products, fuzanins A, B, C, and D from Kitasatospora sp. IFM10917. Tetrahedron 2009,
65, 369.

Nicolaou, K. C.; Scarpelli, R.; Bollbuck, B.; Werschkun, B.; Pereira, M. M. A.; Wartmann, M.;
Altmann, K. H.; Zaharevitz, D.; Gussio, R.; Giannakakou, P. Chemical synthesis and biological
properties of pyridine epothilones Chem. Biol. 2000, 7, 593.

Richardson, C. M.; Gillespie, R. J.; Williamson, D. S.; Jordan, A. M.; Fink, A.; Knight, A. R.;
Sellwood, D. M.; Misra, A. Identification of Non-Furan Containing A2A Antagonists Using
Database Mining and Molecular Similarity Approaches. Bioorg. Med. Chem. Lett. 2006, 16,
5993.

Gellibert, F.; de Gouville, A.-C.; Woolven, J.; Mathews, N.; Nguyen, V.-L.; Bertho-Ruault, C.;
Patikis, A.; Grygielko, E. T.; Laping, N. J.; Huet, S. Discovery of 4-{4-[3-(Pyridin-2-yl)-1H-
pyrazol-4-yl]pyridin-2-ylI}-N-(tetrahydro-2H- pyran-4-yl)benzamide (GW788388): A Potent,
Selective, and Orally Active Transforming Growth Factor-p Type I Receptor Inhibitor. J. Med.
Chem. 2006, 49, 2210.

Anderson, D. R.; Meyers, M. J.; Vernier, W. F.; Mahoney, M. W.; Kurumbail, R. G.; Caspers,
N.; Poda, G. I.; Schindler, J. F.; Reitz, D. B.; Mourey, R. J. Pyrrolopyridine Inhibitors of
Mitogen-Activated Protein Kinase-Activated Protein Kinase 2 (MK-2). J. Med. Chem. 2007,
50, 2647.

Hwang, G. T.; Hari, Y.; Romesberg, F. E. The effects of unnatural base pairs and mispairs on
DNA duplex stability and solvation. Nucleic Acids Res. 2009, 37, 4757.

Gutierrez, A. J.; Terhorst, T. J.; Matteucci, M. D.; Froehler, B. C. 5-Heteroaryl-2'-deoxyuridine
Analogs. Synthesis and Incorporation into High-Affinity Oligonucleotides. J. Am. Chem. Soc.
1994, 116, 5540.

Chi, C.-C.; Chiang, C.-L.; Liu, S.-W.; Yueh, H.; Chen, C.-T.; Chen, C.-T. Achieving high-
efficiency non-doped blue organic light-emitting diodes: charge-balance control of bipolar blue
fluorescent materials with reduced hole-mobility. J. Mater. Chem. 2009, 19, 5561.
Yamaguchi, Y.; Kobayashi, S.; Miyamura, S.; Okamoto, Y.; Wakamiya, T.; Matsubara, Y.;
Yoshida, Z.-i. Synthesis and Light-Emitting Characteristics of Doughnut-Shaped n-Electron
Systems. Angew. Chem. Int. Ed. 2004, 43, 366.

Schubert, U. S.; Eschbaumer, C. New Synthetic Strategy toward Pyridine-Based Ligands for
Supramolecular Chemistry Utilizing 2,6-Bis(trimethyltin)pyridine as the Central Building
Block. Org. Lett. 1999, 1, 1027.

Havas, F.; Leygue, N.; Danel, M.; Mestre, B.; Galaup, C.; Picard, C. 6,6’-Dimethyl-2,2'-
bipyridine-4-ester: A pivotal synthon for building tethered bipyridine ligands. Tetrahedron
2009, 65, 7673.

Littke, A. F.; Schwarz, L.; Fu, G. C. Pd/P(t-Bu)s: A Mild and General Catalyst for Stille
Reactions of Aryl Chlorides and Aryl Bromides. J. Am. Chem. Soc. 2002, 124, 6343.
Denmark, S. E.; Smith, R. C.; Chang, W.-T. T.; Muhuhi, J. M. Cross-Coupling Reactions of
Aromatic and Heteroaromatic Silanolates with Aromatic and Heteroaromatic Halides. J. Am.
Chem. Soc. 2009, 131, 3104.

Li, W.; Nelson, D. P.; Jensen, M. S.; Hoerrner, R. S.; Cai, D.; Larsen, R. D.; Reider, P. J. An
Improved Protocol for the Preparation of 3-Pyridyl- and Some Arylboronic Acids. J. Org.
Chem. 2002, 67, 5394.

Mitchell, M. B.; Wallbank, P. J. Coupling of heteroaryl chlorides with arylboronic acids in the
presence of [1,4-bis-(diphenylphosphine)butane]palladium(ll) dichloride. Tetrahedron Lett.
1991, 32, 2273.

Molander, G. A.; Biolatto, B. Palladium-Catalyzed Suzuki—Miyaura Cross-Coupling Reactions
of Potassium Aryl- and Heteroaryltrifluoroborates. J. Org. Chem. 2003, 68, 4302.

Stefani, H. A.; Cella, R.; Vieira, A. S. Recent advances in organotrifluoroborates chemistry.
Tetrahedron 2007, 63, 3623.

Cox, P. A.; Leach, A. G.; Campbell, A. D.; Lloyd-Jones, G. C. Protodeboronation of
Heteroaromatic, Vinyl, and Cyclopropyl Boronic Acids: pH—Rate Profiles, Autocatalysis, and
Disproportionation. J. Am. Chem. Soc. 2016, 138, 9145.

225



(38)

(39)

(40)

(41)

(42)

(43)
(44)
(45)
(46)
(47)

(48)

(49)

(50)

(51)

(52)

(53)
(54)

(55)

(56)

(57)

(58)

Kuivila, H. G.; Reuwer Jr, J. F.; Mangravite, J. A. Electrophilic Displacement Reactions: XV.
Kinetics and Mechanism of the Base-Catalyzed Protodeboronation of Areneboronic Acids.
Can. J. Chem. 1963, 41, 3081.

Deng, J. Z.; Paone, D. V.; Ginnetti, A. T.; Kurihara, H.; Dreher, S. D.; Weissman, S. A;
Stauffer, S. R.; Burgey, C. S. Copper-Facilitated Suzuki Reactions: Application to 2-
Heterocyclic Boronates. Org. Lett. 2009, 11, 345.

Chen, J.; Cammers-Goodwin, A. 2-(Fluorophenyl)pyridines by the Suzuki—Miyaura method:
Ag.0 accelerates coupling over undesired ipso substitution (SyAr) of fluorine. Tetrahedron
Lett. 2003, 44, 1503.

Chen, K.; Peterson, R.; Math, S. K.; LaMunyon, J. B.; Testa, C. A.; Cefalo, D. R. Lithium
trihydroxy/triisopropoxy-2-pyridylborate salts (LTBS): synthesis, isolation, and use in
modified Suzuki—Miyaura cross-coupling reactions. Tetrahedron Lett. 2012, 53, 4873.

Kinzel, T.; Zhang, Y.; Buchwald, S. L. A New Palladium Precatalyst Allows for the Fast
Suzuki—Miyaura Coupling Reactions of Unstable Polyfluorophenyl and 2-Heteroaryl Boronic
Acids. J. Am. Chem. Soc. 2010, 132, 14073.

Wolf, C.; Lerebours, R. Efficient Stille Cross-Coupling Reaction Using Aryl Chlorides or
Bromides in Water. J. Org. Chem. 2003, 68, 7551.

Robbins, D. W.; Hartwig, J. F. A C—H Borylation Approach to Suzuki-Miyaura Coupling of
Typically Unstable 2—Heteroaryl and Polyfluorophenyl Boronates. Org. Lett. 2012, 14, 4266.
Dick, G. R.; Woerly, E. M.; Burke, M. D. A General Solution for the 2-Pyridyl Problem. Angew.
Chem. Int. Ed. 2012, 51, 2667.

Billingsley, K. L.; Buchwald, S. L. A General and Efficient Method for the Suzuki—Miyaura
Coupling of 2-Pyridyl Nucleophiles. Angew. Chem. Int. Ed. 2008, 120, 4773.

Hodgson, P. B.; Salingue, F. H. The preparation of a stable 2-pyridylboronate and its reactivity
in the Suzuki—Miyaura cross-coupling reaction. Tetrahedron Lett. 2004, 45, 685.

Busch, M.; Cayir, M.; Nieger, M.; Thiel, W. R.; Brase, S. Roadmap towards N-Heterocyclic
[2.2]Paracyclophanes and Their Application in Asymmetric Catalysis. Eur. J. Org. Chem.
2013, 6108.

Hassan, Z.; Spuling, E.; Knoll, D. M.; Lahann, J.; Brése, S. Planar chiral [2.2]paracyclophanes:
from synthetic curiosity to applications in asymmetric synthesis and materials. Chem. Soc. Rev.
2018, 47, 6947.

Ruan, J.; Shearer, L.; Mo, J.; Bacsa, J.; Zanotti-Gerosa, A.; Hancock, F.; Wu, X.; Xiao, J.
[2.2]Paracyclophane-based monophosphine ligand for palladium-catalyzed cross-coupling
reactions of aryl chlorides. Org. Biomol. Chem. 2009, 7, 3236.

Roche, A. J.; Canturk, B. An exploration of Suzuki aryl cross coupling chemistry involving
[2.2]paracyclophane derivatives. Org. Biomol. Chem. 2005, 3, 515.

Rozenberg, V. I.; Antonov, D. Y.; Zhuravsky, R. P.; Vorontsov, E. V.; Starikova, Z. A. A novel
class of bidentate ligands with a conformationally flexible biphenyl unit built into a planar
chiral [2.2]paracyclophane backbone. Tetrahedron Lett. 2003, 44, 3801.

Fu, G. C. Asymmetric Catalysis with “Planar-Chiral” Derivatives of 4-
(Dimethylamino)pyridine. Acc. Chem. Res. 2004, 37, 542.

Fu, G. C. Enantioselective Nucleophilic Catalysis with “Planar-Chiral” Heterocycles. Acc.
Chem. Res. 2000, 33, 412.

Di Salvo, F.; Teixidor, F.; Vifas, C.; Planas, J. G.; Light, M. E.; Hursthouse, M. B.; Aliaga-
Alcalde, N. Metallosupramolecular Chemistry of Novel Chiral closo-o-Carboranylalcohol
Pyridine and Quinoline Ligands: Syntheses, Characterization, and Properties of Cobalt
Complexes. Cryst. Growth Des. 2012, 12, 5720.

He, W.; Pan, G.; Yang, Z.; Zhao, D.; Niu, G.; Huang, W.; Yuan, X.; Guo, J.; Cao, H.; Yang,
H. Wide Blue Phase Range in a Hydrogen-Bonded Self-Assembled Complex of Chiral Fluoro-
Substituted Benzoic Acid and Pyridine Derivative. Adv. Mater. 2009, 21, 2050.

Rowlands, G. J. Planar Chiral Phosphines Derived from [2.2]Paracyclophane. Isr. J. Chem.
2012, 52, 60.

Seitzberg, J. G.; Dissing, C.; Sgtofte, I.; Norrby, P.-O.; Johannsen, M. Design and Synthesis of
a New Type of Ferrocene-Based Planar Chiral DMAP Analogues. A New Catalyst System for
Asymmetric Nucleophilic Catalysis. J. Org. Chem. 2005, 70, 8332.

226



(59)

(60)

(61)

(62)

(63)
(64)

(65)

(66)
(67)

(68)

(69)
(70)

(71)

(72)

(73)

Ogasawara, M.; Wada, S.; Isshiki, E.; Kamimura, T.; Yanagisawa, A.; Takahashi, T.; Yoshida,
K. Enantioselective Synthesis of Planar-Chiral Ferrocene-Fused 4-Pyridones and Their
Application in Construction of Pyridine-Based Organocatalyst Library. Org. Lett. 2015, 17,
2286.

Yoshida, K.; Yasue, R. Planar-Chiral Ferrocene-Based N-Heterocyclic Carbene Ligands.
Chem. Eur. J. 2018, 24, 18575.

Braun, C.; Spuling, E.; Heine, N. B.; Cakici, M.; Nieger, M.; Brése, S. Efficient Modular
Synthesis of Isomeric Mono- and Bispyridyl[2.2]paracyclophanes by Palladium-Catalyzed
Cross- Coupling Reactions. Adv. Synth. Catal. 2016, 358, 1664.

Braun, C.; Nieger, M.; Brase, S. Unprecedented One-Pot Reaction towards Chiral, Non-
Racemic Copper(l) Complexes of [2.2]Paracyclophane-Based P,N-Ligands. Chem. Eur. J.
2017, 23, 16452.

Braun, C.; Nieger, M.; Thiel, W. R.; Brase, S. [2.2]Paracyclophanes with N-Heterocycles as
Ligands for Mono- and Dinuclear Ruthenium(ll) Complexes. Chem. Eur. J. 2017, 23, 15474.
Knoll, D. M.; Brase, S. Suzuki Cross-Coupling of [2.2]Paracyclophane Trifluoroborates with
Pyridyl and Pyrimidyl Building Blocks. ACS Omega 2018, 3, 12158.

Knoll, D. M.; Simek, H.; Hassan, Z.; Brise, S. Preparation and Synthetic Applications of
[2.2]Paracyclophane Trifluoroborates: An Efficient and Convenient Route to Nucleophilic
[2.2]Paracyclophane Cross-Coupling Building Blocks. Eur. J. Org. Chem. 2019, 2019, 6198.
Fulton, J. R.; Glover, J. E.; Kamara, L.; Rowlands, G. J. Facile synthesis of planar chiral N-
oxides and their use in Lewis base catalysis. Chem. Commun. 2011, 47, 433.

Hopf, H.; Aly, Ashraf A.; Swaminathan, Vijay N.; Ernst, L.; Dix, I.; Jones, Peter G. A Simple
Route to a Pyridinyl[2.2]paracyclophane. Eur. J. Org. Chem. 2005, 68.

Campeau, L.-C.; Rousseaux, S.; Fagnou, K. A Solution to the 2-Pyridyl Organometallic Cross-
Coupling Problem: Regioselective Catalytic Direct Arylation of Pyridine N-Oxides. J. Am.
Chem. Soc. 2005, 127, 18020.

Dubbaka, S. R.; Vogel, P. Palladium-Catalyzed Suzuki—Miyaura Cross-Couplings of Sulfonyl
Chlorides and Boronic Acids. Org. Lett. 2004, 6, 95.

Dubbaka, S. R.; Vogel, P. Palladium-Catalyzed Stille Cross-Couplings of Sulfonyl Chlorides
and Organostannanes. J. Am. Chem. Soc. 2003, 125, 15292.

Jayasundera, K. P.; Kusmus, D. N. M.; Deuilhé, L.; Etheridge, L.; Farrow, Z.; Lun, D. J.; Kaur,
G.; Rowlands, G. J. The synthesis of substituted amino[2.2]paracyclophanes. Org. Biomol.
Chem. 2016, 14, 10848.

Jayasundera, K. P.; Engels, T. G. W.; Lun, D. J.; Mungalpara, M. N.; Plieger, P. G.; Rowlands,
G. J. The synthesis of planar chiral pseudo-gem aminophosphine pre-ligands based on
[2.2]paracyclophane. Org. Biomol. Chem. 2017, 15, 8975.

Kramer, J. J. P.; Yildiz, C.; Nieger, M.; Brése, S. Direct Access to 4,5-Disubstituted
[2.2]Paracyclophanes by Selective ortho-Halogenation with Pd-Catalyzed C-H Activation. Eur.
J. Org. Chem. 2014, 1287.

227



Chapter 7
Future Perspective

228



7.0. Future perspective

7.1. Hydrazone and hydrazide-based directing groups for the remote C-H
functionalisation of cyclic amines

We have screened various directing groups in order to investigate the -C(sp®)-H arylation of
7-(benzo)azabicyclo[2.2.1]heptane (Chapter 3). Based on this study, we surmise that the
thermodynamically favoured fused 5,5-metallacycle may facilitate the desired C-H
functionalisation (Scheme 7.1). We also proposed hydrazone and hydrazide-based directing

groups.! The next strategy would be to study S-C(sp®)-H arylation on the piperidine system 7.3.
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Scheme 7.1: Hydrazone and hydrazide-based directing groups for the remote C-H functionalisation of
cyclic and bicyclic amines.

Once we have obtained ‘proof-of-concept’, this chemistry can be elaborated to investigate
different heterocyclic derivatives. The ultimate goal will be to develop an asymmetric variant
of this methodology. A number of directing groups can accommodate a stereogenic element,
permitting diastereoselective functionalisation and the creation of a chiral auxiliary. Another
approach could be to employ an enantioselective catalyst for an asymmetric C-H

functionalisation.
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7.2. Planar chiral dicarboxylic acids in Asymmetric catalysis

In Chapter 3, we have shown that planar chiral [2.2]paracyclophane carboxylic acid derivatives
can catalyse the y-C(sp®)-H functionalisation of the N-cyclohexylpicolinamide 7.11. We did
not have access to the enantiomerically enriched versions, however, once we obtain
enantiopure planar chiral acids via the oxazoline coupling protocol (Chapter 4), it would be
intriguing to investigate their potential in enantioselective C-H activation (Scheme 7.2).
Further, taking inspiration from the success of chiral phosphoric acids in asymmetric

catalysis,>* exploiting the scope of these planar chiral acids would be instrumental.

R

|
X X
@A N NN S
=N Planar =N + _N H Y

Chiral acid 7\

7.11 7.12 R 7.13

(Rp)-7.14 (Sp)-7.14
Planar chiral acids

Scheme 7.2: Exploiting planar chiral acids in asymmetric C-H functionalisation.

7.3. Expanding the scope of bromo[2.2]paracyclophane derivatives for oxazoline coupling

We have developed a protocol to couple chiral oxazolines with bromo[2.2]paracyclophane
derivatives (Chapter 4). This methodology has provided exciting results. In some cases, the
resolution of diastereomers was possible. It would be intriguing to elaborate the scope of
bromol[2.2]paracyclophane derivatives. For example, we have synthesised two new
bromol[2.2]paracyclophane precursors, (x)-4-(tert-butylamino)-7-bromo|[2.2]paracyclophane
carbamate 7.16 and (x)-4-(tert-butylamino)-8-bromo[2.2]paracyclophane carbamate 7.17
(Scheme 7.3). With the oxazoline coupling, different amino[2.2]paracyclophane-oxazoline

derivatives can be synthesised, which could be hydrolysed to provide planar chiral amino acids.

230



NHBoc
DMF 90 °C
NHBoc 20 hrs Br NHBoc
)-7.1

5 (£)-7.16 37% )-7.17 30%

I Oxazoline coupling
E Hydrolysis ;
! Y

S HOOC. NH, NH, HoOC.

, 5 el O
HOOC NH,
(Sp)-7.18 (Rp)-7.18 (Sp)-7.19 (Rp)-7.19

Planar chiral amino acid derivatives

Scheme 7.3: Synthesis of 4-(tert-butylamino)-8-bromo[2.2]paracyclophane carbamate 7.16 & 4-(tert-
butylamino)-7-bromo[2.2]paracyclophane carbamate 7.17, and access to planar chiral amino acids.

Planar chiral [2.2]paracyclophane amino acids (pseudo amino acids) provide a unique
opportunity to prepare planar chiral pseudopeptides. They can be promising supramolecular
organic frameworks. With these fascinating properties, planar chiral pseudopeptides can be

applied in asymmetric catalysis, the biomedical field, and the development of new materials.

7.4. Optimisation of imidazoline coupling with bromo[2.2]paracyclophanes

Similar to oxazoline coupling, it would be interesting to broaden the scope of imidazolines 7.21
in coupling reactions with bromo[2.2]paracyclophane derivatives 7.20 (Scheme 7.4).
Imidazolines can be readily synthesised from basic precursors such as 1,2-diamines and p-
hydroxy amides.®> We have shown that (S)-1-(1-phenylethyl)-4,5-dihydro-1H-imidazole can be
coupled with (£)-4-bromo[2.2]paracyclophane (Chapter 4). It would be interesting to optimise
the coupling conditions of imidazolines. Introducing bulky substituents and polar/apolar
functionalities at C4 and/or C5 position of the imidazoline framework may help in the
resolution of [2.2]paracyclophane-imidazoline derivatives 7.22. These planar chiral

imidazolines can be exploited as ligands in homogenous catalysis.®
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Scheme 7.4: Optimisation of imidazoline coupling with bromo[2.2]paracyclophanes and expand the
scope of imidazolines.

7.5. Coupling of aromatic/nonaromatic heterocycles with [2.2]paracyclophane
derivatives

In [2.2]paracyclophane chemistry, the direct coupling of heteroarene derivatives via C-H
functionalisation is uncommon. Most methodologies rely on traditional cross-coupling
reactions, where heterocyclic compounds possess either halides (electrophilic partner) or
organometallic intermediates (nucleophilic partner). These cross-coupling methodologies are
not versatile and are limited due to poor functional group tolerance. Moreover, preparing
appropriate [2.2]paracyclophane organometallic precursors requires multiple steps, and some
of them are even unstable such as boronates. In Chapter 4, our initial study demonstrated the
potential of the C-H functionalisation of both aromatic (benzimidazole and indole system) and
non-aromatic (imidazoline system) heterocycles followed by coupling with ()-4-
bromo[2.2]paracyclophane. It would be interesting to expand this study to various heterocyclic
compounds 7.24 and bromo[2.2]paracyclophane derivatives 7.23 with diverse functionalities
(Scheme 7.5). With this methodology, it will be a new paradigm in paracyclophane chemistry,
allowing access to a wide range of planar chiral [2.2]paracyclophane-heterocyclic compounds
7.25.

[TM] = Transtion metals

Scheme 7.5: New strategy to synthesise the [2.2]paracyclophane-heterocyclic compounds.
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7.6. [2.2]Paracyclophane sulfinate derivatives as potential nucleophilic coupling partners

In Chapter 6, we explored pyridine sulfinates as nucleophilic coupling partners in the
desulfitative cross-coupling reactions with the various bromo[2.2]paracyclophanes. This
approach could be further extended to couple other heteroarene sulfinates 7.27 (Scheme 7.6).
This will provide a new route to heteroarene[2.2]paracyclophane derivatives 7.28. These could
be valuable moieties in the synthesis of bioactive molecules,® materials,” and ligands for

catalysis.®

(+)-7.26 (+)-7.28

Scheme 7.6: Scope of heteroarene sulfinates in desulfitative coupling with [2.2]paracyclophane
halides/triflates.

Recently, heterocyclic allyl sulfones 7.29 have emerged as latent heteroaryl nucleophiles. They
are easy to synthesise and soluble in standard reaction solvents (Figure 7.1).°
o)

N\

S\/x

7.29

Figure 7.1: Heterocyclic allyl sulfone as latent nucleophile.

In the reverse approach, it would be intriguing to evaluate the potential of [2.2]paracyclophane
sulfinate/allyl sulfone derivatives 7.30 & 7.31 as potential nucleophilic coupling partners with
aryl- and heteroaryl halides 7.32 (Scheme 7.7). Since [2.2]paracyclophane boronic acids and
derivatives are not stable or user friendly, finding an alternative nucleophilic coupling partner
would be very useful. This reverse strategy will have more advantages since heterocyclic
halides are commercially available and relatively easy to synthesis. Research work in this
direction has already been initiated in our laboratory. We have synthesised both
[2.2]paracyclophane sulfinate 7.30 and [2.2]paracyclophane allyl sulfone 7.31 derivatives. We
are at the stage of investigating their potential in desulfitative reactions. If successful, this

method will provide a new route to a myriad of [2.2]paracyclophane-(hetero)aryl derivatives
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from simple precursors. Even more intriguing would be combining this with our original

sulfoxide chemistry method to synthesise enantiomerically enriched compounds.*®

Scheme 7.7: [2.2]Paracyclophane sulfinate/allyl sulfone derivatives as potential nucleophilic coupling

partners.
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8.0. Experimental Section

8.1. General Information

All reactions were performed in oven- and/or flame-dried glassware under an atmosphere of
dry argon or nitrogen unless otherwise noted. Schlenk tubes, pressure tubes, and scintillation
vials were used as mentioned in the respective procedures. Moisture-sensitive reactions were
carried out using standard syringe septum techniques and under an inert atmosphere of argon
or nitrogen. All solvents and reagents were purified by standard techniques unless otherwise
noted. Reaction solvent tetrahydrofuran (Fisher, HPLC grade) was dried by distillation from
sodium-benzophenone radical ketyl. Dichloroethane (Fisher) was freshly dried by distillation
over phosphorus pentoxide. Dichloromethane (Fisher) and acetonitrile (Fisher) were freshly
dried by distillation over calcium hydride. DMA (Sigma-Aldrich) was stored under
microwave-activated 4 A molecular sieves. Toluene (Fisher, HPLC grade) was dried by
percolation through two columns packed with neutral alumina under a positive pressure of
argon. Solvents for filtration, transfers, and chromatography were certified ACS grade. NMR
solvent, CDCls was stored under activated neutral alumina and dried over phosphorus
pentoxide when applicable. Evaporation of solvents was carried out under reduced pressure on
a rotary evaporator with the water bath below 42 °C. “Brine” refers to a saturated solution of
sodium chloride in water. Palladium catalysts and phosphine ligands were purchased from
Sigma-Aldrich, Sterm, and Apollo Scientific. Other reagents were purchased from Sigma-
Aldrich, Alfa Aesar or Acros.

Purification of crude reaction mixtures was performed by column chromatography, Bruker
Flash chromatography or preparative TLC. The stationary phase for column chromatography
was silica gel 40-63 UM 60A, 230-400 mesh or neutral alumina Brockmann-I. Preparative TLC
was performed on MERCK precoated silica gel 60- F254 (0.5-mm) aluminium plates. Solvents
for purification were purchased from LabServe. TLC visualisation was carried out using
ultraviolet light (254 nm) and different staining reagents such as potassium permanganate, 2,4-
dinitropyridine, ethanolic phosphomolybdic acid, or ninhydrin when applicable. The structures

of compounds were drawn using ChemDraw Professional 18.0.
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8.2. Analytical instruments

Optical rotation was recorded on a Perkin Elmer 241 polarimeter using the sodium emitting at
589 nm. All samples were measured in chloroform unless otherwise noted (c=1) in a 10 cm
cell and an average taken of 3 readings.

Infrared spectroscopy was carried out on ThermoScientific Nicolet iS5 iD7 ATR using solid,

semisolid, or solution of the sample in CH2Cl>.

NMR spectroscopy was carried out on a Bruker 400 MHz, Bruker 500 MHz or Bruker 700
MHz. Chemical shifts are reported in parts per million (ppm) downfield from tetramethylsilane.
All spectra were run in CDClIz unless otherwise stated. Spin multiplicities are described as s
(singlet), bs (broad singlet), d (doublet), dd (double of doublets), ddd (doublet of doublet of
doublets), dddd (doublet of doublet of doublet of doublets), t (triplet), td (triplet of doublets),
g (quartet), m (multiplet), dt (doublet of triplet), ddt (doublet of doublet of doublets), dtd
(doublet of triplet of doublets), dg (doublet of gquartets). Coupling constants are reported in
Hertz (Hz).

HRMS data were recorded by David Lun using a ThermoScientific Q Exactive Focus Hybrid
Quadrupole-orbitrap Mass Spectrometer. Sample(s) were injected via Dionex Ultimate 3000
HPLC system running at 0.1 mL/min CH3OH.

Gas chromatography was carried out on Shimadzu GC2010. The injector temperature was set

to 200 °C and flame ionisation detector set to 300 °C with a temperature ramp 15 °C/min.

HPLC was carried out on Dionex Ultimate 3000, both normal phase and reverse phase using

optimised conditions, as described in Results and Discussion section.

Single crystal X-ray analyses were performed by Prof. Paul Plieger and Prof. Martyn Coles of

Victoria University of Wellington using a RigakuSpider X-ray diffractometer.

Melting points were recorded on a Gallenkamp melting point apparatus and are uncorrected.
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8.3. Experimental for Chapter 2

(RSp,SRp)-4-tert-butyl[2.2]paracyclophane phosphine oxide 2.47

(RS,,SRp)-2.47

A solution of n-BuLi (1.2 M in hexanes; 18.3 ml, 21.9 mmol, 1.05 eq.) was added dropwise
over 30 min. to a solution of (x)-4-bromo[2.2]paracyclophane 2.46 (6.0 g, 20.9 mmol, 1.0 eq.)
in THF (60 ml), at -78 °C. The resulting yellow solution was stirred at -78 °C for 40 min. tert-
Butyldichlorophosphine (1M in Et20; 21.9 ml, 21.9 mmol, 1.05 eq.) was added dropwise over
20 min. The solution was warmed to room temperature overnight. H.O (75 ml) was added to
the reaction mixture and the resulting organic phases were separated. The aqueous phase was
extracted with EtOAc (3 x 50 ml), the combined organic fractions dried (MgSQas) and
concentrated under reduced pressure to yield a yellow residue, which was purified by column
chromatography on silica gel (EtOAc : Hexanes 6 :4) followed by recrystallisation (CH2Cl> :
pentane 2 : 8) to give white crystals of 2.47 (3.3 g, 1.05 mmol, 55 %).

Rt (4 : 6 Hex : EtOAC) 0.40.

mp: 142 °C - 144 °C

IR vmax (Solid) 2959, 2930, 2865, 1700, 1594, 1499, 1473, 1431, 1410, 1392, 1358, 1263, 1129,
1094, 1069, 1022, 994, 925, 900 cm™™.,

IH NMR (CDCls, 500 MHz): 6 7.42 (d, Jp- = 398.1 Hz, 1H, P-H), 6.92 (d, J = 7.7 Hz, 1H, H-
5), 6.67 (d, J = 8.1 Hz, 1H, H-13), 6.61-6.58 (m, 2H, H-7, H-8), 6.53-6.52 (M, 2H, H-15, H-
16), 6.45 (d, J = 8.1 Hz, 1H, H-12), 3.94 (t, J = 11.5 Hz, 1H, H-2b), 3.45 (td, J = 12.0, 4.5 Hz,
1H, H-2a), 3.22-3.18 (m, H-1a, 2H, H-10a), 3.13-2.99 (m, 4H, H-1b, H-10b, H-9a, H-9b), 1.00
(d, J = 16.2 Hz, 9H, 'Bu).
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13C NMR (CDCls, 125 MHz)  173.7, 145.3, 140.02, 139.6 (d, Jp.c = 54.1 Hz), 135.5 (d, Jo.c =
71.3 Hz), 134.2 (d, Jp-c = 133.8 Hz), 133.2 (d, Jp.c = 105.2 Hz), 132.2, 126.3 (d, Jp.c = 375.7
Hz) 39.53, 36.2, 35.2, 32.6 (d, Jp.c = 273.0 Hz), 23.5.

31p NMR (CDCls, 200 MHz) 6 57.81.

HRMS-EI: m/z found: [M], 312.1747. C25H2s0P requires [M] 312.1643.

(x)-4,13-ditert-butyl-[2.2]paracyclophane phosphine oxide 2.57

(£)-2.57

‘BuLi (1.6 M solution in hexane, 1.37 ml, 2.16 mmol) was added dropwise over 15 min. to a
solution of (x)-4,12-dibromo-[2.2]paracyclophane 2.56 (200 mg, 0.54 mmol) in dry THF (7
ml), at -78 °C under an inert argon atmosphere. The resulting yellow solution was stirred for
40 min-. at -78 °C. After that tert-butyldichlorophosphine (‘BuPCl;) (1 M solution in Et.O,
1.15 ml, 1.15 mmol) was added dropwise over 10 min-., through a steady stream, via syringe.
The solution was allowed to warm at room temperature overnight. H.O (75 ml) was then added
to the reaction mixture. The resulting organic phase was separated and the aqueous phase was
further extracted with EtOAc (3 x 10 ml), the combined organics dried (MgSO4) and
concentrated under reduced pressure to yield a yellow residue, which was purified by column
chromatography on silica gel using metahnol : DCM (1:9) give yellow solid. Analysis by *H-
NMR spectroscopy indicated the compound isolated to be bis-phopshine oxide (z)-2.57 (10
mg, 0.024 mmol, 5% yield).

IH NMR (MeOD-d*, 500 MHz): 6 7.52 (d, Jp.+ = 116.6 Hz, 2H, H-19, H-19°), 7.10 (d, J = 18.1
Hz, 2H, H-5, H-13), 6.72 (d, J = 7.9 Hz, 2H, H-7, H-8), 6.62 - 6.60 (m, 2H, H-15,H-16), 3.91
(t, J = 11.0, 11.4 Hz, 2H, H-2a, H-2b), 3.48 - 3.45 (m, 2H, H-9a, H-9b), 3.09 (t, J = 10.0 Hz,
H-1a, H-1b), 3.00 (td, J = 12.4, 4.5 Hz, 2H, H-10a, H-10b), 0.96 (d, J = 16.5 Hz, 18H, H-18,
H-20).

239



(1R,2S)-(isopropylamino)-1-phenylpropan-1-ol 2.61

0
NH—<

2.61

H

To a solution of (1R,2S)-phenylpropanolamine (2.0 g, 13.2 mmol, 1.0 eq.) in CH3CN (20 ml)
was added K>CO3(9.14 g, 66 mmol, 5.0 Eq.) followed by isopropyl iodide (2.64 ml, 26.4 mmol,
2.0 eq.). The reaction mixture was heated to reflux overnight. After cooling, the resulting slurry
was filtered to remove salts. The filtrate was then concentrated under reduced pressure to yield
a yellow residue. The residue was further purified by column chromatography [SiO2, EtOAC :
hexane (4:6)] to give (1R,2S)-2-(isopropylamino)-1-phenylpropan-1-ol 2.61 (1.86 g, 9.73
mmol, 93% yield ); *H NMR (CDCls, 500 MHz): § 7.37 - 7.32 (m, 4H), 7.25 (m, 1H), 4.71 (d,
J=3.9 Hz, 1H), 3.09 - 3.05 (m, 1H), 2.99 (heptet, 1H), 1.12 (dd, J = 8.2, 6.3 Hz, 6H), 0.82 (d,
J =6.6 Hz, 3H).

Data comparable to that reported in literature.?

(2S,4S,5R)-Borane-2-tert-butyl-oxazaphospholidine 2.63a

(25,4S,5R)-2.63a

EtsN (1.78 mL, 6.8 mmol) was added to a stirred solution of (1R,2S)-2-(isopropylamino)-1-
phenylpropan-1-ol (1.0 g, 6.7 mmol, 1.0 eqg.) in THF (10 mL) at 0 °C under nitrogen. The
reaction mixture was then allowed to stir for 30 min. '‘BuPCl. (1 M solution in Et,0, 7.45 ml,
8.04 mmol, 1.2 eq) was then added drop wise over 10 min.- and reaction mixture was allowed
to stir overnight at room temperature. The reaction was again cooled to 0 °C and BHs. THF
(0.67 mL, 7.0 mmol) was added dropwise. The reaction was allowed to reach room temperature
and after 3 hrs the solvent was removed under vacuum. The residue was solved in CH,Cl, and
washed with distilled water. The organic phase was then washed with a brine solution, dried
with MgSO4 and the solvent removed under vacuum. Purification by column chromatography
[SiO2, EtOAC : hexane (3:7)] furnished the product (72% vyield, d.r. 74:26) as a white
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crystalline solid. This solid was further separated by column chromatography [SiO2, EtOAC :

hexane (2:8)] to provide pure diastereomer 2.63a and 2.63b respectively.

2.63a

IH NMR (CDCls, 500 MHz): & 7.43 - 7.37 (m, 4H), 7.34 - 7.31 (m, 1H), 5.38 - 5.36 (m, 1H),
3.88 (sept, 1H), 3.70 (quint, 1H), 1.34 (d, J = 16.3 Hz, 9H), 1.33 (d, J = 6.7 Hz, 3H), 0.90 (d, J
= 6.5 Hz, 3H).

(2R,4S,5R)-Borane-2-tert-butyl-oxazaphospholidine 2.63b

Ph

O\*/N
3P
HyB N

(2R,4S,5R)-2.63b

N

'H NMR (CDCls, 500 MHz): ¢ 7.40 - 7.37 (m, 2H), 7.33 - 7.29 (m, 3H), 5.63 (d, J = 5.9 Hz,
1H), 3.91 (sept, 1H), 3.73 (quint, 1H), 1.40 (d, J = 5.2 Hz, 3H), 1.35 (d, J = 16.6 Hz, 9H), 1.27
(d, J=5.2 Hz, 3H), 0.76 (d, J = 6.7 Hz, 3H); *C NMR (CDCls, 125 MHz) ¢ 136.50 (d, Jp-c =
43.7 Hz), 128.35, 127.84, 125.59, 80.38 (d, Jp-c = 91.8 Hz), 53.54 (d, Jp-c = 6.52 Hz), 47.80 (d,
Jrc =124.7 Hz), 32.90 (d, Jpc =127.87), 26.36 (d, Jp-c =44.6 Hz), 21.80 (d, Jp.c = 46.3 Hz),
18.51; %P NMR (CDCls, 200 MHz) ¢ 53.88

(1R,2S,5R)-2-isopropyl-5-methylcyclohexyl-tert-butylphosphinate 2.662

To an oven dried 100 ml RBF, pyridine (0.51 ml, 6.3 mmol) was added to a solution of menthol
2.65 (1.0 g, 6.39 mmol, 1.0 eq.) in dry THF at 0 °C. The reaction mixture was stirred for 30
min.- at 0 °C. 'BuPCl. (1 M solution in Et;0, 6.39 ml, 6.3 mmol, 1.0 eq.) was then added
dropwise over 10 min. and reaction mixture was allowed to stir overnight at room temperature.
The reaction was allowed to reach room temperature overnight and the solvent was removed

under vacuum. The residue was dissolved in CH2Cl> and washed with distilled water. The
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organic phase was then washed with a brine solution, dried with MgSO4 and the solvent
removed under vacuum. Purification was performed by column chromatography [SiO2, EtOAc
: hexane (6:4)]. Analysis by *H-NMR spectroscopy indicated the compound isolated to be 2.66
(860 mg, 0.99 mmol, 86% yield) as oily product. 'H NMR (CDCls, 500 MHz): § 7.23 (d, Jp-1
=491.8 Hz, 1H), 4.17-4.07 (m, 2H), 2.20-1.99 (m, 2H), 1.63 (d, J =5.9 Hz, 2H), 1.42-1.32 (m,
2H), 1.07 (dd, J = 17.8, 1.6 Hz, 9H), 0.86 (d, J = 4.9 Hz, 6H), 0.76 (d, J = 7.3 Hz, 3H).

Data comparable to that reported in literature.?

N-benzylaniline phosphine oxide 2.71

N-Benzylaniline phosphine oxide 2.71 was prepared by the procedure mentioned for 2.47 (page
no. 236) by taking N-benzylaniline 2.70 (1.1 g, 6.26 mmol, 1.0 eq.), n-BuL.i (2.2M solution in
hexane, 3.1 ml, 6.57 mmol, 1.05 eq.) and '‘BuPCl, (1M solution in Et20, 6.58 ml, 6.57 mmol).
Residues were purified by column chromatography [SiO2, (EtOAc : hexane) (8:2)]. Analysis
by *H-NMR spectroscopy indicated the compound isolated to be white solid of 2.71 (113 mg,
0.40 mmol, 18% yield, ); *H NMR (CDCls, 500 MHz): § 7.41 (d, Jp-n = 498.4 Hz, 1H), 7.31
(d, J = 6.8 Hz, 2H), 7.27-7.26 (m, 1H), 7.26 - 7.24 (m, 5H), 7.21 - 7.19 (m, 1H), 7.08 (quintet,
J=8.6,4.4 Hz, 1H), 4.90 (dd, 15.4, 9.2 Hz, 1H), 4.63 (dd, J = 15.4, 8.5 Hz, 1H), 1.14 (d, 13.6
Hz, 9H).

N-benzyl-N-(tert-butylchlorophosphanyl)-4-methylbenzenesulfonamide 2.75
o, 0

S\
i
jj _P [j
Bu” Cl

2.75

N-Benzyl-N-(tert-butylchlorophosphanyl)-4-methylbenzenesulfonamide 2.75 was obtained by
the following procedure 2.47 (page no. 236) using N-benzyl-4-methylbenzenesulfonamide 2.74
(1.0 g, 3.82 mmol, 1.0 eq.), n-BuLi (1.2M solution in hexane, 3.34 ml, 4.01 mmol, 1.05 eq.)
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and 'BuPCl, (1M solution in Et,0, 4.01 ml, 4.01 mmol). Analysis by *H-NMR spectroscopy of
crude product indicated the compound isolated to be 2.75 (980 mg, 2.55 mmol, 98% yield). *H
NMR (CDCls, 500 MHz): § 7.50 (d, J = 8.3 Hz, 2H), 7.27 (d, J = 3.4 Hz, 1H), 7.21 - 7.18 (m,
3H), 7.15 (d, J = 15 Hz, 1H), 7.11 (d, J = 8.1 Hz, 1H), 4.73 (d, J = 16.1 Hz, 1H), 459 (d, J =
15.9 Hz, 9H), 2.40 (s, 3H), 1.18 (d, J = 15.8 Hz, 9H).

HRMS calcd for C1sH230NNaO2PS 406.0773; found 406.0762.

(RSp,RSp)-chloro(tert-butyl([2.2]paracyclophan-4-yl)phosphinous acid)gold (1) 2.95

2 HO
15 13 =
>P—AuCl
16 18
11
18 18

(RS,,RSp)-2.95

To a solution of secondary phosphine oxide 2.47 (30 mg, 0.01 mmol, 1.0 eq.) in CH2Cl> (5
mL) was added chloro(dimethyl sulfide)gold(l) (28 mg, 0.01 mmol, 1.0 eq.). The mixture was
stirred at room temperature overnight in the absence of light. The crude mixture was
concentrated under reduced pressure to give a greyish solid of 2.95.

IH NMR (CDCls, 500 MHz): 6 7.33 (dd, J = 20.1, 1H, 1.7 Hz, H-5), 6.96 (d, J = 7.7 Hz, 2H,
H-8, H-7), 6.65 (d, J = 8.0 Hz, 2H, H-15, H-16), 6.55 (dd, J = 7.7, 3.2 Hz, 2H, H-12, H-13),
6.52 (dd, J=7.8, 1.7 Hz, 1H, H-5), 4.01 (t, 11.2 Hz, 1H, H-2a), 3.29-3.21 (m, H-9a, H-9b, 2H),
3.22-3.16 (m, 2H, H-1a, H-1b), 3.15-3.11 (m, 1H, H-9b), 3.10-3.02 (M, 2H, H-10a, H-10b),
1.00 (d, J = 17.3 Hz, 9H, 'Bu);

31p NMR (CDCl3, 200 MHz) 5 125.63.

(Dimethyl 3-(2-methylprop-1-en-1-yl)cyclopent-3-ene-1,1-dicarboxylate 2.1013

—~
MeOOC>®/\(

MeOOC

2.101
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To a solution of 2.95 (3 mg, 0.0074 mmol, 0.02 eq.) in CH2Cl, (5 ml) was added AgSbFs (4
mg, 0.0074 mmol, 0.02 eq.) and suspension stirred for 10 min. During this time AgCI
precipitates as a white solid. A solution of 1,6 enyne 2.100 (90 mg, 0.37 mmol, 1eq.) in CH2Cl>
(5.5 ml) was to make a final concentration 0.05 M. The mixture was stirred at room temperature
and was monitored by TLC. When reaction was completed (10 hrs), the mixture was filtered
through a short pad of silica (CH2Cl2, 10 ml) and concentrated under reduced pressure.
Subsequent purification by column chromatography on silica gel (EtOAc : hexanes 0.2 : 9.8)
afforded product 2.101 as colourless oil (66 mg, 0.25 mmol, 76 %); *H NMR (CDCls, 500
MHz): 6 5.75 (1H, s), 5.41 (1H, s), 3.76 (6H, s), 3.22 (2H, s), 3.07 (2H, s), 1.84 (3H s), 1.80
(3H, s).

Data comparable to that reported in literature.®

Dimethyl 3-(2-methoxypropan-2-yl)-4-methylenecyclopentane-1,1-dicarboxylate 2.106*

OCHj

MeOOC
MeOOC

2.106

To a solution of 2.95 (3 mg, 0.0074 mmol, 0.02 eq.) in CH30H (2 ml) was added AgSbFs (5
mg, 0.0074 mmol, 0.02 eq.) and suspension stirred for 10 min.- During this time AgCl
precipitates as a white solid. A solution of 1,6 enyne 2.100 (100 mg, 0.41 mmol, 1.0 eq.) in
CH3OH (6.3 ml) was added to make a final concentration 0.05 M. The mixture was stirred at
room temperature and was monitored by TLC. When reaction was completed (12 hrs), the
mixture was filtered through a short pad of silica (CH2Cl>, 10 ml) and concentrated under
reduced pressure. Subsequent purification by column chromatography on silica gel (EtOAc :
hexanes 0.2 : 9.8) afforded product 2.95 as colorless oil (81 mg, 0.34 mmol, 92 %); *H NMR
(CDCls, 500 MHz): 6 5.04 (1H, bs), 4.98 (1H, bs), 3.73 (3H, s), 3.72 (3H, s), 3.19 (3H, s), 2.94-
2.83 (3H, m), 2.55 (1H, ddd, J = 13.5, 9.4, 1.7 Hz), 2.00 (2H, dd, J = 13.5, 9.4 Hz), 1.18 (3H,
s), 1.12 (3H, s).

Data comparable to that reported in literature.*
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3-(2-methoxypropan-2-yl)-4-methylene-1-tosylpyrrolidine 2.111°

OMe

2111

To a solution of 2.95 (3 mg, 0.0054 mmol, 0.02 eq.) in CH2Cl, (2 ml) was added AgSbFs (2
mg, 0.0054 mmol, 0.02 eq.) and suspension stirred for 10 min. During this time AgCI
precipitates as a white solid. A solution of 1,6 enyne 2.110 (75 mg, 0.27 mmol, 1.0 eq.) in
CH3OH (3.4 ml) was added to make a final concentration: 0.05 M. The mixture was stirred at
room temperature and was monitored by TLC. When reaction was completed (12 hrs), the
mixture was filtered through a short pad of silica (CH2Cl>, 10 ml) and concentrated under
reduced pressure. Subsequent purification by column chromatography on silica gel (EtOAC :
hexanes 0.1 : 9.9) afforded product 2.111 as a white solid (67 mg, 0.21 mmol, 80% ); *H NMR
(CDCls, 500 MHz): 6 7.74 (2H, d, J = 6.1 Hz), 7.35 (2H, d, J = 7.9 Hz), 5.04 (2H, m), 3.80
(2H, m), 3.43 (1H, dd, J = 9.9, 4.2 Hz), 3.32-3.29 (1H, m), 2.74 (3H, s), 2.45 (3H, s), 1.14 (3H,
s), 1.14 (3H, s), 1.03 (3H, s).

Data comparable to that reported in literature.®

General procedure for P-arylation of secondary phosphine oxide (SPO)

To a flame-dried 25 ml RBF was added Pd(OAc)2 (2 mol%), dppf (2.2 mol%), and Cs2COs
(1.3 eq.). The reaction vessel was degassed and dioxane (2 ml) was added. The resulting
suspension was stirred under a flow of argon for 10 min. SPO (RSp,SR)-2.47 (1.0 eq., 0.19
mmol) and the respective electrophile (1.5 eq., 0.29 mmol) were dissolved separately in
dioxane : DCE (9 : 1) and resulting solution was added via syringe. The reaction mixture was
heated at 100 °C until the starting material had been completely consumed as judged by TLC
(24 h). The mixture was cooled to room temperature, passed through a celite pad, washed the
celite pad with EtOAc, and purified by column chromatography on silica gel (EtOAc: hexanes
4 : 6) to obtain the desired cross-coupled products.
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(RSp,RSp)-tert-butyl([2.2]paracyclophan-4-yl)(p-tolyl)phosphine oxide 2.116

(RS,,RSp)-2.116

Pd(OAc)2 (1 mg, 0.0038 mmol, 0.02 eq.), dppf (2 mg, 0.0042 mmol, 0.02 eq.), Cs2CO3 (81 mg,
0.25 mmol, 1.3 eq.), SPO-2.47 (60 mg, 0.191 mmol, 1.0 eq.), 4-iodotoulene 2.114 (49.24 mg,
0.287 mmol, 1.5 eq.), white solid of (RSp,RSp)-2.116 (52 mg, 0.086 mmol, 68 %).

Rt (7 : 3 Hex : EtOAc) 0.50.
mp: 216 °C - 218 °C

IR vmax (Solid) 2925, 2851, 1725, 1598, 1500, 1466, 1433, 1394, 1365, 1293, 1259, 1205, 1162,
1150, 1111, 1066, 1013, 942, 919, 906, 906, 813, 799, 720 cm™.

IH NMR (CDCls, 500 MHz): 6 8.05 (t, J = 8.5 Hz, 2H, H-22, H-20), 7.46 (d, J = 8.0 Hz, 2H,
H-23, H-19), 6.68 (d, J = 5.7 Hz, 1H, H-5), 6.59 (m, 3H, H-7, H-8, H-13), 6.56 (dd, J = 7.8,
1.7 Hz, 1H, H-15), 6.46 (dd, J = 7.7, 1.8 Hz, 1H, H-16), 5.79 (dd, J = 7.7, 1.8 Hz, 1H, H-12),
4.48 (t,3=10.8 Hz, 1H, H-2a), 3.50 (td, J = 10.7, 5.4 Hz, 1H, H-9a), 3.12-3.07 (m, 2H, H-1a,
H-1b), 3.01- 2.91 (m, 3H, H-2b, H-9b, H-10a), 2.85-2.78 (m, 1H, H-10b), 2.54 (s, 3H, Me),
1.04 (d, J = 16.9 Hz, 9H, 'Bu).

13C NMR (CDCls, 125 MHz)  138.6 (d, Jp.c = 47.9 Hz), 136.7 (d, Jp.c = 47.5 Hz), 136.2 (d,
Jp.c=48.8 Hz), 135.9 (d, Jp.c = 12.7 Hz), 135.9, 134.0, 133.0 (d, Jp.c = 29.4 Hz), 132.2 (t, Jpc
= 37.60 Hz), 129.0 (d, Jp.c = 42.05 Hz), 128.6, 127.5, 126.7, 36.8, 36.2, 35.2, 35.0, 25.1, 21.6.

31p NMR (CDCls, 200 MHZ) § 42.19.

HRMS-EI: m/z found: [M + H]", 403.2178. C27H320P requires 403.2191; [M + Na]* 425.2003.
C27H3:NaOP requires 425.2010.
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(RSp,RSp)-tert-butyl(4-methoxyphenyl)([2.2]paracyclophan-4-yl)phosphine oxide 2.119

(RS,,RSp)-2.119

Pd(OACc)2 (1 mg, 0.0038 mmol, 0.02 eq.), dppf (2 mg, 0.0042 mmol, 0.022 eq.), Cs.CO3 (81
mg, 0.25 mmol, 1.3 eq.), SPO-2.47 (60 mg, 0.19 mmol, 1.0 eq.), 4-iodoanisole 2.118 (67 mg,
0.29 mmol, 1.5 eq.), yellow solid of (RSp,RSp)-2.119 (48 mg, 0.114, 60 %).

Rt (7 : 3 Hex : EtOAC) 0.50.

mp: 137 °C - 139 °C

IR vmax (Solid) 2925, 2851, 1725, 1598, 1500, 1466, 1433, 1394, 1365, 1293, 1259, 1205, 1162,
1150, 1111, 1066, 1013, 942, 919, 906, 906, 813, 799, 720 cm™.

IH NMR (CDCls, 500 MHz): 6 8.09 (t, J = 8.7 Hz, 2H, H-22, H-20), 7.18 (d, J = 7.2 Hz, 2H,
H-23, H-19), 6.66 (d, J = 13.2 Hz, 1H, H-5), 6.60-6.54 (m, 4H, H-7, H-8, H-15, H-16), 6.47 (
d, J=7.5Hz1H, H-13),5.81 (d, J = 7.4 Hz, 1H, H-12), 4.45 (d, J = 11.4 Hz, 1H, H-2a), 3.98
(S, 3H, OCHs3), 3.50 (dd, J = 11.8, 5.3 Hz, 1H, H-9a), 3.10 (t, J = 4.4 Hz, 2H, H-1a, H-1b),
3.01-2.89 (m, 3H, H-9b, H-10a, H-10b), 2.84-2.78 (m, 1H, H-2b), 1.04 (d, J = 14.8 Hz, 9H,
'‘Bu).

13C NMR (CDCl3, 125 MHZz) 6 162.0 (d, Jp-c = 10.3 Hz), 146.4 (d, Jr.c = 28.8 Hz), 140.5, 138.7,
138.6 (d, J.c = 48.1 Hz), 136.7 (d, Jp-c = 47.7 Hz), 136.3 (d, Jp.c = 48.6 Hz), 135.9, 134.7 (d,
Jp.c = 32.9 Hz), 134.0, 132.2 (d, Jp.c = 40.1 Hz), 132.1, 127.5, 126.8, 122.5, 121.7, 113.9 (d,
Jp.c= 44.9 Hz), 64.1, 55.3, 36.8, 36.2, 35.2 (d, Jp.c = 27.5 Hz), 35.2, 35.0, 25.1.

1P NMR (CDCls, 200 MHz) 6 42.37.

HRMS-EI: m/z found: [M + H]*, 419.2132. C27H3102P requires 419.2140; [M + Na]*441.1952
C27H3:NaO2P requires 441.19509.
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(RSp,RSp)-tert-butyl(4-cyanophenyl)([2.2]paracyclophan-4-yl)phosphine oxide 2.121

(RS,,RSp)-2.121

Pd(OACc)2 (1 mg, 0.0038 mmol, 0.02 eq.), dppf (2 mg, 0.0042 mmol, 0.022 eq.), Cs.CO3 (81
mg, 0.25 mmol, 1.3 eq.), SPO-2.47 (60 mg, 0.19 mmol, 1.0 eq.), 4-iodobenzonitrile 2.120 (66
mg, 0.29 mmol, 1.5 eq.), white solid of (RSp,RSp)-2.121 (50 mg, 0.12 mmol, 64 %).

mp: 118 °C -120 °C

IR vmax (Solid) 3430, 2960, 2926, 2855, 2230, 1669, 1500, 1476, 1465, 1394, 1367, 1263, 1200,
1156, 1130, 1091, 1065, 1017, 942, 915 cm™,

IH NMR (CDCls, 500 MHz): 6 8.31 (t, J = 5.7 Hz, 2H, H-22, H-20), 7.95 (d, J = 8.2 Hz, 2H,
H-23, H-19), 6.62 (s, 2H, H-8, H-7), 6.56 (dd, J = 7.7, 1.6 Hz, 1H, H-5), 6.53-6.47 (m, 3H, H-
15, H-16, H-13), 5.74 (dd, J = 1.8, 7.8 Hz, 1H, H-12), 4.40 (t, J = 11.2 Hz, 1H, H-2a), 3.46 (td,
J=10.9, 5.4 Hz, 1H, H-9a), 3.13-3.05 (m, 2H, H-1a, H-1b), 3.00-2.96 (m, 1H, H-2b), 2.98-
2.90 (M, 2H, H-10a, H-10b), 2.81-2.75 (m, 1H, H-9b), 1.05 (d, J = 15.2 Hz, 9H, 'Bu).

13C NMR (CDCls, 125 MHz) 6 146.7 (d, Jp.c = 26.7 Hz), 140.3, 139.0 (d, Jr.c = 48.1 Hz), 138.6,
137.1 (d, Jp-c = 47.2 Hz), 136.5, 135.9 (d, Jp.c = 47.9 Hz), 133.7, 133.6 (d, Jp.c = 25.4 Hz),
132.3 (d, Jp.c = 58.1 Hz), 132.0, 131.7 (d, Jr.c = 38.1 Hz), 118.1, 115.2, 36.7, 36.2,35.0, 25.0.

31p NMR (CDCls, 200 MHz) & 41.75.

HRMS-EI: m/z found: [M + H]" 414.1979 C27H29NOP requires 414.1987; [M + Na]*, 436.1800.
C27H28NNaOP requires [M + Na]* 436.1806.
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(RSp,SRp)-tert-butyl(pyridine-2-yl)([2.2]paracyclophan-4-yl)phosphine oxide 2.123

(RS,,SRp)-2.123

Pd(OAc)2 (1 mg, 0.0038 mmol, 0.02 eq.), dppf (2 mg, 0.0042 mmol, 0.022 eq.), Cs2CO3 (81
mg, 0.25 mmol, 1.3 eq.), SPO-2.47 (60 mg, 0.19 mmol, 1.0 eq.), 2-iodopyridine 117 (59 mg,
0.29 mmol, 1.5 eq.), brownish solid of (RSp,SRp)-2.123 (43 mg, 0.11 mmol, 58 % ).

mp: 136 °C - 137 °C

IR vmax (Solid) 3042, 2953, 2928, 2852, 1726, 1573, 1564, 1500, 1473, 1450, 1431, 1420, 1391,
1364, 1262, 1177, 1152, 1134, 1081, 1064, 1045, 1021, 991, 945, 918, 882 cm™.

IH NMR (CDCls, 500 MHz): 6 8.93 (d, J = 3.9 Hz, H-20, 1H), 8.64 (t, J = 6.5 Hz, H-23, 1H),
8.03 (tg, J = 7.7, 3.1, 1.7 Hz, 1H, H-22), 7.53-7.50 (m, 1H, H-22), 7.34 (d, J = 12.4 Hz, 1H,
H-5), 6.60-6.54 (m, 3H, H-8, H-7, H-15), 6.45 (d, J = 7.8 Hz, 1H, H-13), 6.37 (d, J = 7.8 Hz,
1H, H-12), 4.52 (t, J = 10.8 Hz, 1H, H-2a), 3.44 (td, J = 10.5, 5.9 Hz, 1H, H-9a), 3.16-3.08 (m,
2H, H-1a, H-1b), 2.96-2.85 (m, 4H, H-10a, H-10b, H-2b, H-9b), 1.06 (d, 9H, J = 15.1 Hz, 'Bu).

13C NMR (CDCl3, 125 MHZ) 6 149.0 (d, Jp-c = 65.5 Hz), 146.4 (d, Jp.c = 24.9 Hz), 140.5, 138.9,
138.3 (d, Jp.c = 47.2 Hz), 136.7 (d, Jp.c = 41.8 Hz), 136.4 (d, Jp.c = 47.2 Hz), 138.3 (d, Jp-c =
41.8 Hz), 136.2 (d, Jp.c = 47.9 Hz), 135.8 (d, Jpc = 13.2 Hz), 133.4, 132.6, 132.3, 131.9, 130.0
(d, Jp.c = 65.8 Hz), 124.7 (d, Jp.c = 12.1 Hz), 35.2 (d, Jp.c = 48.1 Hz), 34.9, 34.4, 24.4.

1P NMR (CDCls, 200 MHz) 6 36.12.

HRMS-EI: m/z found: [M + H]*, 390.1978. C25H29NOP requires 390.1987; [M + Na]*412.1798
C25H28NaOP requires 412.1806.
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(RSp,RSp)-tert-butyl(phenyl)([2.2]paracyclophan-4-yl)phosphine oxide 2.113

(RS,,SRp)-2.113

Pd(OAc)2 (1 mg, 0.0038 mmol, 0.02 eq.), dppf (2 mg, 0.0042 mmol, 0.022 eq.), Cs2CO3 (81
mg, 0.25 mmol, 1.3 eq.), SPO-47 (60 mg, 0.19 mmol, 1 eq.), Phenylbromide 2.112 (0.03 ml,
47.53 mg, 0.30 mmol, 1.5 eq.); yellow solid of (RSp,Rs)-2.113 (45 mg, 61%).

mp: 166 °C - 168 °C

IR vmax (Soild) 2924, 2856, 1586, 1497, 1474, 1433, 1409, 1393, 1365, 1263, 1209, 1165, 1153,
1129, 1100, 1074, 1066, 1020, 996, 941, 916, 902 cm™.

IH NMR (CDCls, 500 MHz): 6 8.20-8.16 (m, 2H, H-22, H-20), 7.69-7.61 (m, 3H, H-23, H-
21,H-19), 6.68 (dd, J = 7.8, 1.7 Hz, 1H, H-5), 6.60-6.58 (m, 3H, H-7, H-8, H-15), 6.56 (dd, J
= 7.8, 1.5 Hz, 1H, H-13), 6.47 (dd, J = 7.8, 1.8 Hz, 1H, H-16), 5.76 (dd, J = 7.8, 1.8 Hz, 1H,
H-12), 4.49 (t, J = 10.9 Hz, 1H, H-2b), 3.50 (td, J = 8.3, 5.6 Hz, 1H, H-1a), 3.13-3.06 (m, 2H,
H-9a, H-9b), 3.02-2.96 (m, 2H, H-10a, H-10b), 2.94- 2.90 (m, 1H, H-2a), 2.82-2.76 (m, 1H,
H-1b), 1.07 (d, J = 16.1 Hz, 9H, 'Bu).

13C NMR (CDCls, 125 MHz) & 146.6 (d, Jp.c = 27.4 Hz), 140.4, 138.7, 138.6 (d, Jp.c = 47.7
Hz), 136.7 (d, Jp.c = 47.8 Hz), 136.2 (d, Jp.c = 47.7 Hz), 135.9 (d, Jo.c = 11.5 Hz), 134.0, 133.0
(d, Jp.c = 27.9 Hz), 132.2 (d, Jp.c = 40.5 Hz), 131.8, 131.3 (d, Jo.c = 10.1 Hz), 131.1, 128.3,
127.3,126.6, 36.8, 36.2, 35.2 (d, Jp.c = 25.5 Hz), 35.0, 34.6, 25.1.

31p NMR (CDCls, 200 MHz) & 41.93.

HRMS-EI: m/z found: [M + H]*, 389.2024. C2sHz0OP requires 389.2034; [M + Na]* 411.1846
C26H20NaOP requires 411.1854.
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(RSp,SRp)-tert-butyl([2.2]paracyclophan-4-yl)(p-tolyl)phosphine 2.126 & (RSp,RSp)-tert-
butyl([2.2]paracyclophan-4-yl)(p-tolyl)phosphine 2.126

RO~ *

(RSp,SRp)-2.126 (RSp,RSp)-2.126

Trichlorosilane (0.73 ml, 7.30 mmol, 28 eq.) was added to a stirred suspension of (RSp,RSp)-
tert-butyl([2.2]paracyclophan-4-yl)(p-tolyl)phosphine oxide 2.116 (105 mg, 0.261 mmol, 1.0 eq.)
in p-xylene (2 mL) and slowly heated to 140 °C in a pressure tube for 20 h. The reaction mixture
was cooled to 0 °C and quenched by the addition of 30% aqueous sodium hydroxide (10 mL)
(Exothermic). The aqueous layer was extracted with ethyl acetate (3 x15 mL), dried (MgSOa)
and the solvent was removed in vacuo. The crude product was obtained as a yellowish solid.
(80 mg, 80% vyield)

IH NMR (CDCls, 500 MHz): 6 7.76 (t, J=7.9 Hz, 2H,), 7.21 (d, J = 7.6 Hz, 2H), 7.10 (d, J =
7.7 Hz, 1H), 7.03-6.99 (m, 3H), 6.93 (d, J = 7.8 Hz, 1H), 6.73 (d, J = 6.4 Hz, 1H), 6.51 (d, J =
7.7 Hz, 1H), 6.46-6.43 (3H, m), 6.39-6.33 (m, 5H), 6.23-6.20 (m, 1H), 5.67 (d, J = 7.8 Hz, 1H),
4.12-4.07 (m, 1H), 3.35-3.30 (m, 2H), 3.19-3.14 (m, 1H), 3.11-3.05 (m, 2H), 3.00-2.91 (m,
3H), 2.90-2.84 (m, 3H), 2.82-2.77 (m, 2H), 2.76 (m, 2H), 2.39 (s, 3H, Me), 2.21 (s, 2H, Me),
1.15 (d, J = 12.2 Hz, 6H, 'Bu), 0.90 (d, 9H J = 12.5 Hz, 'Bu).

31p NMR (CDCl3, 200 MHz) 6 16.21, 8.40.
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(x)-Chloro[(tert-butyl([2.2]paracyclophan-4-yl)(p-tolyl)phosphine]gold(l) 2.133

ey

| ~

? i
@ Q ({ Ja
C

(+)-2.133

To a flame dried two necked 25 ml RBF was added racemic tert-butyl([2.2]paracyclophan-4-
yl)(p-tolyl)phosphine  2.126 8 mg, 020 mmol, 10 eg.) and
Chloro(tetrahydrothiophene)gold(l) (66.3 mg, 0.20 mmol, 1.0 eq.) in dry CH3CN (5 ml). The
mixture was refluxed under an argon atmosphere for 2 h. The crude mixture was concentrated
under vacuum. The resulting yellow solid was dissolved in CH2Cl> (1 mL) and pentane (10
mL) was added to precipitate the desired complex as a yellow solid, which was isolated by
decantation to obtain desired complex (20 mg, 0.032 mmol, 16 % yield).

mp: 98 °C - 99 °C
IR vmax (Soild) 2961, 2920, 1710, 1600, 1498, 1460, 1394, 1261, 1090, 805, 713 cm™.

IH NMR (CDCls, 500 MHz): & 8.05-8.01 (m, 2H), 7.66 (d, J = 7.7 Hz, 1H), 7.44 (d, J = 6.4
Hz, 2H), 7.38-7.34 (m, 1H), 7.16-7.15 (m, 1H), 7.10-7.09 (m, 1H), 7.04-6.98 (m, 2H), 6.65-
6.60 (M, 3H), 6.58-6.54 (m, 3H), 6.42-6.37 (M, 1H), 6.34 (d, J = 12.8 Hz, 1H), 5.91 (dd, J =
7.8, 1.5 Hz, 1H), 4.81-4.76 (m, 1H), 4.28-4.17 (m,1H), 3.86-3.71 (m, 2H), 3.23-3.09 (m, 5H),
3.14-3.03 (m, 6H), 2.98-2.95 (m, 3H), 2.89 (d, J = 7.2 Hz, 1H), 2.78-2.73 (m, 2H), 2.54 (s,
3H), 2.38 (s, 2H), 1.36 (d, J = 16.4 Hz, 6H), 1.17 (d, J = 16.8 Hz, 9H).

13C NMR (CDCl3, 125 MHZz) 6 144.1 (d, Jp-c = 48.2 Hz), 142.9, 139.2 (d, Jr.c = 33.3 Hz), 139.0,
136.9 (d, Jr-c = 36.8 Hz), 136.7, 136.6, 136.4, 136.1, 135.6 (d, Jp.c = 50.9 Hz), 133.0 (d, Jp.c =
35.1 Hz), 132.6, 132.3 (d, Jp-c = 40.5 Hz), 132.0, 129.9 (d, Jp.c = 46.4 Hz), 129.0 (d, Jp.c = 47.3
Hz), 42.1, 36.6, 36.5 (d, Jp.c = 22.8 Hz), 36.2, 35.6, 35.1, 30.0, 34.9, 30.1, 28.3 (d, Jp-c = 23.6
Hz), 21.5 (d, Jpc = 79.7 Hz), 1.0,

3P NMR (CDCls, 200 MHz) 6 47.8, 46.7

HRMS-EI: m/z found: [M + Na]* 641.1402 C27H31CINaP requires 641.1415.
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(RSp,SRp)-tert-butyl([2.2]paracyclophan-4-yl)(p-tolyl)phosphinium tetrafluoroborate
2.132 & (RSp,RSp)-tert-butyl([2.2]paracyclophan-4-yl)(p-tolyl)phosphinium

tetrafluoroborate 2.132

R”,
H_
erslregs

(RS,,SRp)-2.132 (RS,,RSp)-2.132

Racemic tert-butyl([2.2]paracyclophan-4-yl)(p-tolyl)phosphine 2.126 (80 mg, 0.214 mmol, 1.0
eq.), HBF4.OEt, (0.52 ml, 3.22 mmol, 15.0 eq., 54% solution in Et,0) and CH2Cl (7 ml) were
combined at 0 °C. After 2 hrs, the reaction mixture was warmed to 22 °C and aqueous
tetrafluoroboric acid (5 ml) was added. The reaction mixture was allowed to stir for more 2
hrs. The aqueous phase was separated with EtOAc (3 x15 ml), dried (MgSOs) and the solvent
was removed in vacuo. The crude product 2.132 was obtained as fluffy white powder (55 mg,
0.12 mmol, 69 % vyield).

mp: 123 °C - 125 °C
IR vmax (Soild) 2956, 2851, 1598, 1467, 1407, 1317, 1180, 1031, 919, 857, 809, 719 cm™.

IH NMR (CDCls, 500 MHz): 6 8.68 (s, 1H), 8.55 (s, 1H), 8.22-8.18 (m, 2H), 7.78-7.74 (m,
1H), 7.68 (s, 2H), 7.45-7.44 (m, 1H), 7.40 (d, J = 14.8 Hz, 1H), 7.00 ( d, J = 12.8 Hz, 1H),
6.87-6.79 (m, 3H), 6.68-6.65 (M, 1H), 6.62-6.60 (M, 2H), 6.55-6.47 (m, 2H), 5.96 (d, J = 7.6
Hz, 1H), 5.78 (d, J = 7.3 Hz, 1H), 3.92 (t, J = 11.4 Hz, 1H), 3.53-3.49 (m, 1H), 3.41-3.37 (m,
1H), 3.30-3.25 (m, 3H), 3.22 (d, J = 10.2 Hz, 2H), 3.17 (d, J = 9.2 Hz, 2H), 3.06-3.00 (m, 4H),
2.59 (s, 3H), 2.48 (s, 2H), 1.59 (d, J = 18.0 Hz, 6H), 1.31 (d, J = 16.1 Hz, 9H).

13C NMR (CDCls, 125 MHz) ¢ 146.7, 146.5 (d, J = 30.6 Hz), 146.2, 145.6, 141.9, 141.5 (d, J
= 46.1 Hz), 140.0, 139.6, 139.5, 139.1 (d, J = 60.0 Hz), 138.8, 137.9 (d, J = 45.5 Hz), 137.3
(d, J=47.0 Hz), 136.0 (d, J = 32.5 Hz), 134.6 (d, J = 37.0 Hz), 134.4 (d, J = 41.2 Hz), 133.0
(d, J=34.1Hz), 132.8, 132.6 (d, J = 42.7 Hz), 132.2, 131.9, 131.7 (d, J = 50.2 Hz), 131.05 (d,
J=51.1Hz), 3551, 35.2 (d, J = 21.2 Hz), 35.1, 34.6, 33.5, 33.1, 29.7, 26.1, 25.2, 22.01 (d, J
= 65.5 Hz).

1P NMR (CDCls, 200 MHz) 6 18.5, 11.6.
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(RSp,SRp)-Chloro[(tert-butyl(pyridine-2-yl)([2.2]paracyclophan-4-yl)phosphine]gold(l)
2.137

(RSp,SRp)-2.137

To a solution of racemic tert-butyl([2.2]paracyclophan-4-yl)(p-tolyl)phosphine 2.126 (40 mg,
0.10 mmol, 1.0 eq.) in dry CH2Cl; (3 ml) was added chloro(dimethyl sulfide)gold(l) (31.57
mg, 0.10 mmol, 1.0 eq.). The mixture was stirred at room temperature in the absence of light
under an argon atmosphere. The crude mixture was concentrated after 2 hrs under vacuum. The
resulting grey solid was dissolved in CH2Cl> (1 ml) and pentane (10 ml) was added to
precipitate the desired complex as a white solid, which was isolated by decantation. The solid
was dissolved in CH2Cl> (1 ml) and pentane was slowly added to get a biphasic solution. Slow
crystallisation furnished crystals of the desired complex 2.137 (15 mg, 0.024 mmol, 23%
yield).

mp: 223 °C - 224 °C
IR vmax (Solid) 2958, 2920, 1568, 1446, 1413, 1359, 1258, 1134, 1093, 805, 716 cm™.

IH NMR (CDCls, 500 MHz): §8.90 (d, J = 4.1 Hz, 1H,), 8.69-8.65 (m, 1H), 8.00-7.99 (m, 1H),
7.57-7.53 (m, 1H), 6.82 (d, J = 7.8 Hz, 1H), 6.62 (dd, J = 7.8, 1.9 Hz, 1H), 6.59-6.58 (m, 1H),
6.54 (dd, J = 7.8, 1.8 Hz, 1H), 6.49 (d, J = 12.1 Hz, 1H), 5.80 (dd, J = 7.8, 1.8 Hz, 1H), 4.89-
4.82 (m, 1H), 3.84-3.75 (m, 1H), 3.22-3.16 (m, 2H), 3.11-3.03 (m, 1H), 2.99-2.90 (m, 2H),
2.76-2.71 (M, 1H), 1.21 (d, J = 17.4 Hz, 9H).

13C NMR (CDCls, 125 MHz) 6 150.3 (d, J = 50.6 Hz), 144.2 (d, J = 49.5 Hz), 139.8 (d, J =
34.8 Hz), 139.3, 139.1, 137.2 (d, J = 11.3 Hz), 136.8, 136.7 (d, J = 16.7 Hz), 136.58, 136.51
(d, J = 11.7 Hz), 134.8, 134.6, 133.0, 132.7, 132.4, 132.0, 125.4 (d, J = 8.9 Hz), 124.0, 36.6,
36.5 (d, J = 31.2 Hz), 36.3, 35.7, 35.0 (d, J = 21.7 Hz), 34.1, 27.4 (d, J = 21.6 Hz), 22.3, 14.0.

1P NMR (CDCls, 200 MHz) 6 40.6.

HRMS.-EI: m/z found: [M + Na]* 628.1193 C2sH2sAuCINNaP requires 628.1211.
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8.4. Experimental for Chapter 3

7-Azabicyclo[2.2.1]heptane.hydrochloride salt 3.106*

2 4

7

NH.HCI
¥
5 Ng

3.106.HCI

Trans-4-(tosyloxyl)cyclohexylamine hydrobromide (7.78 g, 22.3 mmol, 1.0 eq.) was dissolved
in EtOH-H»0 (65:35, 277 ml : 71.15 ml) and treated with NaOH (2.40 g, 22.3 mmol, 1.0 eq.).
The resulting solution was allowed to stir for 24 hours. To the solution, 32% aqueous HCI (15
ml) was added and solvent was evaporated under reduced pressure. The solid residues were
treated with 10% NaOH (125 ml) and extracted with Et2O (3 x 120 ml). The combined organic
layers were dried over MgSO4 and HCI gas (generated from H2SO4 and NaCl) was bubbled
through the solution. The solvent was evaporated under reduced pressure to get pale yellow
solid of 7-azabicyclo[2.2.1]heptane.hydrochloride salt 3.106 (2.0 g, 15.0 mmol, 72%).

IH NMR (DMSO, 500 MHz): 6 8.30 (bs, 1H, NH), 4.75 (t, J = 3.2 Hz, 1H, H-4), 3.11-3.06 (m,
1H, H-1), 2.02-1.90 (m, 4H, H-6a, H-6b, H-5a, H-5b), 1.89-1.73 (M, 4H, H-3a, H-3b, H-2a, H-
2h).

Data comparable to that reported in literature.?

7-(2-lodobenzyl)-7-azabicyclo[2.2.1]heptane 3.152.

12
9 1

NN 10
3 4 8
6N

3.152

A 25ml RBF charged with 7-azabicyclo[2.2.1]heptane.hydrochloride salt (300 mg, 2.25 mmol,
leq.), K2COs (736 mg, 2.47 mmol, 1.1eqg.), and magnetic stirrer in acetone. To the reaction
mixture, 2-iodobenzyl bromide (778 mg, 5.6 mmol, 2.5 eq.) was added dropwise. The reaction
mixture was allowed to stir under reflux for 16 h. The reaction mixture was cooled and filtered

through a pad of silica gel, washing with acetone. The filtrate was concentrated under reduced
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pressure. Purification of the residues was performed by column chromatography on silica gel
(EtOAC : hexanes 10:90) to give a colourless oil of 3.186 (496 mg, 1.58 mmol, 47%).

IH NMR (CDCls, 500 MHz): & 7.83-7.81 (d, J = 7.8 Hz, 1H, H-13), 7.63 (d, J = 7.6 Hz, 1H,
H-11), 7.37 (t, J = 7.5 Hz, 2H, H-12), 6.97 (t, J = 7.6 Hz, 1H, H-11), 3.56 (s, 2H, H-8), 3.32 (s,
2H, H-1, H-4), 1.87 (d, J = 6.9 Hz, 4H, H-6a, H-6b, H-5a, H-5b), 1.37 (d, J = 7.1 Hz, 4H, H-
2a, H-2b, H-3a, H-3b).

7-((2",5"-Dimethyl-[1,1'-biphenyl]-2-yl)methyl)-7-azabicyclo[2.2.1]heptane 3.153

In a5 ml Schlenk tube, 7-(2-iodobenzyl)-7-azabicyclo[2.2.1]heptane (30 mg, 0.09 mmol, 1eq.),
pivalic acid (0.5 mg, 0.019 mmol, 0.5 eq.), caesium carbonate (94 mg, 0.28 mmol, 3 eq.),
tricyclohexyl phosphine (PCys) (5.3 mg, 0.01 mmol, 0.2 eqg.) and Pd(OAc). (2.1 mg, 0.009
mmol, 0.1 eq.) were loaded accurately with a magnetic stirrer. The vial was purged and
degassed with argon for three times. The solvent xylene (1 ml, 0.1 M) was transferred in a vial
via syringe and the screw capped vial was heated at 140 °C for 24 h. The reaction mixture was
allowed to cooled down at room temperature and diluted with CH2Cl> and MeOH before
passing through a pad of Celite. The resulting filtrate was removed under reduced pressure and
crude product was purified by column chromatography on silica gel (EtOAc : hexanes 10:90)

to give a pale yellow oil of 3.153 (18 mg, 0.06 mmol, 63%).

IH NMR (CDCls, 500 MHz): § 7.74 (d, J = 7.1 Hz, 1H, H-20), 7.38 (td, J = 7.5, 1.4 Hz, 1H,
H-11), 7.29-7.26 (m, 1H, H-14), 7.15 (d, J = 7.7 Hz, 1H, H-13), 7.11 (d, J = 7.5 Hz, 1H, H-
12), 7.08 (d, J = 7.7 Hz, 1H, H-18), 6.99 (s, 1H, H-17), 3.31 (dd, J = 14.3, 11.8 Hz, 2H, H-7,
H-4), 3.16 (s, 2H, H-8a, H-8b), 2.34 (s, 3H, -Me), 2.02 (S, 3H, -Me), 1.65-1.55 (m, 4H, H-6a,
H-6b, H-5a, H-5b), 1.23-1.17 (m, 4H, H-3a, H-3b, H-2a, H-2b).

13C NMR (CDCls, 125 MHz): § 134.57 (C-19, C-9), 132.77 (C-15, C-10), 130.23 (C-17),
129.54 (C-17), 129.24 (C-12), 128.58 (C-13), 127.82 (C-18), 127.13 (C-20), 126.07 (C-20),
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59.40 (C-4, C-1), 48.62 (C-8), 30.50 (C-6), 29.98 (C-5), 23.85 (C-3, C-2), 29.92 (C-21), 19.53
(C-22).

7-(Picolinoyl)-7-azabicyclo[2.2.1]heptane 3.162

13
12

14N/
\11

15
3.162
To a solution of 7-azabicyclo[2.2.1]heptane.hydrochloride salt (800 mg, 6.6 mmol, 1eq.) and
EtsN (1.69 ml, 13.22 mmol, 2.2 eq.) in CH2Cl> was picolinoyl chloride* (932.38 mg, 6.6 mmol,
1.2 eq.) under argon at 0 °C. The mixture was allowed to reach at room temperature and stirred
overnight. The crude mixture was concentrated under reduced pressure and purified with
column chromatography on silica gel (EtOAc : hexanes 30:70) to give a brownish semisolid of
3.162 (656 mg, 3.24 mmol, 54%).

*Picolinoyl chloride was freshly prepared by adding a few drops of DMF in a solution of 2-

picolinic acid and oxalyl chloride in CH.Cl,.

mp: 75°C-76 °C

IR: vmax 3288, 2937, 1646, 1512, 1467, 1261, 1096 cm™*

'H NMR (CDCls, 500 MHz): 6 8.58 (d, J = 4.5 Hz, 1H, H-13), 8.21 (d, J = 7.8 Hz, 1H, H-10),
8.10 (bs, 1H, NH), 7.86 (td, J = 7.6,1.6 Hz, H-11), 7.45 - 7.42 (m, 1H, H-12), 4.59 - 4.57 (m,

1H, H-4), 4.11- 4.04 (m, 1H, H-1), 2.18 - 2.14 (m, 2H, H-6a, H-6b), 2.06 - 2.00 (M, 2H, H-5a,
H-5b), 1.95 -1.91 (m, 4H, H-3b, H-3a, H-2b, H-2a).

13C NMR (CDCls, 125 MHz): 6 163.4 (C-8), 149.9 (C-9), 148.0 (C-13), 137.3 (C-11), 126.1
(C-12), 122.2 (C-10), 53.4 (C-1), 52.4 (C-4), 46.7(C-5), 33.6 (C-3, C-2), 27.3 (C-6).
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7-Benzoazabicyclo[2.2.1]heptane 3.181%2

11

10
3.181

The compound 3.181 was synthesised from the starting materials, anthranilic acid, N-Boc

pyrrole and isoamyl nitrile following a literature procedure.

IH NMR (CDCls, 400 MHz):  7.22 (d, J = 5.2, 3.0 Hz, 2H, H-11, H-8), 7.11 (dd, J = 5.2, 3.0
Hz, 2H, H-10, H-9), 4.56-4.53 (m, 2H, H-4, H-1), 2.61 (bs, 1H, -NH), 2.07-2.04 (m, 2H, H-3a,
H-3b), 1.29 (m, 2H, H-2a, H-2b).

Data comparable to that reported in literature.'?

2-Bromo-2-methyl-N-(pyridin-2-yl)propenamide 3.185

1

5
Br%l\N NN 3

H 4
8 7 4
3.185

The compound 3.185 was synthesised from 2-bromo-2-methylpropanoyl chloride and 2-amino

pyridine following a literature procedure of amide formation.®
mp: 67 °C - 69 °C
IR vmax (Solid) 3172, 2978, 1682, 1597, 1574, 1434, 1303, 1260, 1166, 1003 cm™,

IH NMR (CDCls, 500 MHz): 6 8.9 (bs, 1H, NH), 8.32 (d, J = 6.1 Hz, 1H, ArH-1), 8.19 (d, J =
9.5 Hz, 1H, ArH-1), 7.74 (td, J = 9.8, 2.2 Hz, 1H, ArH-3), 7.10 (dd, J = 6.1, 1.2 Hz, 1H, ArH-
4), 2.06 (S, 6H, -CHs).

13C NMR (CDCls, 125 MHz) & 170.4 (C-6), 150.9 (C-5), 148.0 (C-7), 138.3 (C-1), 120.2 (C-
2), 113.6 (C-4), 61.1 (C-9), 32.1 (C-7, C-8).

HRMS (ESI-TOF) m/z: [M + H]" Calcd for CoH11Br'°N2NaO 243.0133; Found 243.1040; [M
+ Na]* Calcd for CoH11Br°N,O 264.9952; Found 264.9943.
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7-[N-(Pyridin-2-yl)isobutyramide]-7-benzoazabicyclo[2.2.1]heptane 3.186

18

19@7
20 21 | 15

In an oven dried pressure tube was charged with 7-benzoazabicyclo[2.2.1]heptane 3.181 (200
mg, 1.37 mmol, 1.0 eq.), 2-bromo-2-methyl-N-(pyridin-2-yl)propenamide 3.185 (333 mg, 1.37
mmol, 1.0 eq.), K2CO3z (381 mg, 2.74 mmol, 2.0 eq.), and Nal (103 mg, 0.68 mmol, 0.5 eq.).
Anhydrous acetonitrile (7 ml, 0.2 M) was added. The tube was equipped with a stir bar, sealed
with a Teflon-lined screw cap, and heated at 60 °C. The reaction was cooled after 18 h, diluted
with EtOAc, and filtered through a pad of silica gel, washing with EtAOc. The filtrate was
concentrated under reduced pressure. Purified of the residues by column chromatography on
silica gel (AcOH : Et.0 : toluene 10 : 20 :70) to give an orange powder of 3.186 (78 mg, 0.25
mmol, 18%).

IH NMR (CDCls, 500 MHz): 6 10.1 (bs, 1H, -NH), 8.34 (d, J = 3.3 Hz, 1H, H-20), 8.28 (d, J
= 8 Hz, 1H, H-17), 7.72 (t, J = 14.4, 7.1 Hz, 1H, H-18), 7.21 -7.11 (m, 4H, H-11, H-10, H-9,
H-8), 7.05 (t, J = 11.9, 5.5 Hz, 1H, H-19), 4.47 (s, 2H, H-4, H-1), 2.30 (d, J = 6.2 Hz, 2H, H-
3a, H-3b), 1.31 (d, J = 6.6 Hz, 2H, H-2a, H-2b), 1.00 (S, 6H, CHs-23, CHs-22).

13C NMR (CDCls, 125 MHz) 6 176.2 (C-13), 151.6 (C-16), 147.9 (C-20), 145.8 (C-6), 138.21
(C-5), 126.5 (C-19, C-18), 119.4 (C-11, C-10, C-9, C-8), 61.6 (C-4, C-1), 61.8 (C-12), 27.9
(C-3, C-2), 24.2 (C-23, C-22).
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General procedure for synthesis of 7-benzoazabicyclo[2.2.1]heptane-directing group

To a solution of 7-benzoazabicyclo[2.2.1]heptane 3.181 and EtsN in CH2Cl> was added
acetyl/sulfinyl/phosphinic chloride under argon at 0 °C. The mixture was allowed to reach at
room temperature and stirred overnight unless mentioned. The crude mixture was concentrated
under reduced pressure and purified with column chromatography with a solvent system

described in the respective compound section.

(x)-7-(Tert-butylsulfinyl)-7-benzoazabicyclo[2.2.1]heptane 3.189

16

17
e
2] N\%m 15

3.189

General procedure was followed using 7-benzoazabicyclo[2.2.1]heptane 3.181 (800 mg, 5.51
mmol, leq.), EtsN (0.85 ml, 6.06 mmol, 1.1 eq.), tert-butylsulfinyl chloride (140 mg, 6.06
mmol, 1.1eq.). The crude mixture was obtained as a pure dark brown solid of 3.189 (870 mg,
3.59 mmol, 67%).

mp: 64 °C - 65 °C

IR (Solid) vmax 2956, 1717, 1476, 1361, 1189, 1013 cm™.

IH NMR (CDCls, 500 MHz): 6 7.25 - 7.20 (m, 2H, H-11, H-10), 7.15 (dt, J = 8.4, 4.6 Hz, 2H,
H-9, H-8), 4.83 (t, J = 9.6,4.8 Hz, 2H, H-4, H-1), 2.33 -2.28 (m, 1H, H-3a), 2.22 - 2.16 (m, 1H,
H-3b), 1.44 - 1.39 (m, 1H, H-2a), 1.33 - 1.28 (m, 1H, H-2b), 1.19 (s, 9H, 'Bu).

13C NMR (CDCls, 125 MHz): § 145.89 (C-6), 144.2 (C-5), 126.4 (C-10), 126.3 (C-9), 119.1
(C-11), 118.9 (C-8), 64.3 (C-13), 64.0 (C-3), 57.6 (C-2), 27.7 (C-17), 26.4 (C-16), 22.5 (C-15).

HRMS (ESI-TOF) m/z: [M + H]* Calcd for CsH20NOS 250.1266; Found 250.1256; [M + Na]*
Calcd for C14H19NNaOS 272.1085; Found 272.1075.
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(2)-7-(p-Tolylsulfinyl)-7-benzoazabicyclo[2.2.1]heptane 3.192
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General procedure was followed using 7-benzoazabicyclo[2.2.1]heptane 3.181 (200 mg, 1.37
mmol, 1leq.), EtsN (0.21 ml, 1.50 mmol, 1.1 eq.) p-tolylsulfinyl chloride (287 mg, 1.64 mmol,
1.2 eq.). The crude mixture was obtained as a pure brown solid of 3.192 (145 mg, 0.51 mmol,
37%).

IH NMR (CDCls, 500 MHz): § 7.57 (d, J = 8.1 Hz, 2H, H-19, H-15), 7.31 (d, J = 9.5 Hz, 2H,
H-18, H-16), 7.25 (d, J = 6.7 Hz, 1H, H-8), 7.18 - 7.12 (m, 3H, H-11, H-10, H-9), 4.92 (d, J =
3.8 Hz, 1H, H-4), 4.71 (d, J = 3.8 Hz, 1H, H-1), 2.44 (s, 3H, -CHs), 2.37 - 2.28 (m, 2H, H-3a,
H-3b), 1.42 - 1.38 (m, 1H, H-2a), 1.30 - 1.27 (m, 1H, H-2b).

13C NMR (CDCls, 125 MHz) 6 145.57 (C-14), 144.84 (C-6), 141.61 (C-5), 141.02 (C-17),
129.47 (C-19, C-15), 126.40 (d, J = 43.2 Hz, C-18, C-16), 126.08 (C-10, C-9), 118.74 (d, J =
35.05 Hz, C-11, C-8), 63.60 (C-4), 63.00 (C-1), 28.06 (d, J = 19.25 Hz, C-3, C-2), 21.36 (C-
20).

HRMS m/z: [M + H]" Calcd for C17H1sNOS 284.1109; Found 284.1099; [M + Na]* Calcd for
C17H17NNaOS 306.0929; Found 309.0916.
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2,2-Dimethyl-1-(7-benzoazabicyclo[2.2.1]heptane)-1-propanone 3.197

3.197

General procedure was followed using 7-benzoazabicyclo[2.2.1]heptane 3.181 (500 mg, 3.44
mmol, 1eq.), EtsN (0.53 ml, 3.79 mmol, 1.1 eq.), pivaloyl chloride (498 mg, 4.95 mmol, 1.2
eq.). The crude mixture was obtained as a pure brown solid of 3.197 (678 mg, 2.95 mmol,
87%).

mp: 125 °C - 128 °C

IR(Solid) vmax 2977, 2954, 1621, 1588, 1404, 1375, 1258, 1166 cm™.

IH NMR (CDCls, 500 MHz): § 7.27 - 7.25 (m, 2H, H-11, H-8), 7.17 -7.16 (dd, J = 5.3, 3.0 Hz,
2H, H-10, H-9), 5.55 (s, 2H, H-4, H-1), 2.16 (d, J = 7.3 Hz, 2H, H-3a, H-3b), 1.38 (d, J = 6.1
Hz, 2H, H-2a, H-2b), 1.22 (s, 9H, Bu).

13C NMR (CDCls, 125 MHz) § 174.29 (C-12), 144.81 (C-6), 126.51 (C-11, C-10, C-9, C-8),
119.2 (C-5), 60.2 (C-13), 38.9 (C-4, C-3, C-2, C-1), 27.6 (C-17, C-16, C-15).

HRMS (ESI-TOF) m/z: [M + H]* Calcd for C1sH20NO 230.1545; Found 230.1537; [M + Na]*
Calcd for C1sH19NNaO 252.1364; Found 252.1356.

2,2-Dimethyl-1-(7-benzoazabicyclo[2.2.1]heptane)-1-propanethione 3.198

3.198

In a 25ml RBF, 7-benzoazabicyclo[2.2.1]heptane 3.181 (200 mg, 0.87 mmol, leq.),

Lawesson’s reagent (404 mg, 0.95 mmol, 1.1eq.) were loaded accurately with a magnetic stirrer
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in toluene. The reaction was set up under reflux overnight. The crude mixture was concentrated
under reduced pressure and purified with flash chromatography [SiO., EtOAc: hexanes (4:6)]
to obtain the title compound 3.198 as greyish powder (190 mg, 0.77 mmol, 89%).

mp: 122 °C - 124 °C

IR(Solid) vmax 2960, 2924, 1723, 1593, 1458, 1396, 1260, 1111, 1020 cm™.

'H NMR (CDCls, 500 MH2): & 7.36-7.34 (m, 1H, H-11), 7.27 (d, J = 2.1 Hz, 1H, H-8), 7.25-
7.22 (M, 2H, H-10, H-9), 6.52 (d, J = 3.5 Hz, 1H, H-4), 5.80 (d, J = 3.2 Hz, 1H, H-1), 2.30 (m,
2H, H-3a, H-3b), 1.52 (d, J = 7.7 Hz, 1H, H-2a), 1.44 (d, J = 8.2 Hz, 1H, H-2b), 1.37 (s, 9H,
‘Bu).

13C NMR (CDCls, 125 MHz) 6 203.4 (C-12), 143.2 (C-6), 142.3 (C-5), 127.3 (C-10), 126.9
(C-8), 120.3 (C-11), 118.7 (C-9), 66.1 (C-4), 64.6 (C-1), 43.2 (C-13), 30.3 (C-17, C-16, C-15),
27.9 (C-3), 23.8 (C-2).

HRMS (ESI-TOF) m/z: [M + H]" Calcd for C1sH20NS 246.1316; Found 246.1309.

7-(Diphenylphosphine oxide)-7-benzoazabicyclo[2.2.1]heptane 3.200

23 5o

24 21 18

17

General procedure was followed using 7-benzoazabicyclo[2.2.1]heptane 3.181 (400 mg, 2.75
mmol, 1.0 eq.), EtsN (0.10 ml, 0.42 mmol, 1.1 eq.), diphenylphosphinic chloride (465 mg, 3.30
mmol, 1.2 eq.). The reaction was allowed to stir for 60 h. The crude mixture was obtained as a
pure brown solid of 3.200 (68 mg, 0.19 mmol, 59%).

IH NMR (CDCls, 500 MHz2): & 7.88-7.84 (m, 4H, H-25, H-21, H-19, H-15), 7.52 - 7.49 (m,
2H, H-23, H-7), 7.45-7.42 (m, 4H, H-24, H-22, H-18, H-16), 7.19 -7.14 (m, 4H, H-11, H-10,
H-9, H-8), 4.77 (bs, 2H, H-4, H-1), 2.37 (d, J = 7.6 Hz, 2H, H-3a, H-3b), 1.36 (d, J = 7.2 Hz,
2H, H-2a, H-2b).
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13C NMR (CDCls, 125 MHz) 6 145.88 (d, J = 7.2 Hz, C-6, C-5), 132.35 (d, J = 36.7 Hz, C-25,
C21, C-19, C-15), 131.71 (d, J = 9.7 Hz, C-23, C-17), 128.47 (d, J = 48.7 Hz, C-24, C-22, C-
18, C-16); 126.21 (C-11, C-8), 118.76 (C-10, C-9), 61.6 (C-4, C-1), 28.48 (C-3, C-2).

31p NMR (CDCls, 200 MHz) § 20.07.

7-(Diphenylphosphine sulfide)-7-benzoazabicyclo[2.2.1]heptane 3.201
24 21, 18
25 20 v
2 1 0, M2

10
3.201

In a 25ml RBF, 7-benzoazabicyclo[2.2.1]heptane 3.181 (230 mg, 0.67 mmol, 1.0 eq.),
Lawesson’s reagent (404 mg, 0.73 mmol, 1.1 eq.) were loaded accurately with a magnetic
stirrer in toluene. The reaction was set up under reflux overnight. The crude mixture was
concentrated under reduced pressure and purified with flash chromatography [SiO2, EtOAC:
hexanes (4:6)] to obtain the title compound 3.201 as greyish powder (133 mg, 0.36 mmol,
55%).

IH NMR (CDCls, 500 MHz): 6 7.99 - 7.95 (m, 4H, H-25, H-21, H-19, H-15), 7.50 -7.47 (m,
2H, H-23, H-7), 7.44 - 7.40 (m, 4H, H-24, H-22, H-18, H-16), 7.13 (br, 4H, H-11, H-10, H-9,
H-8), 4.73 (m, 2H, H-4, H-1), 2.47 (d, J = 5.15 Hz, 2H, H-3a, H-3b), 1.35 (m, 2H, H-2a, H-
2h).

13C NMR (CDCls, 125 MHz) & 145.84 (d, J = 29.1 Hz, C-6, C-5), 134.91 (C-20), 133.32 (C-
14), 131.81 (d, J = 43.4 Hz, C-25, C-21, C-19, C-15), 131.52 (C-23, C-7), 128.37 (d, J = 51.2
Hz, C-24, C-22, C-18, C-16), 126.18 (C-11, C-8), 118.81 (C-10, C-9), 62.83 (C-4, C-1), 27.89
(d, J = 20.3 Hz, C-3, C-2).

1P NMR (CDCls, 200 MHz) 6 54.32.
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7-(N-Nitroso)-7-benzoazabicyclo[2.2.1]heptane 3.215?

7

1
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3 A NO

2

To a solution of 7-benzoazabicyclo[2.2.1]heptane 3.181 (250 mg, 1.72 mmol, 1.0 eq.) in THF
(8.6 ml, 0.2 M) was added tert-butyl nitrile (0.37 ml, 2.58 mmol, 1.5 eq.) under argon. The
reaction mixture was heated under reflux overnight. The excess of the tert-butyl nitrile and
solvent were removed under reduced pressure. The title compound 7-(N-nitroso)-7-
benzoazabicyclo[2.2.1]heptane 3.215 was obtained as a residual yellowish oil. (200 mg, 1.15
mmol, 67%) (The compound 3.215 is volatile under reduce pressure)

IH NMR (CDCl3, 400 MHz): 5 7.37 (d, J = 6.2 Hz, 1H, H-11), 7.29-7.27 (m, 1H, H-10), 7.25-
7.22 (m, 2H, H-9, H-8), 5.94 (t, J = 6.3 Hz, 2H, H-4, H-1), 2.29-2.21 (m, 1H, H-3a), 2.09-2.01
(m, 1H, H-3b), 1.61 (td, J = 9.2, 3.8 Hz, 1H, H-2a), 1.39-1.35 (M, 1H, H-2b).

Data comparable to that reported in literature.?

7-(Picolinoylhydrazine)-7-benzoazabicyclo[2.2.1]heptane 3.217 & 7-(Picolinoylhydrazine)-7-
benzoazabicyclo[2.2.1]heptane 3.211

3.217 3.211

General procedure was followed using a mixture of 7-benzoazabicyclo[2.2.1]heptane 3.198
and 7-(amino)-7-benzoazabicyclo[2.2.1]heptane 3.216 (90 mg, 0.55 mmol, 1leq.)*, EtsN (0.093
ml, 0.66 mmol, 1.2 eq.), and picolinoyl chloride** (75.65 mg, 0.60 mmol, 1.1 eq.). The crude
mixture was purified with flash chromatography [SiO2, EtOAc: hexanes + EtzN (4:6)] to obtain
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the brownish semisolid of 3.217 (23 mg, 0.08 mmol, 16%) and yellow semisolid of 3.211 (16
mg, 0.06 mmol, 10%).

* Calculated according to 1.0 eq. of 7-(amino)-7-benzoazabicyclo[2.2.1]heptane 3.216

** Picolinoyl chloride was freshly prepared by adding a few drops of DMF in a solution of 2-

picolinic acid and oxalyl chloride in CH.Cl,.
3.217

IH NMR (CDCls, 400 MHz): 6 8.30 (d, J = 4.4 Hz, 1H, H-16) 8.16 (d, J = 7.8 Hz, 1H, H-8),
7.78 (td, J = 7.6, 1.5 Hz, 1H, H-17), 7.39-7.36 (m, 2H, H-11, H-8), 7.32-7.28 (m, 3H, H-10, H-
9, NH), 4.51 (s, 2H, H-4, H-1), 2.50-2.38 (m, 2H, H-3a, H-3b), 1.28 (g, J = 4.1 Hz, 2H, H-1a,
H-1b).

3.211

IH NMR (CDCls, 400 MHz): § 7.37 (d, J = 4.1 Hz, 1H, H-18), 7.90 (d, J = 7.8 Hz, 1H, H-15),
7.80 (td, J = 7.6, 1.7 Hz, 1H, H-17), 7.40 (m, 1H, H-16), 7.34 (d, J = 7.2 Hz, 1H, H-11), 7.23-
7.15 (m, 3H, H-10, H-9, H-8), 6.17 (d, J = 3.9 Hz, 1H, H-4), 5.79 (d, J = 4.0 Hz, 1H, H-1),
2.35-2.19 (m, 2H, H-3a, H-3b), 1.45 (d, J = 10.7 Hz, 2H, H-2a, H-2b).

4-(2-Picolinoylhydrazineylidene)cyclohexyl acetate 3.223

3.223

A 25 ml RBF was charged with 4-oxocyclohexyl acetate 3.221 (1000 mg, 6.40 mmol, 1.0 eq.),
picolinohydrazide 3.222 (878 mg, 6.40 mmol, 1.0 eq.), CeCls.7H20 (238 mg, 0.64 mmol, 0.1
eq.) and ethanol (12.81 ml, 0.5 M) and a stir bar. The reaction mixture was stirred overnight.
The reaction mixture was filtered through a pad of silica gel, washing with EtAOc. The filtrate
was concentrated under reduced pressure. Purification of the residue was performed by flash
chromatography on neutral alumina (MeOH:CHCl. 10:90) to give a greyish powder of 4-(2-
picolinoylhydrazineylidene)cyclohexyl acetate 3.223 (862 mg, 3.13 mmol, 49%).
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IH NMR (CDCls, 400 MHz): 6 8.54 (d, J = 4.6 Hz, 1H, H-17), 8.28 (d, J = 7.8 Hz, 1H, H-14),
7.89 (td, J = 7.6, 2.0 Hz, 1H, H-16), 7.47 (dd, J = 7.51, 6.7 Hz, 1H, H-15), 5.09 - 5.04 (m, 1H,
H-3), 2.75 (ddt, J = 14.0, 8.3, 5.2 Hz, 2H, H-5a, H-5b), 2.56 (ddt, J = 13.2, 8.0, 5.1 Hz, 2H, H-
1a, H-1b), 2.07 (s, 3H, -CHa), 2.03-1.84 (m, 4H, H-4a, H-4b, H-2a, H-2b).

4-(2-Picolinoylhydrazineyl)cyclohexyl acetate 3.224
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A 50 ml RBF was charged with 4-(2-picolinoylhydrazineylidene)cyclohexyl acetate 3.223 (458
mg, 1.66 mmol, 1.0 eq.), sodium cynoborohydride (878 mg, 1.12 mmol, 0.68 eq.) and a stir bar
under argon. Methanolic HCI (5M, pH = 3) (27.5, 0.06M) was added dropwise over 15 min.-
The reaction mixture carefully quenched with saturated solution of NaHCO3 at 0 °C. Methanol
evaporated under reduced pressure. The aqueous was extracted with EtOAc (3 x 20 ml),
washed with brine and dried over MgSQOs. The filtrate was concentrated under reduced
pressure. Purification of the residue was performed by flash chromatography on silica gel
(EtOAc : hexanes 50:50, EtsN few drops) to give a brownish powder of 4-(2-
picolinoylhydrazineyl)cyclohexyl acetate 3.224 (241 mg, 0.87 mmol, 52%).

IH NMR (CDCls, 500 MHz): 6 9.22 (bs, 1H, -NH-9), 8.57 (d, J = 3.7 Hz, 1H, H-17), 8.18 (d,
J=7.7Hz, 1H, H-14), 7.89 (t, J = 7.7 Hz, 1H, H-16), 7.47 (t, J = 6.0 Hz, 1H, H-15), 4.9 (bs,
1H, -NH8), 4.75 - 4.74 (m, 1H, H-3), 3.06-2.97 (m, 1H, H-6), 2.07 (s, 3H, -CH3), 1.97 - 1.77
(m, 3H, H-5a, H-5b, H-1a), 1.69 - 1.55 (m, 3H, H-4a, H-4b), 1.47 - 1.35 (m, 2H, H-2a, H-2b).
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*Repetition of the same numbers in the below 3C NMR is indicating cis and trans isomers of
3.224

13C NMR (CDCls, 125 MHz)* ¢ 170.60 (C-18), 163.58 (C-10), 163.52 (C-10), 149.16 (C-12),
149.11 (C-12), 148.33 (C-17), 148.32 (C-17), 137.37 (C-14, C-14), 126.46 (C-16), 126.43 (C-
16), 122.24 (C-15, C-15), 72.40 (C-3), 69.64 (C-3), 57.83 (C-6), 57.26 (C-6), 29.30 (C-4,C-4),
28.69 (C-2, C-2), 27.83 (C-5, C-5), 26.09 (C-1, C-1), 24.40 (-CHs), 21.63 (-CHs).

N-3-(4-Methoxyphenyl)cyclohexyl)picolinamide 3.240
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A Schlenk tube was charged with N-picolinoycyclohexylamine 3.234 (40 mg, 0.2 mmol, 1.0
eq.), 4-iodoanisole 3.187 (94 mg, 0.4 mmol, 1.0 eq.), Ag2CO3 (83 mg, 0.3 mmol, 1.5 eq.), and
Pd(OAC)2 (9 mg, 0.04 mmol, 0.2 eq.). The tube was covered with aluminium foil, then purged,
and degassed with argon for three times. The solvent tert-amyl-OH (1 ml, 0.2M) was
transferred in a tube via syringe and the screw capped tube was heated at 110 °C for 48 h under
dark. The reaction mixture was diluted with CH2Cl and filtered through a pad of silica gel,
washing with CH2Cl, and MeOH. The filtrate was concentrated under reduced pressure.
Purification of the residue was performed by flash chromatography on silica gel (EtOAc :
hexanes 30 : 70) to give a pale brown solid of N-3-(4-methoxyphenyl)cyclohexyl)picolinamide
3.240 (37 mg, 0.12 mmol, 60%).

!H NMR (CDCls, 400 MHz): 6 8.54 (d, J = 4.6 Hz, 1H, H-14), 8.22 (d, J = 7.8 Hz, 1H, H-11),
7.98 (bs, 1H, -NH), 7.86 (td, J = 7.6, 1.5 Hz, 1H, H-13), 7.43 (dd, J = 7.5, 4.7 Hz, 1H, H-12),
7.15(d, J =8.7 Hz, 2H, H-21, H-17), 6.85 (d, J = 10.8 Hz, 2H, H-20, H-18), 4.17 (dtt, J = 19.6,
6.8, 3.9 Hz, 1H, H-1ax), 3.79 (s, 3H, -OMe), 2.74 (ddt, J = 15.4, 4.0 Hz, 1H, H-1ax), 2.28 (d,
J=12.2 Hz, 1H, H-2eq), 2.17 (d, J = 12.3 Hz, 1H, H-5eq), 1.98-1.89 (m, 2H, H-5eq, H-4eq),
1.65 (qt, J = 16.6, 3.4 Hz, 1H, H-5ax), 1.48-1.26 (m, 3H, H-2ax, H-4ax, H-6ax).

13C NMR (CDCls, 125 MHz) 6 163.28 (C-8), 157.89 (C-19), 150.11 (C-9), 147.89 (C-14),
138.48 (C-16), 137.40 (C-12), 127.61 (C-21, C-17), 126.04 (C-13), 122.28 (C-11), 113.76 (C-
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20, C-18), 55.25 (C-22 -OMe), 48.79 (C-1), 42.30 (C-2), 41.50 (C-3), 33.50 (C-4), 32.82 (C-
6), 25.21 (C-5).
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8.5. Experimental for Chapter 4

General procedures for the synthesis of oxazoline
Method |

A solution of amino alcohol (1.0 eq.), triethyl orthoformate (1.5 eq.), and catalytic glacial acetic
acid (10 mol%) in dry. DCE (dried over P.Os) was heated to reflux overnight under argon. The
solution was allowed to cool down and volatiles were removed under reduced pressure. The
residues were purified either Kugelrohr distillation or flash chromatography as specified in the

respective compound procedure.
Method 11

A solution of amino alcohol (1.0 eq.), DMF-DMA (1.0 eq.), in dry. CH2Cl (dried over CaH)
was heated to reflux for 6 hrs under argon. The residues were purified either Kugelrohr

distillation or flash chromatography as specified in the respective compound procedure.

(4S)-4-benzyl-oxazoline 4.10!

<]

(S)-4.10

‘v

Bn

General method A was used to synthesise (45)-4.10 by taking (S)-phenylalaninol (3.0 g, 29.09
mmol, 1.0 eq.), triethyl orthoformate (6.4 g, 43.64 mmol, 1.0 eq.), and glacial acetic acid (0.17
ml, 2.90 mmol, 0.1 eq.).

Purification: Kugelrohr distillation at 55 °C, 5 mTorr to obtain a colourless liquid of 4.10 (1.8
g, 11.18 mmol, 56% yield).

IH NMR (CDCls, 400 MHz): 6 7.33-7.21 (5H, m), 6.83 (1H, d, J = 1.8 Hz), 4.43 (1H, ddd, J =
155, 7.8, 1.8 Hz), 4.19 (1H, t, = 9.2, 8.5 Hz), 3.95 (1H, dd, J = 8.3, 7.5 Hz), 3.12 (1H, dd, J
= 13.8, 5.8 Hz), 2.71 (1H, dd, J = 13.9, 8.3 Hz).

Data comparable to that reported in literature.*
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General procedure A: Coupling of (4S)-4-benzyl-oxazoline with
bromo[2.2]paracyclophane

O
<
N™ “Bn

(S)-4.10 (1.1 eq.)
Pd(OAc), (5 mol%)
SPO-IV (10 mol%)
LiO'Bu (2.5 eq.)
DMA [0.25 M]
100 °C, Ar

A 4 ml scintillation vial was charged with bromo[2.2]paracyclophane (1.0 eq.), (4S)-4-benzyl-
oxazoline 4.10 (1.1 eq.), LiO'Bu (2.5 eq.), di-tert-butyl SPO [(‘Bu).P(O)H] 4.15 (0.1 eq.), and
Pd(OAC)2 (0.05 eq.). The vial was purged and degassed with argon three times. The degassed
DMA (0.25 M) was transferred by syringe and the screw-capped vial was heated at 100 °C
until the time indicated in the respective compound section. The reaction mixture was cooled
down at room temperature and diluted with CH.Cl, and MeOH before passing through a pad
of Celite®. The resulting filtrate was removed under reduced pressure and the crude product
was purified by flash chromatography with a solvent system described in respective compound

section.

General procedure B: Bis-coupling  of  (4S)-4-benzyl-oxazoline  with
dibromo[2.2]paracyclophane

O
<
N™ “gp
Br

, [\\ (S)-4.10 (2.2 eq.) _ EO

B —_—
aBp Pd(OAC), (10 mol%)

SPO-IV (20 mol%)
LiOBu (5 eq.)
DMA [0.25 M]

100 °C, Ar

A 4 ml scintillation vial was charged with dibromo[2.2]paracyclophane (1.0 eq.), (4S)-4-
benzyl-oxazoline 4.10 (2.2 eq.), LiO'Bu (5 eq.), di-tert-butyl SPO [(‘Bu).P(O)H] 4.15 (0.2 eq.),
and Pd(OAc). (0.1 eq.). The vial was purged and degassed with argon three times. The
degassed DMA (0.25 M) was transferred by syringe and the screw-capped vial was heated at
100 °C until the time indicated in the respective compound section. The reaction mixture was

cooled down at room temperature and diluted with CH>Cl, and MeOH before passing through
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a pad of Celite®. The resulting filtrate was removed under reduced pressure and the crude
product was purified by flash chromatography with a solvent system described in the respective

compound section.

General procedure C: Mono-coupling of  (4S)-4-benzyl-oxazoline  with
dibromo[2.2]paracyclophane

O
<]
N~ "gp

, [\‘\ (S)-4.10 (1.1 eq.)
.72~  Pd(OAc), (5 mol%)
SPO-IV (10 mol%)
LiO'Bu (2.5 eq.)
DMA [0.25 M]
100 °C, Ar

A 4 ml scintillation vial was charged with dibromo[2.2]paracyclophane (1.0 eq.), (4S)-4-
benzyl-oxazoline 4.10 (1.1 eq.), LiO'Bu (2.5 eq.), di-tert-butyl SPO [(‘Bu).P(O)H] 4.15 (0.1
eq.), and Pd(OACc). (0.05 eq.). The vial was purged and degassed with argon three times. The
degassed DMA (0.25 M) was transferred by syringe and the screw-capped vial was heated at
100 °C until the time indicated in the respective compound section. The reaction mixture was
cooled down at room temperature and diluted with CH2Cl, and MeOH before passing through
a pad of Celite®. The resulting filtrate was removed under reduced pressure and the crude
product was purified by flash chromatography with a solvent system described in the respective

compound section.

Repetitions of the same numbers in the section below is assigning *H/*3C NMR peaks of a

mixture of diastereomers.
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4-((4S)-Benzyl-oxazoline-2-yl)[2.2]paracyclophane 4.11

4.11 Dia. 1 4.11 Dia.2

General procedure A was followed using 4-bromo[2.2]paracyclophane 4.9 (70 mg, 0.24 mmol,
1.0 eq.), (4S)-4-benzyl-oxazoline 4.10 (43 mg, 0.27 mmol, 1.1 eq.), LiO'Bu (49 mg, 0.61 mmol,
2.5 eq.), (‘Bu)2P(O)H (4 mg, 0.025 mmol, 0.1 eq.), Pd(OAc)2 (4 mg, 0.012 mmol, 0.05 eq.),
DMA (0.98 ml) for 28 h.

Purification: Flash chromatography [SiO2, EtOAc : hexanes (30:70)] to obtain the title
compound 4.11 as pinkish semisolid (74 mg, 0.20 mmol, 82% vyield).

R:: 0.6
IR: vimax 2925, 2852, 2121, 1896, 1712, 1634, 1497 cm™,

IH NMR (MeOD4, 500 MHz): & 7.35-7.34 (m, 8H, H-28, H-28, H-27, H-27, H-25, H-25, H-
24, H-24), 7.27-7.24 (m, 2H, H-26, H-26), 7.01 (d, J = 19.4 Hz, 2H, H-5, H-5), 6.65-6.63 (m,
1H, H-8, H-8), 6.57-6.50 (M, 3H, H-7, H-7, H-13, H-13, H-12, H-12), 6.48-6.46 (m, 1H, H-16,
H-16), 6.42 (s, 1H, H-15, H-15), 4.66-4.58 (m, 1H, H-20, H-20), 4.45 (g, J = 17.7, 8.7 Hz, 2H,
H-19a, H-19a), 4.28-4.22 (m, 2H, H-19b, H-19b), 4.04-3.89 (M, 2H- H-22a, H-22a), 3.19-2.82
(m, 18H, H-22b, H-22b, H-2a, H-2a, H-2b, H-2b, H-9a, H-9a, H-9b, H-Ob, H-1a, H-1a, H-1b,
H-1b, H-10a, H-10a, H-10b, H-10b).

13C NMR (MeODs, 125 MHz): § 165.93 (C-17), 165.51 (C-17), 140.87 (C-14), 140.68 (C-14),
139.75 (C-11, C-11), 139.48 (C-3, C-3), 139.27 (C-23, C-23), 137.99 (C-4), 137.59 (C-4),
135.81 (C-6, C-6), 135.23 (C-7, C-7), 133.91 (C-15, C-15), 132.73 (C-16, C-16), 132.50 (C-
13, C-13), 132.06 (C-5, C-5), 131.18 (C-27, C-27), 129.34 (C-25, C-25), 129.19 (C-28, C-28),
128.20 (C-8, C-8, C-7, C-7), 127.80 (C-24, C-24), 126.24 (C-26, C-26), 71.2 (C-20, C-20),
61.17 (C-19), 66.85 (C-19), 41.30 (C-22), 40.84 (C-22), 35.27 (C-2, C-2), 35.12 (C-9, C-9),
34.80 (C-1, C-1), 34.57 (C-10, C-10).

HRMS (ESI-TOF) m/z: [M + H]* Calcd C26H26NO for 368.2009; Found 368.2003.
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4,16-Bis-((4S)-benzyl-oxazoline-2-yl)[2.2]paracyclophane 4.19

39 38

General procedure B was followed using 4,16-dibromo[2.2]paracyclophane 4.18 (50 mg, 0.13
mmol, 1.0 eq.), (4S)-4-benzyl-oxazoline 4.10 (49 mg, 0.30 mmol, 2.2 eq.), LiO'Bu (55 mg,
0.68 mmol, 5 eq.), (‘Bu)2P(O)H (4 mg, 0.027 mmol, 0.2 eq.), Pd(OAc). (4 mg, 0.013 mmol,
0.1 eq.), DMA (0.55 ml) for 48 h.

Purification: Flash chromatography [SiO2, EtOAc: hexanes (30:70)] to obtain the title
compound 4.19 as a pale yellowish semisolid (58 mg, 0.11 mmol, 81% yield).

Ri: 0.6

IR: vmax 3018, 2988, 2900, 1393 cm™.

IH NMR (CDCls, 500 MHz): 6 7.40-7.27 (m, 8H, H-40, H-39, H-36, H-37, H-28, H-27, H-24,
H-25), 7.30-7.27 (m, 2H, H-38, H-26), 7.11 (d, J = 11.6 Hz, 2H, H-15, H-5), 6.66-6.63 (M, 2H,
H-12, H-8), 6.56 (t, J = 7.6 Hz, 2H, H-13, H-7), 4.72-4.63 (m, 2H, H-32, H-20), 4.44 (dt, J =
22.7, 8.7 Hz, 2H, H-10a, H-2a), 4.26-4.09 (m, 4H, H-31a, H-31b, H-19a, H-19b), 3.35 (quint,
J =135, 5.5 Hz, 2H, H-34a, H-22a), 3.13-3.03 (m, 4H, H-9a, H-9b, H-1a, H-1b), 2.96-2.90
(m, 2H, H-10b, H-2b), 2.87 (m, 2H, H-34b, H-22b).

13C NMR (CDCls, 125 MHz): § 164.40 (C-20), 164.12 (C-16), 140.92 (C-11), 140.66 (C-3),
139.81 (C-35), 139.68 (C-23), 138.18 (C-16), 138.14 (C-4), 135.14 (C-14), 135.06 (C-6),
134.21 (C-8), 134.14 (C-5), 135.14 (C-14), 135.06 (C-6), 134.21 (C-8), 134.14 (C-5), 133.37
(C-12), 133.25 (C-15), 129.40 (C-37, C-25), 129.36 (C-39, C-27), 128.63 (C-36, C-24), 128.58
(C-40, C-28), 128.50 (C-13), 128.31 (C-7), 126.55 (C-38, C-26), 71.85 (C-32), 70.92 (C-20),
68.20 (C-31), 66.16 (C-19), 42.05 (C-34), 41.92 (C-22), 34.94 (C-9, C-1), 34.42 (C-2), 34.32
(C-10).

HRMS (ESI-TOF) m/z: [M + H]" Calcd CssH34N202 527.2693 for; Found 527.2689.
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4-Bromo-12-((4S)-benzyl-oxazoline-2-yl)[2.2]paracyclophane 4.22

4.22 dia.1 4.22 dia.2

General procedure C was followed using (z)-4,12-dibromo-[2.2]paracyclophane 4.21 (50 mg,
0.14 mmol, 1.0 eq.), (4S)-4-benzyl-oxazoline 4.10 (24 mg, 0.15 mmol, 1.1 eq.), LiO'Bu (27
mg, 0.34 mmol, 2.5 eq.), (‘Bu)2P(O)H (2 mg, 0.013 mmol, 0.1 eq.), Pd(OAc). (2 mg, 0.006
mmol, 0.05 eq.), DMA (0.55 ml) for 24 h. Purification: Flash chromatography [SiO2, EtOAC :
hexanes (30:70)] to obtain the title compound 4.22 as a white semisolid (19 mg, 0.042 mmol,
31% vyield. Rf : 05 IR: vmax 3675 2989, 2900, 1405, 1393 cm™

IH NMR (CDCls, 500 MHz): 6 7.70 (d, J = 8.5 Hz, 2H, H-13, H-13), 7.40-7.35 (m, 8H, H-28,
H-28, H-24, H-24, H-27, H-27, H-25, H-25), 7.31-7.26 (m, 2H, H-26, H-26), 6.66-6.58 (m,
8H, H-16, H-16, H-15, H-15, H-8, H-8, H-7, H-7), 6.52 (d, J = 7.7 Hz, 2H, H-5, H-5), 4.70-
4.60 (m, 2H, H-20, H-20), 4.40 (t, J = 8.6 Hz, 1H, H-22a), 4.34 (t, J = 8.6 Hz, 1H, H-22h),
4.28-4.12 (m, 4H, H-19a, H-19a, H-19b, H-19b), 3.51 (t, J = 10.2 Hz, 2H, H-22a, H-22b), 3.37
(dd, J = 13.8, 5.6 Hz, 1H, H-10a), 3.30 (dd, J = 13.7, 5.4 Hz, 1H, H-10b), 3.24-3.19 (m, 2H,
H-10a, H-10b), 3.12-2.78 (m, 12H, 9a, 9b, 1a, 1b, 2a, 2b).

13C NMR (CDCls, 125 MHz): 6 163.92 (C-17), 163.63 (C-17), 142.16 (C-6), 142.03 (C-6),
140.73 (C-11), 140.57 (C-11), 139.25 (C-23), 139.20 (C-23),138.86 (C-3), 138.82 (C-3),
138.39 (C-12), 138.32 (C-12), 135.67 (C-16, C-16, C-15, C-15), 135.16 (C-14), 135.11 (C-14),
134.97 (C-5), 134.90 (C-5), 131.36 (C-27), 131.25 (C-25), 130.44 (C-25), 130.19 (C-25),
129.40 (C-28, C-28), 129.30 (C-24, C-24), 128.61 (C-8, C-8), 128.54 (C-7, C-7), 128.06 (C-
26), 127.97 (C-26), 126.68 (C-13), 126.63 (C-13), 126.49 (C-4), 126.45 (C-4), 71.05 (C-20),
70.90 (C-20), 65.51 (C-19), 68.29 (C-19), 42.22 (C-22), 42.03 (C-22), 36.06 (C-10), 35.85 (C-
10), 35.79 (C-9), 35.69 (C-9), 33.93 (C-1), 33.68 (C-1), 32.66 (C-2), 32.60 (C-2).

HRMS (ESI-TOF) m/z; [M + HJ* Calcd for CasHasBr'®°NO 446.1114; Found 446.1111;
Ca6H2sBr8INO 448.1114; Found 448.1089.
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(Sp,S)-4,16-Bis-(4-benzyl-oxazoline-2-yl)[2.2]paracyclophane 4.23

27 26

(Sp,S)-4.23

General procedure B was followed using (z)-4,16-dibromo-[2.2]paracyclophane 4.21 (60 mg,
0.16 mmol, 1.0 eq.), (4S)-4-benzyl-oxazoline 4.10 (58 mg, 0.36 mmol, 2.2 eq.), LiO'Bu (66
mg, 0.82 mmol, 5 eq.), (‘Bu).P(O)H (5 mg, 0.032 mmol, 0.2 eq.), Pd(OAc)2 (4 mg, 0.016 mmol,
0.1eq.), DMA (0.66 ml) for 12 hrs. Purification: Flash chromatography [SiO2, EtOAc:hexanes
(0-5 to 5:20, gradient elution)] to obtain the title compound 4.23 (70% yield) as separate
diastereomer, (Sp,S)-4.23, pale yellowish semisolid (30 mg, 0.057 mmol, 34% vyield) and
(Rp,S)-4.23, pale yellowish semisolid (31 mg, 0.068 mmol, 36% yield).

Rr: 0.6
[a]3? : -61.70 (c=0.47, CHCls)
IR: vmax 3627, 2955, 2919, 1639, 1601, 1590, 1452 cm™,

IH NMR (CDCls, 500 MHz): 6 7.36-7.30 (m, 8H, H-24, H-25, H-28, H-27, H-36, H-37, H-40,
H-39), 7.28-7.25 (m, 2H, H-26, H-38), 7.17 (s, 2H, H-5, H-13), 6.69 (d, J = 7.6 Hz, 2H, H-8,
H-15), 6.60 (d, J = 7.7 Hz, 2H, H-7, H-16), 4.71-4.65 (m, 2H, H-20, H-32), 4.33-4.26 (m, 4H,
H-19a, H-19b, H-31a, H-31b), 4.08-4.05 (t, J = 7.5 Hz, 2H, H-2a, H-9a), 3.29 (dd, J = 13.7,
4.8 Hz, 2H, H-1a, H-10a), 3.18-3.15 (m, 4H, H-22a, H-22b, H-34a, H-34b), 2.88-2.82 (m, 2H,
H-2b, H-9b), 2.73-2.68 (dd, J = 13.4, 9.4 Hz, 2H, H-1b, H-10b).

13C NMR (CDCls, 125 MHz): 6 163.69 (C-29, C-17), 141.02 (C-35, C-23), 140.10 (C-11, C-
3), 138.44 (C-12, C-4), 135.75 (C-14, C-6), 134.87 (C-27, C-25), 132.57 (C-39, C-37), 129.25
(C-40, C-36, C-28, C-24), 128.55 (C-16, C-13, C-8, C-5), 127.98 (C-15, C-7), 126.43 (C-38,
C-26), 70.73 (C-32, C-20), 68.43 (C-31, C-19), 41.97 (C-34, C-22), 36.04 (C-9, C-1), 34.02
(C-11, C-2).

HRMS (ESI-TOF) m/z: [M + H]* Calcd CasHsaN20, 527.2693 for; Found 527.2690.

Data comparable to that reported in literature.?
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(Rp,S)-4,16-Bis-(4-benzyl-oxazoline-2-yl)[2.2]paracyclophane 4.23

(Rp,S)-4.23

R:i: 0.5
[a]3* : +23.61 (c=0.72, CHCls)
IR: vimax 3674, 2925, 1634, 1590, 1495, 1352 cm’™.

IH NMR (CDCls, 500 MHz): 6 7.39-7.38 (M, 8H, H-24, H-25, H-28, H-27, H-36, H-37, H-40,
H-39), 7.32-7.29 (m, 2H, H-26, H-38), 7.20 (s, 2H, H-5, H-13), 6.68 (d, J = 7.7 Hz, 2H, H-8,
H-15), 6.59 (d, J = 7.8 Hz, 2H, H-7, H-16), 4.67-4.61 (m, 2H, H-20, H-32), 4.35-4.30 (m, 4H,
H-19a, H-19b, H-31a, H-31b), 4.11 (t, = 7.7 Hz, 2H, H-2a, H-9a), 3.41 (dd, J = 13.8, 5.9 Hz,
2H, H-1a, H-10a), 3.26-3.20 (m, 2H, H-22a, H-344), 3.16 (t, J = 10.5 Hz, 2H, H-2b, H-9b),
2.93 (dd, J = 13.8, 8.5 Hz, 2H, H-1b, H-10b), 2.87-2.83 (m, 2H, H-22b, H-34b)

13C NMR (CDCls, 125 MHz): 6 163.51 (C-29, C-17), 141.10 (C-35, C-23), 140.14 (C-11, C-
3), 138.64 (C-12, C-4), 135.95 (C-14, C-6), 135.00 (C-27, C-25), 132.11 (C-39, C-37), 129.28
(C-40, C-36, C-28, C-24), 128.65 (C-16, C-13, C-8, C-5), 128.00 (C-15, C-7), 126.50 (C-38,
C-26), 70.71 (C-32, C-20), 68.74 (C-31, C-19), 42.27 (C-34, C-22), 35.66 (C-9, C-1), 33.72
(C-11, C-2).

HRMS (ESI-TOF) m/z: [M + H]* Calcd CasHsaN20, 527.2693 for; Found 527.2690.

Data comparable to that reported in literature.?
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4-((4S)-Benzyl-oxazoline-2-yl)-13-amino[2.2]paracyclophane 4.26dial*

4.26 Dia. 1
R = NH,

General procedure A was followed using (z)-4-bromo-13-amino[2.2]paracyclophane 4.25 (58
mg, 0.19 mmol, 1.0 eq.), (4S)-4-benzyl-oxazoline 4.10 (34 mg, 0.21 mmol, 1.1 eq.), LiO'Bu
(39 mg, 0.48 mmol, 2.5 eq.), (‘Bu).P(O)H (3 mg, 0.019 mmol, 0.1 eq.), Pd(OACc)2 (2 mg, 0.009
mmol, 0.05 eq.), DMA (0.77 ml) for 24 h.

Purification: Flash chromatography [SiO., EtsN:EtOAc:hexanes (2:14:86)] to obtain the title
compound 4.26 (74% yield) as a separate diastereomer, 4.26dial, brownish semisolid (13 mg,
0.033 mmol, 18% vyield), mixture of diastereomers (28 mg, 0.073 mmol, 38% yield), and a

separate diastereomer 4.23dia2, brownish semisolid (13 mg, 0.033 mmol, 18% yield).

Ri: 0.4 (dia.1)

IH NMR (CDCls, 500 MHz): 6 7.37-7.34 (m, 2H, H-28, H-27), 7.31-7.26 (m, 3H, H-26, H-25,
H-24), 7.16 (s, 1H, H-5), 6.64-6.62 (d, J = 10.0 Hz, 1H, H-8), 6.44 (d, J = 7.7 Hz, 1H, H-7),
6.38 (d, J = 7.6 Hz, 1H, H-16), 6.20 (d, J = 8.1 Hz, 1H, H-15), 5.49 (s, 1H, H-16), 4.63-4.57
(m, 1H, H-20), 4.33-4.27 (M, 2H, H-22a, H-22b), 4.13 (t, J = 8.1 Hz, 1H, H-19a), 3.34 (dd, J
=13.7, 4.4 Hz, 1H, H-19b), 3.21-3.09 (m, 2H, H-9a, H-9b), 3.07-3.00 (m, 2H, H-10a, H-10b),
2.94-2.91 (m, 2H, H-2a, H-2b), 2.79-2.72 (m, 2H, H-1a, H-1b).

HRMS (ESI-TOF) m/z: [M + H]" Calcd C2sH26N20 383.2118 for; Found 383.2114.

*The exact configuration of the diastereomer is not determined yet.
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4-((4S)-Benzyl-oxazoline-2-yl)-13-amino[2.2]paracyclophane 4.26dia2*

®— " 4.26 Dia.2
R = NH,

General procedure A was followed using (%)-4-bromo-(piperidin-1-yl)-[2.2]paracyclophane
4.29 (36 mg, 0.097 mmol, 1.0 eq.), (4S)-4-benzyl-oxazoline 4.10 (17 mg, 0.017 mmol, 1.1 eq.),
LiO'Bu (20 mg, 0.24 mmol, 2.5 eq.), (‘Bu)2P(O)H (2 mg, 0.009 mmol, 0.1 eq.), Pd(OAc), (1
mg, 0.004 mmol, 0.05 eq.), DMA (0.39 ml) for 24 h.

Purification: Preparative TLC [SiO., EtsN:EtOAc:hexanes (2:09:89)] to obtain the title
compound 4.29 (83% yield) as a separate diastereomer, 4.29dial, brownish semisolid (17 mg,
0.037 mmol, 29% vyield), mixture of diastereomers (14 mg, 0.031 mmol, 31% yield), and a

separate diastereomer 4.23dia2, brownish semisolid (11 mg, 0.024 mmol, 24% yield).
Rf: 0.3 (dia.2)

[] 2 : -77.78 (c=0.90, CHCl3)

IR: vmax 3745, 3020, 2938, 2400, 1312 cm™.

IH NMR (CDCls, 500 MHz): § 7.41-7.28 (m, 5H, H-28, H-27, H-26, H-25, H-24), 7.10 (s, 1H,
H-5), 6.62 (d, J = 7.7 Hz, 1H, H-8), 6.42 (d, J = 7.7 Hz, 1H, H-7), 6.35 (d, J = 7.6 Hz, 1H, H-
16), 6.17 (d, J = 7.7 Hz, 1H, H-15), 5.42 (s, 1H, H-12), 4.67 (m, 1H, H-20a), 4.40 (t, J = 8.6
Hz, 1H, H-22a), 4.34-4.29 (m, 1H, H-20b), 4.20 (t, = 7.8 Hz, 1H, H-22b), 3.18 (dd, J = 13.8,
4.5 Hz, 1H, H-20), 3.11-2.88 (m, 6H, H-9a, H-9b, H-10a, H-10b, H-2a, H-2h), 3.04-2.96 (b,
2H, -NH5), 2.75-2.69 (m, 2H, H-1a, H-1b).

13C NMR (CDCls, 125 MHz): § 165.22 (C-17), 146.36 (C-13), 140.55 (C-3), 140.13 (C-23),
138.33 (C-11), 137.90 (C-4), 136.00 (C-6), 134.84 (C-26), 134.28 (C-7), 132.17 (C-8), 129.95
(C-25), 128.62 (C-27), 126.66 (C-24), 125.09 (C-28), 123.99 (C-14), 122.15 (C-16), 121.15
(C-12), 70.25 (C-20), 67.64 (C-19), 40.84 (C-22), 34.80 (C-10), 32.34 (CC-2), 30.72 (C-1).

HRMS (ESI-TOF) m/z: [M + H]* Calcd C26H26N20 383.2118 for; Found 383.2114.

*The exact configuration of the diastereomer is not determined yet.
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4-((4S)-Benzyl-oxazoline-2-yl)-13-(piperidin-1-yl)-[2.2]paracyclophane 4.29dial*

°~ " 4.29 Dia. 1
R = 1-piperidine
General procedure A was followed using (%)-4-bromo-(piperidin-1-yl)-[2.2]paracyclophane
4.28 (36 mg, 0.097 mmol, 1.0 eq.), (4S)-4-benzyl-oxazoline 4.10 (17 mg, 0.017 mmol, 1.1 eq.),
LiO'Bu (20 mg, 0.24 mmol, 2.5 eq.), (‘Bu)2P(O)H (2 mg, 0.009 mmol, 0.1 eq.), Pd(OAc), (1
mg, 0.004 mmol, 0.05 eq.), DMA (0.39 ml) for 24 h.
Purification: Preparative TLC [SiO., EtsN:EtOAc:hexanes (2:09:89)] to obtain the title
compound 4.29 (83% yield) as a separate diastereomer, 4.29dial, brownish semisolid (17 mg,
0.037 mmol, 29% vyield), mixture of diastereomers (14 mg, 0.031 mmol, 31% yield), and a

separate diastereomer 4.23dia2, brownish semisolid (11 mg, 0.024 mmol, 24% yield).
Rf: 0.5 (dia.1)

[a]2 : +50.91 (c=1.1, CHCls)

IR: vmax 3681, 3019, 2931, 2400, 2183, 1517 cm™.,

IH NMR (CDCls, 500 MHz): 6 7.36-7.31 (m, 2H, H-31, H-33), 7.29-7.25 (m, 3H, H-30, H-34,
H-32), 7.04 (s, 1H, H-5), 6.66 (d, J = 7.6 Hz, 1H, H-8), 6.61 (d, J = 5.6 Hz, 1H, H-7), 6.56 (d,
J=75Hz, 1H, H-15), 6.33 (d, J = 7.5 Hz, 1H, H-16), 5.75 (s, 1H, H-12), 4.68 (m, 1H, H-26),
4.48 (tt, J = 13.6, 5.3 Hz, 1H, H-25a), 4.31 (t, J = 8.8 Hz, 1H, H-28a), 3.95 (t, J = 8.6 Hz, 1H,
H-28b), 3.55 (it, J = 13.5, 4.5 Hz, 1H, H-25b), 3.42 (dd, J = 13.7, 4.5 Hz, 1H, H-22a), 3.13-
3.08 (M, 1H, H-18a), 3.07-3.02 (m, 1H, H-18h), 3.01-2.92 (m, 3H, H-2a, H-2b, H-9a), 2.85-
2.74 (m, 5H, H-9b, H-1a, H-10a, H-10b), 2.66 (dd, J = 13.5, 9.8 Hz, 1H, H-22b), 1.74-1.72 (m,
2H, H-21a, H-21b), 1.58-1.56 (m, 2H, H-19a, H-19b), 1.51-1.48 (m, 2H, H-2a, H-20b)

13C NMR (CDCls, 125 MHz2): § 152.60 (C-23), 142.03 (C-13), 140.05 (C-3), 138.51 (C-29),
137.99 (C-11), 135.81 (C-5), 135.74 (C-7, C-8), 134.75 (C-4), 132.29 (C-6), 131.58 (C-14),
129.14 (C-15, C-31, C-33), 128.59 (C-30, C-34), 126.43 (C-16), 126.30 (C-12), 119.01 (C-32),
70.91 (C-26), 68.67 (C-25), 53.40 (C-22, C-18), 42.50 (C-28), 35.04 (C-9), 34.80 (C-10), 34.21
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C-2), 34.19 (C-1), 26.60 (C-21, C-19), 24.53 (C-20). HRMS (ESI-TOF) m/z: [M + H]* Calcd
(

for; Found

HRMS (ESI-TOF) m/z: [M + H]" Calcd Cs1Hz4N20 451.2744 for; Found 454.2741.

*The exact configuration of the diastereomer is not determined yet.

4-((4S)-Benzyl-oxazoline-2-yl)-13-(piperidin-1-yl)-[2.2]paracyclophane 4.29dia2*

4.29 Dia.2
R = 1-piperidine

Rr: 0.4 (dia.1)
IR: vmax 3680, 3019, 2929, 2165, 2087 cm'.,

'H NMR (CDCls, 500 MHz): 6 7.36-7.33 (m, 2H, H-31, H-33), 7.29-7.25 (m, 3H, H-30, H-34,
H-32), 7.19 (s, 1H, H-5), 6.69 (d, J = 7.5 Hz, 1H, H-8), 6.59 (d, J = 7.7 Hz, 1H, H-8), 6.54 (d,
J=9.0 Hz, 1H, H-15), 6.31 (d, J = 7.4 Hz, 1H, H-16), 5.86 (s, 1H, H-12), 4.54 (m, 1H, H-26),
434 (t, J = 8.7 Hz, 1H, H-25a), 4.22-4.19 (m, 2H, H-28a, H-28b), 3.53-3.48 (m, 1H, H-25h),
3.30 (dd, J = 13.6, 4.9 Hz, 1H, H-22a), 3.17-3.11 (m, 1H, H-18a), 3.08-3.02 (m, 1H, H-18b),
2.97-2.82 (m, 8H, H-2a, H-2b, H-9a, H-9b, H-1a, H-1b, H-10a, H-10b), 2.74 (dd, J=13.6,9.4
Hz, 1H, H-22b), 1.78-1.72 (m, 2H, H-21a, H-21b), 1.63-1.57 (m, 2H, H-19a, H-19b), 1.54-
1.51 (m, 2H, H-20a, H-20b)

13C NMR (CDCls, 125 MHz):  152.76 (C-23), 141.47 (C-13), 140.06 (C-3), 138.45 (C-29),
138.38 (C-11), 135.85 (C-5), 135.38 (C-7, C-8), 134.65 (C-4), 132.49 (C-6), 131.87 (C-14),
129.22 (C-15, C-31, C-33), 128.59 (C-30, C-34), 126.63 (C-16), 126.45 (C-12), 118.84 (C-32),
71.24 (C-26), 67.74 (C-25), 53.31 (C-22, C-18), 41.91 (C-28), 35.28 (C-9), 35.07 (C-10), 34.76
(C-2), 33.40 (C-1), 26.46 (C-21, C-19), 24.46 (C-20).

HRMS (ESI-TOF) m/z: [M + H]* Calcd Ca1HasN,0 451.2744 for; Found 454.2741

*The exact configuration of the diastereomer is not determined yet.
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(£)-4-(Piperidin-1-yl)-[2.2]paracyclophane 4.30

IH NMR (CDCls, 500 MHz): 6 6.74 (d, J = 7.6 Hz, 1H, H-8), 6.55 (d, J = 7.7 Hz, 1H, H-15),
6.47 (d, J = 7.7 Hz, 1H, H-16), 6.42-6.41 (m, 2H, H-12, H-13), 6.27 (d, J = 7.5 Hz, 1H, H-7),
5.73 (s, 1H, H-5), 3.44-3.39 (m, 1H, H-2a), 3.31-3.25 (m, 1H, H-18a), 3.07-3.01 (m, 3H, H-
12b, H-9a, H-9b), 3.01-2.97 (m, 1H, H-22), 2.96-2.89 (m, 4H, H-1a, H-1b, H-10a, H-10b),
2.73-2.67 (M, 1H, H-18b), 1.88-1.73 (M, 4H, H-19a, H-19b, H-21a, H-21b), 1.62-1.59 (m, 3H,
H-22b, H-22a, H-20b).
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(4-((4S)-Benzyl-oxazoline-2-yl)-[2.2]paracyclophane-13-methyl ester 4.35dial*

9 10 4.35 Dia. 1
R= COzMe

General procedure A was followed using (z)-4-bromo[2.2]paracyclophane-13-methyl ester
4.34 (75 mg, 0.22 mmol, 1.0 eq.), (4S)-4-benzyl-oxazoline 4.10 (39 mg, 0.24 mmol, 1.1 eq.),
LiO'Bu (44 mg, 0.54 mmol, 2.5 eq.), (‘Bu)2P(O)H (4 mg, 0.022 mmol, 0.1 eq.), Pd(OAc), (2
mg, 0.010 mmol, 0.05 eq.), DMA (0.87 ml) for 24 h.

Purification: Flash chromatography [SiO2, EtOACc : hexanes (0-10 to 30:70, gradient elution)]
to obtain the title compound 4.35 (21% vyield) as a separate diastereomer, 4.35dial, white
semisolid (6 mg, 0.037 mmol, 6% yield), mixture of diastereomers (11 mg, 0.031 mmol, 12%
yield), and a separate diastereomer 4.23dia2, brownish semisolid (5 mg, 0.024 mmol, 5%
yield).

Ry : 0.7 (dia.1)
IR: vmax 3676, 3019, 2970, 2399, 1523, 1394 cm'.,

IH NMR (CDCls, 500 MHz): 6 7.35-7.32 (m, 2H, H-24, H-28), 7.29-7.24 (m, 3H, H-24, H-25,
H-26), 7.19 (s, 1H, H-12), 7.02 (s, 1H, H-5), 6.71-6.61 (M, 4H, H-8, H-7, H-16, H-15), 4.63-
4.57 (M, 1H, H-20), 4.42 (td, J = 14.1, 3.9 Hz, 1H, H-19a), 4.31 (t, J = 8.7 Hz, 1H, H-22a),
4.20 (td, J = 10.6, 3.4 Hz, 1H, H-19b), 4.02 (t, J = 8.05 Hz, 1H, H-22b), 3.80 (s, 3H, -OMe),
3.31 (dd, J=13.7, 4.9 Hz, 1H, H-2a), 3.18-3.00 (m, 6H, H-1a, H-1b, H-9a, H-9b, H-10a, H-
10b), 2.70 (dd, J = 14.0, 9.4 Hz, 1H, H-2b).

13C NMR (CDCls, 125 MHz): d 167.28 (C-29), 163.30 (C-17), 142.76 (C-14), 141.31 (C-3),
139.35 (C-23), 139.08 (C-4), 138.48 (C-6), 136.40 (C-11), 135.99 (C-13), 135.63 (C-25),
134.89 (C-27), 134.01 (C-16), 132.84 (C-12), 129.78 (C-5), 129.18 (C-28, C-24), 128.56 (C-
8, C-15), 128.03 (C-7), 126.42 (C-25), 70.98 (C-20), 68.66 (C-19), 51.47 (C-31, -OMe), 41.86
(C-22), 34.70 (C-9, C-10), 34.57 (C-2), 34.48 (C-1).

HRMS (ESI-TOF) m/z: [M + H]* Calcd C2sH27NO3 426.2064 for; Found 426.2060.

*The exact configuration of the diastereomer is not determined yet.

284



4-((4S)-Benzyl-oxazoline-2-yl)-[2.2]paracyclophane-13-methyl ester 4.35dia2*

4.35 Dia.2
R = CO,Me

Ri: 0.6 (dia.2)
IR: vmax 3680, 2971, 2325, 2167, 1707, 1522 1410 cm™,

IH NMR (CDCls, 500 MHz): 6 7.36-7.30 (m, 4H, H-28, H-27, H-25, H-24), 7.27-7.24 (m, 1H,
H-26), 7.13 (s, 1H, H-12), 6.71-6.67 (m, 1H, H-5), 6.67-6.60 (m, 4H, H-15, H-16, H-8, H-7),
4.55-4.49 (m, 1H, H-20), 4.35 (t, J = 8.6 Hz, 1H, H-19a), 4.28 (tt, J = 22.9, 10.6, 4.1 Hz, 2H,
H-2a, H-2b), 4.14 (t, J = 7.3 Hz, 1H, H-19D), 3.87 (s, 3H, -OMe), 3.33 (dd, J = 13.7, 5.1 Hz,
1H, H-22a), 3.20-2.97 (M, 6H, H-9a, H-9b, H-10a, H-10b, H-1a, H-1b), 2.83 (dd, J = 13.6, 9.3
Hz, 1H, H-22b).

13C NMR (CDCls, 125 MHz): § 166.94 (C-29), 164.26 (C-17), 143.19 (C-14), 141.14 (C-3),
139.53 (C-23), 139.06 (C-4), 138.45 (C-6), 136.37 (C-11), 135.99 (C-13), 135.68 (C-25),
135.21 (C-27), 134.14 (C-16), 132.91 (C-12), 129.34 (C-5), 129.24 (C-28, C-24), 128.59 (C-
8, C-15), 128.09 (C-7), 126.42 (C-25), 71.47 (C-20), 67.95 (C-19), 51.53 (C-31, -OMe), 41.39
(C-22), 34.85 (C-2), 34.70 (C-9, C-10), 34.16 (C-1).

HRMS (ESI-TOF) m/z: [M + H]" Calcd C2sH27NO3 426.2064 for; Found 426.2060.

*The exact configuration of the diastereomer is not determined yet.
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4-((4S)-Benzyl-oxazoline-2-yl)-[2.2]paracyclophane-13-carboxylic acid 4.38

4.38 Dia. 1 4.38 Dia.2
R =COOH R = COOH

General procedure A was followed using (£)-4-bromo[2.2]paracyclophane-13-carboxylic acid
4.37 (50 mg, 0.15 mmol, 1.0 eq.), (4S)-4-benzyl-oxazoline 4.10 (27 mg, 0.16 mmol, 1.1 eq.),
LiO'Bu (30 mg, 0.38 mmol, 2.5 eq.), (‘Bu)2P(O)H (2 mg, 0.015 mmol, 0.1 eq.), Pd(OAc), (2
mg, 0.0075 mmol, 0.05 eq.), DMA (0.6 ml) for 24 h.

Purification: Flash chromatography [SiO2, EtOAC : hexanes 40:60] to obtain the title compound

as a mixture of diastereomers 4.38, white semisolid (27 mg, 0.065 mmol, 44% yield).

Rr: 0.3
IR: vmax 3650, 2973, 2196, 2007, 1683, 1419 cm™.

IH NMR (CDCls, 500 MHz): 6 7.50 (s, 1H, H-12), 7.30 (s, 1H, H-12), 7.23 (d, J = 6.8 Hz, 2H,
H-5, H-5), 7.19-7.15 (m, 4H, H-24, H-24, H-28, H-28), 7.10-1.05 (m, 6H, H-27, H-27, H-26,
H-26, H-25, H-25), 6.79 (dd, J = 15.6, 6.2 Hz, 2H, H-15, H-15), 6.71-6.65 (m, 6H, H-16, H-
16, H-7, H-7, H-8, H-8), 4.69-4.55 (m, 2H, H-20, H-20), 4.38-4.34 (m, 2H, H-19a, H-19a)
4.28-4.21 (m, 3H, H-2a, H-2a, H-22a), 4.17-4.12 (m, 2H, H-19b, H-19b), 3.90 (t, J = 8.3 Hz,
1H, H-22a), 3.34-3.27 (m, 2H, H-2b, H-2b), 3.20-3.08 (m, 12H, H-9a, H-9ad>, H-9b, H-9b, H-
10a, H-10b, H-10b), 3.00-2.95 (m,1H, H-22b), 2.63-2.56 (m, 2H, H-1b, H-1b).

13C NMR (CDCls, 125 MHz): 6 172.07 (C-29), 170.72 (C-29), 165.77 (C-17), 163.36 (C-17),
143.92 (C-14), 143.11 (C-14), 141.53 (C-3), 141.29 (C-3), 139.75 (C-23), 139.51 (C-23),
139.32 (C-4), 139.18 (C-4), 138.21 (C-6), 137.25 (C-6), 136.33 (C-11), 136.22 (C-11), 129.26
(C-28, C-28), 128.89 (C-24, C-24), 128.43 (C-27, C-27), 128.35 (C-25, C-25), 129.81 (C-8),
128.78 (C-8), 126.29 (C-7), 126.13 (C-7), 71.81 (C-19), 71.07 (C-19), 68.12 (C-20), 66.45 (C-
20), 41.54 (C-22), 41.18 (C-22), 34.94 (C-2), 34.61 (C-2), 34.74 (C-9, C-9), 34.68 (C-1), 34.61
(C-1), 34.49 (C-10), 34.11 (C-10).

HRMS (ESI-TOF) m/z: [M + H]" Calcd C27H2sNO3 412.1907 for; Found 412.1904.

286



4-((4S)-Benzyl-oxazoline-2-yl)-[2.2]paracyclophane-12-carboxylic acid 4.45

4.45 dia1 4.45 dia2

General procedure A was followed using (£)-4-bromo[2.2]paracyclophane-12-carboxylic acid
4.44 (50 mg, 0.15 mmol, 1.0 eq.), (4S)-4-benzyl-oxazoline 4.10 (27 mg, 0.16 mmol, 1.1 eq.),
LiO'Bu (30 mg, 0.38 mmol, 2.5 eq.), (‘Bu)2P(O)H (2 mg, 0.015 mmol, 10 mol%), Pd(OAc): (2
mg, 0.0075 mmol, 5 mol%), DMA (0.6 ml) for 22 h.

Purification: Flash chromatography [SiO2, EtOAc:hexanes 40:60] to obtain the title compound

as a mixture of diastereomers 4.45, white semisolid (41 mg, 0.093 mmol, 61% yield). R¢: 0.3

IR: vmax 3647, 2980, 2906, 2240, 2043, 1713, 1523 cm™.

IH NMR (CDCls, 500 MHz): 6 7.41-7.25 (m, 10H, H-28, H-28, H-24, H-24, H-27, H-27, H-
25, H-25, H-26, H-26), 7.16 (s, 2H, H-13, H-13), 6.94 (d, J = 9.0 Hz, 2H, H-5, H-5), 6.81 (d,
J=7.7 Hz, 2H, H-16, H-16), 6.65-6.59 (M, 6H, H-15, H-15, H-8, H-8, H-7, H-7), 4.83-4.70
(m, 2H, H-20, H-20), 4.54-4.49 (m, 2H, H-19a, H-19a), 4.37 (t, J = 17.0 Hz, 2H, H-10a, H-
10a), 4.02-3.95 (m, 2H, H-10b, H-10b), 3.74-3.66 (M, 2H, H-22a, H-22a), 3.59 (dd, J = 13.8,
4.3 Hz, 1H, H-19b), 3.31 (dd, J = 13.7, 4.4 Hz, 1H, H-19b), 3.21-2.84 (m, 14H, H-10b, H-10b,
H-2ads, H-2a, H-2b, H-2b, H-1a, H-1a, H-1b, H-1b, H-9a, H-9a, H-Ob, H-9b), 2.83-2.73 (m,
2H, H-22b, H-22b).

13C NMR (CDCls, 125 MHz): & 169.48 (C-29), 169.30 (C-29), 168.81 (C-17), 168.58 (C-17),
140.93 (C-23), 140.83 (C-23), 140.02 (C-11), 139.73 (C-11), 139.02 (C-3), 138.93 (C-3),
136.84 (C-5), 136.57 (C-5), 135.97 (C-6, C-14), 135.92 (C-6, C-14), 135.56 (C-8, C-7), 135.51
(C-8, C-7), 134.99 (C-12), 134.97 (C-12), 129.49 (C-27, C-27), 129.26 (C-25, C-25), 129.06
(C-16), 129.03 (C-16), 128.94 (C-28, C-28), 128.71 (C-24, C-24), 127.87 (C-4), 127.85 (C-4),
127.04 (C-26), 126.90 (C-26), 73.91 (C-20), 72.64 (C-20), 66.48 (C-19), 65.67 (C-19), 41.06
(C-22, C-22), 34.76 (C-10), 34.72 (C-10), 34.48 (C-9), 34.44 (C-9), 34.29 (C-1, C1), 33.95 (C-
2), 33.93 (C-2).

HRMS (ESI-TOF) m/z: [M + H]" Calcd C27H2sNO3 412.1907 for; Found 412.1901.
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4-((4S)-Benzyl-oxazoline-2-yl)-5-amino[2.2]paracyclophane 4.47dial* & 4-((4S)-benzyl-
oxazoline-2-yl)-5-amino[2.2]paracyclophane 4.47dia2*

4.47 dia1 4.47 dia 2

General procedure was followed using (x)-4-Bromo-5-amino[2.2]paracyclophane 4.48 (48 mg,
0.16 mmol, 1.0 eq.), (4S)-4-benzyl-oxazoline 4.10 (28 mg, 0.17 mmol, 1.1 eq.), LiO'Bu (32
mg, 0.39 mmol, 2.5 eq.), (‘Bu).P(O)H (3 mg, 0.015 mmol, 10 mol%), Pd(OAc)2 (2 mg, 0.0079
mmol, 5 mol%), DMA (0.64 ml) for 24 h.

Purification: Preparative TLC [SiO2, EtOAc:hexanes 15:85] to obtain the separate
diastereomers of 4.47, yellowish semisolid (21 mg, 0.054 mmol, 34% yield).

Ri: 0.6 &0.5

Dial

!H NMR (CDCls, 500 MHz): 6 7.34-7.31 (m, 4H, H-28, H-27, H-24, H-23), 7.25-7.24 (m, 1H,
H-26), 7.08 (d, J = 9.6 Hz, 1H, H-16), 6.63 (d, J = 9.7 Hz, 1H, 1H, H-15), 6.43 (d, J = 9.7 Hz,
1H, H-8), 6.38-6.35 (m, 2H, H-13, H-12), 6.14 (d, J = 9.4 Hz, 1H, H-7), 4.65-4.58 (m, 1H, H-
20), 4.27-4.18 (m, 2H, H-19a, H-19b), 4.04 (t, J = 7.9 Hz, 1H, H-10a), 3.85-3.76 (m, 1H, H-
10b), 3.11-3.03 (m, 4H, H-22a, H-22b, H-9a, H-9b), 2.75-2.65 (m, 4H, H-2a, H-2b, H-9a, H-
9h).

Dia 2

!H NMR (CDCls, 500 MHz): 6 7.40-7.37 (m, 4H, H-28, H-27, H-24, H-23), 7.30-7.28 (m, 1H,
H-26), 7.10 (d, J = 9.6 Hz, 1H, H-16), 6.63 (d, J = 9.8 Hz, 1H, H-15), 6.43 (d, J = 9.7 Hz, 1H,
H-8), 6.38 (d, J = 9.5 Hz, 2H, H-13, H-12), 6.12 (d, J = 9.4 Hz, 1H, H-7), 4.62-4.54 (m, 1H,
H-20), 4.27 (t, J = 10.5 Hz, 1H, H-19a), 4.05 (t, J = 10.1 Hz, 1H, H-19b), 3.82-3.75 (m, 1H,

H-10a), 3.25 (dd, J = 17.04, 7.4 Hz, 1H, H-22a), 3.13-3.05 (m, 4H, H-9a, H-9b, H-2a, H-2b),
2.96 (dd, J=17.0, 9.5 Hz, 1H, H-22b), 2.75-2.64 (m, 3H, H-10b, H-1a, H-1b).

*The exact configuration of the diastereomer is not determined yet.
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(R)-4-Phenyl-oxazoline
0

&

N

(R)-4.49

General method | was followed to synthesise (4R)-4.49 by taking (R)-(-)2-phenyl glycinol (2.5
g, 18.22 mmol, 1.0 eq.), triethyl orthoformate (4.54 ml, 27.33 mmol, 1.0 eq.), and glacial acetic
acid (0.10 ml, 1.82 mmol, 0.1 eq.).

Purification: Kugelrohr distillation at 45 °C, 60 mTorr to obtain a colourless liquid of 4.49 (1.4
g, 9.51 mmol, 52% yield).

IR: vmax 3020, 2973, 2399, 2166, 2009, 1917, 1684, 1517, 1215 cm™.

IH NMR (CDCls, 400 MHz): § 7.38-7.24 (5H, m), 7.05 (1H, d, J = 1.8 Hz), 5.23 (1H, ddd, J =
10.2, 8.5, 1.9 Hz), 4.62 (1H, ddd, J = 10.5, 8.6 Hz), 4.09 (1H, d, J = 8.3 Hz).

13C NMR (CDCls, 125 MHz): 6 161.68, 138.34, 128.92, 128.02, 126.66, 66.02, 54.75.

HRMS (ESI-TOF) m/z: [M+H]* Calcd CsH1oNO 148.0757 for; Found 148.0755.
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(x)-4-(4-Phenyloxazole)[2.2]paracyclophane 4.50
L0
Oh

(£)-4.50

General procedure A was followed using (x)-4-bromo[2.2]paracyclophane 4.9 (40 mg, 0.27
mmol, 1.0 eq.), (R)-4-Phenyl-oxazoline 4.49 (86 mg, 0.29 mmol, 1.1 eq.), LiO'Bu (54 mg, 0.68
mmol, 2.5 eq.), (‘Bu)2P(O)H (4 mg, 0.027 mmol, 0.1 eq.), Pd(OAc)2 (3 mg, 0.013 mmol, 0.05
eq.), DMA (1.09 ml) for 24 h.

Purification: Flash chromatography [SiO., EtOAc:hexanes 05:95] gave the by-product 4.50,
white semisolid (27 mg, 0.076 mmol, 28% yield).

Rf: 0.7
IR: vmax 3019, 2972, 2401, 2254, 2008, 1968, 1394, 1215 cm™.

IH NMR (CDCls, 400 MHz): § 7.73-7.62 (2H, m), 7.53-7.42 (1H, m), 7.34-7.29 (1H, m), 7.26-
7.18 (1H, m), 6.94 (1H, d, J = 7.9 Hz), 6.79 (1H, d, J = 1.3 Hz), 6.76 (1H, d, J = 7.9 Hz), 6.62
(1H, d, J = 7.9 Hz), 6.55 (2H, s), 6.53 (1H, d, J = 7.9 Hz), 3.57 (1H, ddd, J = 13.4, 10.5, 2.3
Hz), 3.35 (1H, ddd, J = 13.2, 10.8, 4.6 Hz), 3.20-3.04 (6H, m).

13C NMR (CDCls, 125 MHz): 6 144.26, 140.94, 139.54, 139.19, 137.13, 136.80, 134.53,
133.52, 132.90, 132.71, 130.98, 129.93, 129.58, 129.03, 128.96, 128.29, 128.09, 127.30,
118.94, 114.92, 35.33, 35.09, 34.47, 34.24.
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(S)-4-(Tert-hydroxyl diphenyl)-oxazoline 4.57

General method | was used to synthesise (4S)-4.57 by taking (R)-2-amino-1,1-
diphenylpropane-1,3-diol 4.55 (350 mg, 1.43 mmol, 1.0 eq.), triethyl orthoformate (320 mg,
2.15 mmol, 1.0 eq.), and glacial acetic acid (8 mg, 0.14 mmol, 0.1 eq.).

Purification: Kugelrohr distillation at 45 °C, 60 mTorr to obtain a colourless liquid of 4.57 (462
mg, 1.83 mmol, 60% yield).

[a]2° : -70.00 (c=1.7, CHCls)
IR: vmax 2989, 2158, 2013, 1652, 1449, 1394 cm™.,

IH NMR (CDsOD, 700 MHz): § 7.60 (2H, d, J = 8.4, 1.5 Hz), 7.52 (2H, dd, J = 8.4, 1.7 Hz),
7.32-7.29 (4H, m), 7.21 (2H, t, J = 7.3 Hz), 7.05 (1H, d, J = 1.6 Hz), 5.44 (1H, td, J = 10.0, 1.5
Hz), 4.22 (2H, dd, J = 9.9, 1.7 Hz).

13C NMR (CD30D, 176 MHz): ¢ 159.59, 147.23, 147.05, 129.53, 129.21, 128.19, 128.06
128.00, 127.52, 79.51, 73.17, 69.56.

HRMS (ESI-TOF) m/z: [M+H]* Calcd C1sH1sNO; 254.1176 for; Found 254.1170.

(S)-4-(Tert-hydroxyl dibenzyl)oxazoline 4.65
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General method | was used to synthesise (4S)-4.65 and (4S)-4.66 by taking dibenzyl tertiary
aminoalcohol 4.64 (150 mg, 0.55 mmol, 1.0 eq.), triethyl orthoformate (123 mg, 0.82 mmol,
1.5 eq.), and glacial acetic acid (3 mg, 0.05 mmol, 0.1 eq.).

Purification: Flash chromatography [SiO,, EtOAc:hexanes 30:70] to obtain the title
compounds, (4S)-4.65 and (4S)-4.66 yellowish liquid (15 mg, 0.05 mmol, 10% yield).

IH NMR (CDCls, 500 MHz): & 7.36-7.24 (m, 10H, H-20, H-16, H-15, H-11, H-19, H-17, H-
14, H-12, H-18, H-13), 6.93 (s, 1H, H-2), 4.23-4.19 (t, J = 9.6 Hz, 1H, H-5a), 4.12-4.09 (m,
1H, H-4), 4.06 (t, J = 10.2 Hz, 1H, H-5b), 2.96 (d, J = 17.3 Hz, 1H, H-9a), 2.87 (q, J = 12.5
Hz, 2H, H-7a, H-7h), 2.68 (d, J = 17.3 Hz, 1H, H-9b).

13C NMR (CDCls, 125 MHz): J 156.62 (C-2), 136.62 (C-10), 136.51 (C-8), 130.89 (C-20, C-
16), 130.84 (C-15, C-11), 128.32 (C-19, C-17, C-14, C-12), 126.69 (C-18, C-13), 75.19 (C-6),
70.60 (C-4), 67.28 (C-5), 42.18 (C-9), 41.84 (C-7).

HRMS (ESI-TOF) m/z: [M + Na]* Calcd C18H19NNaO. 304.1313 for; Found 304.0514.

(S)-4-(Methan-1-ol)-5,5-dibenzyloxazoline 4.66

IH NMR (CDCls, 500 MHz): & 7.37-7.33 (m, 5H, H-19, H-15, H-12, H-8, H-18), 7.23-7.19
(m, 3H, H-16, H-11, H-9), 7.12-7.10 (m, 2H, H-17, H-10), 6.72 (s, 1H, H-1), 5.23 (s, 1H, -
OH), 4.16 (td, J =10.1, 2.7 Hz, 1H, H-3), 3.88 (dd, J = 12.9, 6.5 Hz, 1H, H-20a), 3.78 (d, J =
10.9 Hz, 1H, H-20b), 3.27 (d, J = 17.7 Hz, 1H, H-9a), 3.06 (q, J = 17.7 Hz, 2H, H-13a, H-13b),
2.74 (d, J = 17.7 Hz, 1H, H-9D).
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(4S,5S5)-4-(Methylalcohol)-5-phenyloxazoline 4.70

General method Il was used to synthesise (4S,5S)-4.70 by taking (1S,2S)-(+)-2-amino-1-
phenyl-1,3-propanediol 4.68 (700 mg, 4.18 mmol, 1.0 eq.), DMF-DMA (499 mg, 4.18 mmol,
1.0 eq.). Purification: Kugelrohr distillation at 135 °C, 30 mTorr to obtain a white liquid of
4.10 (482 mg, 2.72 mmol, 65% yield).

12
13 1

1
5 O 5.5
oo
3N "’//OH8

10

7
(4S,55)-4.70
[a]2° : -66.30 (c=0.92, MeOH)
IR: vmax 3390, 3266, 2994, 2900, 1679, 1637, 1559, 1394, 1280 1084 cm™,

IH NMR (CDCls, 500 MHz): 6 7.47-7.31 (m, 5H, H-13, H-12, H-11, H-10, H-11, H-9), 7.08
(s, 1H, H-2), 5.33 (d, J = 7.8 Hz, 1H, H-5), 4.10-4.07 (m, 1H, H-4), 3.99-3.95 (m, 1H, H-7a),
3.74 (dd, J = 11.7, 3.6 Hz, 1H, H-7h), 3.37 (bs, 1H, -OH.

13C NMR (CDCls, 125 MHz): § 155.76 (C-2), 1339.87 (C-6), 128.31 (C-12, C-10), 128.54 (C-
13, C-9), 128.54 (C-11), 82.22 (C-5), 74.75 (C-4), 62.23 (C-7).

HRMS (ESI-TOF) m/z: [M+H]"* Calcd C10H12NO2 178.0863 for; Found 178.0861.

Data comparable to that reported in literature.®

293



(4S,5S5)-4-(Tert-butyldiphenylsilyl-methylalcohol)-5-phenyloxazoline 4.71

14 15
(45,55)-4.71

General method I was used to synthesise (4S,5S)-4.71 by taking (1S,2S)-(+)-2-amino-1-phenyl-
1,3-propanediol 4.68 (350 mg, 0.86 mmol, 1.0 eq.), triethyl orthoformate (192 mg, 0.21 mmol,
1.5 eq.), and glacial acetic acid (5 mg, 0.05 mmol, 0.1 eq.).

Purification: Flash chromatography [SiO2, EtOAc:hexanes 20:80] to obtain the title compound,
(4S,5S)-4.68 as a white solid (378 mg, 0.91 mmol, 35% yield).

Ri: 0.7
[a]2D0 : +33.68 (¢=0.95, CHCl3)
IR: vmax 3308, 3070, 2930, 2865, 1699, 1659, 1427, 1114, 1039 cm.

IH NMR (CDCls, 500 MHz): 6 7.72 (t, J = 7.5 Hz, 4H, H-18, H-13, H-22, H-17), 7.48-7.28
(m, 11H, H-27, H-26, H-25, H-24, H-23, H-21, H-20, H-19, H-16, H-15, H-14), 7.06 (s, 1H,
H-2), 5.46 (d, J = 6.7 Hz, 1H, H-5), 4.15-4.12 (m, 1H, H-4), 3.96 (dd, J = 10.7, 3.7 Hz, 1H, H-
7a), 3.86 (dd, J = 9.4, 6.0 Hz, 1H, H-7h), 1.1 (s, 9H, 'Bu).

13C NMR (CDCls, 125 MHz): 6 154.90, 140.64, 136.25, 135.70, 135.63, 133.28, 133.12,
133.03, 129.84, 129.81, 128.75, 128.58, 128.46, 128.34, 128.21, 127.80, 125.81, 81.25, 75.36,
65.17, 26.87, 19.06.

HRMS (ESI-TOF) m/z: [M+H]" Calcd C2sH3oNOSi 416.2040 for; Found 416.2031.
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(4-(4S)-(Methylalcohol)-(5S)-phenyloxazoline-2-yl)[2.2]paracyclophane 4.72

4.72 dia 1 4.72 dia 2

General procedure A was followed using (x)-4-bromo[2.2]paracyclophane 4.9 (70 mg, 0.24
mmol, 1.0 eq.), (4S,5S)-4-(methylalcohol)-5-phenyloxazoline 4.70 (45 mg, 0.26 mmol, 1.05
eq.), LiO'Bu (49 mg, 0.61 mmol, 2.5 eq.), (‘Bu)2P(O)H (4 mg, 0.024 mmol, 0.1 eq.), Pd(OAC),
(3 mg, 0.012 mmol, 0.05 eq.), DMA (0.98 ml) for 12h. Purification: Flash chromatography
[SiO, EtOAC:hexanes 50:50] to obtain the title compound as a mixture of diastereomers 4.72,
white semisolid (14 mg, 0.039 mmol, 15% yield). R¢: 0.4

IR: vmax 3020, 2996, 2908, 2398, 2170, 1521cm™.

IH NMR (CDCls, 500 MHz): & 7.48-7.44 (m, 8H, H-30, H-30, H-26, H-26, H-29, H-29, H-27,
H-27), 7.41-7.37 (m, 2H, H-28, H-28), 7.20-7.16 (d, J = 17.8 Hz, 2H, H-5, H-5), 6.6.6-6.63
(m, 4H, H-8, H-8, H-7, H-7), 6.60-6.50 (m, 8H, H-16, H-16d, H-15, H-15, H-13, H-13, H-12,
H-12), 5,51 (d, J = 7.7 Hz, 2H, H-19, H-19), 4.40 (s, 2H, OH-24, OH-24), 4.27-4.21 (q, J =
11.5 Hz, 2H, H-22a, H-22a), 4.12 (dd, J = 11.4, 3.9 Hz, 2H, H-22a, H-22b), 3.91 (dd, J = 11.2,
4.4 Hz, 1H, H-20), 3.85 (dd, J = 9.7, 4.0 Hz, 1H, H-20), 3.22-2.76 (m, 16H, H-1a, H-1a, H-1b,
H-1b, H-9a, H-9a, H-9b, H-9b, H-10a, H-10a, H-10b, H-10b, H-2a, H-2a, H-2b, H-2b).

13C NMR (CDCls, 125 MHz): ¢ 165.21 (C-17, C-17), 141.39 (C-14), 141.27 (C-14), 140.77
(C-11), 140.64 (C-14), 139.87 (C-25), 139.78 (C-25), 139.47 (C-3), 139.42 (C-3), 136.11 (C-
4), 136.05 (C-4), 134.66 (C-16), 134.51 (C-16), 133.09 (C-15), 133.05 (C-15), 132.89 (C-13),
132.80 (C-13), 132.42 (C-12), 132.22 (C-12), 131.42 (C-5), 131.33 (C-5), 128.97 (C-29, C-
27), 128.95 (C-29, C-27), 128.48 (C-8), 128.41 (C-8), 125.99 (C-30, C-26, C-30, C-26), 125.78
(C-7, C-28, C-7, C-28), 82.42 (C-19), 82.19 (C-19), 76.94 (C-20), 76.55 (C-20), 64.43 (C-22),
64.03 (C-22), 35.97 (C-1, C-1), 35.32 (C-9, C-9), 35.08 (C-10, C-10), 34.98 (C-2, C-2).

HRMS (ESI-TOF) m/z: [M + H]" Calcd C2sH26NO2 384.1964 for; Found 384.1955.
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(4S,55)-4-((Benzyloxy)(methyl))-5-phenyloxazoline 4.73

12
13 11

1
055 10

2 9 N
S g 2 18
NT4,_0_ 15
7
14 16 17
(45,55)-4.73

General method | was used to synthesise (4S,5S)-4.71 by taking (1S,2S)-2-amino-3-
(benzyloxy)-1-phenylpropan-1-ol (400 mg, 1.5 mmol, 1.0 eq.), triethyl orthoformate (346 mg,
1.5 mmol, 1.5 eq.), and glacial acetic acid (9 mg, 0.15 mmol, 0.1 eq.).

Purification: Flash chromatography [SiO2, EtOAc:hexanes 20:80] to obtain the title compound,
(4S,5S)-4.73 as a yellow semisolid (170 mg, 0.63 mmol, 41% yield).

Ri: 0.4
[a]ZDO : +20.19 (c=5.10, CHCl3)
IR: vmax 3019, 2986, 2897, 2400, 2044, 1685 cm.

IH NMR (CDCls, 500 MHz): & 7.40-7.28 (m, 10H, H-20, H-19, H-18, H-17, H-16, H-13, H-
12, H-11, H-10, H-9), 7.05 (s, 1H, H-2), 5.36 (d, J = 7.0 Hz, 2H, 1H, H-5), 4.67 (g, J = 12.1
Hz, 2H, H-14a, H-14b), 4.20-4.18 (m, 1H, H-4), 3.80 (dd, J = 9.7, 4.0 Hz, 1H, H-7a), 3.66 (dd,
J=9.6, 6.4 Hz, 1H, H-7h).

13C NMR (CDCls, 125 MHz): 6 155.04 (C-2), 140.35 (C-6), 137.98 (C-5), 128.77 (C-19, C-
17), 128.44 (C-12, C-10), 128.26 (C-18), 127.75 (C-11), 127.69 (C-13, C-9), 125.58 (C-20, C-
16), 82.58 (C-5), 74.01 (C-4), 73.40 (C-14), 71.34 (C-7).

HRMS (ESI-TOF) m/z: [M+H]"* Calcd C17H1sNO- 268.1330 for; Found 268.1332.
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4-(4S)-((Benzyloxy)(methyl))-(5S)-phenyloxazoline-2-yl)[2.2]paracyclophane 4.74

30 27

4.74 dia 1 4.74 dia 2

General procedure was followed using (£)-4-bromo[2.2]paracyclophane 4.9 (70 mg, 0.24
mmol, 1.0 eq.), (4S,5S)-4-((benzyloxy)(methyl))-5-phenyloxazoline 4.73 (69 mg, 0.25 mmol,
1.05 eq.), LiO'Bu (49 mg, 0.61 mmol, 2.5 eq.), (‘Bu)P(O)H (4 mg, 0.024 mmol, 0.1 eq.),
Pd(OAcC)2 (3 mg, 0.012 mmol, 0.05 eq.), DMA (0.98 ml) for 14 h.

Purification: Flash chromatography [SiO2, EtOAc:hexanes 20:80] to obtain the title compound

as a mixture of diastereomers 4.74, white semisolid (62 mg, 0.13 mmol, 53% yield).
Rf: 0.6
IR: vmax 2997, 2880, 2398, 2209, 2171, 1989, 1635, 1516 cm™.

IH NMR (CDCls, 500 MHz): ¢ 7.47-7.30 (m, 20H, H-30, H-30, H-26, H-26, H-29, H-29, H-
27, H-27, H-28, H-28, H-36, H-36, H-32, H-32, H-35, H-35, H-33, H-33, H-34, H-34), 7.21
(d, J = 7.1 Hz, 2H, H-5, H-5), 6.73-6.72 (d, J = 6.7 Hz, 1H, H-8), 6.67-6.64 (m, 3H, H-8, H-7,
H-7), 6.60-6.52 (M, 8H, H-16, H-16, H-15, H-15, H-13, H-13, H-12, H-12), 5.59 (d, J = 6.3
Hz, 2H, H-19, H-19), 4.77 (dt, J=21.6, 9.8 Hz, 4H, H-24a, H-24a, H-24b, H-24b), 4.48 (dddd,
J=13.4,10.4,6.5, 4.1 Hz, 2H, H-20, H-20), 4.39-4.31 (m, 1H, H-10a), 4.25 (t, J = 9.4 Hz, 1H,
H-10a), 3.95 (tt, J = 5.8, 4.0 Hz, 2H, H-22a, H-22a), 3.88 (dd, J = 9.5, 6.1 Hz, 1H, H-22D),
3.82 (dd, J = 9.6, 6.4 Hz, 1H, H-22b), 3.22-3.02 (m, 12H, H-10b, H-10b, H-9a, H-9a, H-9b, H-
9b, H-1a, H-1a, H-1b, H-1b, H-2a, H-2a), 2.92-2.85 (m, 2H, H-2b, H-2b).

13C NMR (CDCls, 125 MHz): 6 164.61 (C-17), 164.05 (C-17d), 141.55 (C-14d), 141.44 (C-
14d), 141.36 (C-11), 141.33 (C-11), 140.10 (C-3), 140.01 (C-3), 139.68 (C-31), 139.62 (C-
31), 139.37 (C-25), 139.31 (C-25), 138.15 (C-4, C-4), 135.99 (C-5), 135.95 (C-5), 135.11 (C-
6, C-6), 134.61 (C-16), 134.53 (C-16), 133.03 (C-15), 132.92 (C-15), 132.85 (C-8, C-8), 132.42
(C-13), 132.24 (C-13), 131.51 (C-12), 131.32 (C-12), 128.80 (C-29, C-29, C-27, C-27, C-35,
C-35), 128.47 (C-36, C-36), 128.45 (C-32, C-32), 128.16 (C-30, C-30), 128.09 (C-26, C-26),
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127.87 (C-33, C-33), 127.77 (C-8, C-8), 127.75 (C-7, C-7), 125.76 (C-34, C-34), 125.58 (C-
28, C-28), 82.96 (C-19), 82.52 (C-19), 75.28 (C-20, C-20), 73.50 (C-24), 73.48 (C-24), 72.00
(C-22), 71.97 (C-22), 36.08 (C-10), 35.97 (C-10), 35.35 (C-9, C-9), 35.10(C-1, C-1), 34.87 (C-
2), 34.52 (C-2).

HRMS (ESI-TOF) m/z: [M + H]" Calcd C33H32NO2 474.2428 for; Found 474.2424.

4-([2.2]Paracyclophane-12-yl)-1-(22S)-phenylethyl)-19,20-dihydro-21H-imidazole 4.79

27 27

A 4 ml scintillation vial was charged with, (x)-4-bromo[2.2]paracyclophane 4.9 (50 mg, 0.28
mmol, 1.0 eq.), (S)-1-(1-phenylethyl)-4,5-dihydro-1H-imidazole 4.78 (82 mg, 0.28 mmol, 1.0
eq.), DBU (44 mg, 0.28 mmol, 1.0 eq.), Cul (55 mg, 0.28 mmol, 1.0 eq.), PPhs (8 mg, 0.028
mmol, 10 mol%), Pd(OAc)2 (3 mg, 0.014 mmol, 5 mol%). The vial was purged and degassed
with argon for three times. The degassed DMF (0.82 ml, 0.35 M) was transferred in a vial via
syringe and the screw capped vial was heated at 110 °C for 16 hrs. The reaction mixture was
allowed to cooled down at room temperature and diluted with CH2Cl> and MeOH before
passing through a pad of Celite®. The resulting filtrate was removed under reduced pressure
and crude product was purified.

Purification: Flash chromatography [Neutral Alumina, CH.Cl; : hexanes 40:60] to obtain the
title compound as a mixture of diastereomers 4.79, brownish semisolid (36 mg, 0.094 mmol,
33% yield).

Ri: 0.5

'H NMR (CDCls, 500 MHz): § 7.37-7.26 (m, 5H, H-29, H-29, H-28, H-28, H-27d.), 7.19-7.13
(m, 3H, H-27, H-26, H-26), 7.05 (dd, J = 18.9, 7.8 Hz, 2H, H-8, H-8), 6.88-6.81 (m, 4H, H-5,
H-5, H-7, H-7), 6.63-6.47 (m, 10H, H-27, H-27, H-16, H-16, H-15, H-15, H-13, H-13, H-12,
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H-12), 4.71 (q, J = 7.0 Hz, 1H, H-22), 4.57 (g, J = 5.8 Hz, 1H, H-22), 4.07 (qd, J =8.1, 5.3 Hz,
1H, H-20a), 3.98-3.86 (dddd, J = 20.6, 11.3, 3.0 Hz, 3H, H-20a, H-20b), 3.55-3.40 (m, 3H, H-
19a, H-19a, H-19b), 3.31-3.28 (m, 1H, H-19b), 3.24-3.12 (m, 7H, H-10a, H-10a, H-10b, H-
10b, H-9a, H-9a, H-9b), 3.08-2.96 (m, 9H, H-9b, H-2a, H-2a, H-2b, H-2b, H-1a, H-1a, H-1b,
H-1b), 1.55 (d, J = 7.0 Hz, 3H, -CHs), 1.55 (d, J = 6.8 Hz, 3H, -CHa).

13C NMR (CDCls, 125 MHz): 6 166.86 (C-17), 166.22 (C-17), 141.68 (C-24, C-24), 140.40
(C-14), 140.24 (C-14), 140.06 (C-11, C-11), 139.37 (C-6), 139.28 (C-6), 139.25 (C-3), 139.07
(C-3), 138.44 (C-4), 138.35 (C-4), 135.04 (C-16), 134.96 (C-16), 134.51 (C-15), 134.41 (C-
15), 133.52 (C-13), 133.41 (C-15), 133.52 (C-13, 133.43 (C-13), 132.84 (C-12, C-12), 132.39
(C-29, C-1), 132.39 (C29), 132.35 (C-29), 132.30 (C-25), 132.24 (C-25), 131.71 (C-5, C-5),
128.37 (C-28, C-28), 128.15 (C-26, C-26), 127.10 (C-27, C-27), 127.03 (C-8), 126.99 (C-8),
126.78 (C-7, (C-7), 53.37 (C-22), 52.73 (C-22), 44.08 (C-20, C-20), 43.44 (C-19, C-19), 35.38
(C-10, C-10), 35.32 (C-9, C-9), 35.22 (C-2), 35.18 (C-2), 33.80 (C-1), 33.60 (C-1), 18.08 (C-
23,-CHs), 14.91 (C-23,-CHs).

HRMS (ESI-TOF) m/z: [M + H]" Calcd Cz7H29N> 381.2331 for; Found 381.2317.

(x)-4-([2.2]Paracyclophane-1-yl)-18-methyl-18H-benzo[d]imidazole 4.81

The compound 4.81 was synthesised following the same procedure (Page no. 296) as the
synthesise of 4.79 by taking reagents, (x)-4-bromo[2.2]paracyclophane (87 mg, 0.30 mmol,
1.0 eq.), 1-methyl-benzimidazole 4.80 (40 mg, 0.30 mmol, 1.0 eq.), K2CO3 (105 mg, 0.75
mmol, 2.5 eq.), Cul (58 mg, 0.30 mmol, 1.0 eq.), PCys (9 mg, 0.030 mmol, 0.1 eq.), Pd(OAc)2
(3 mg, 0.015 mmol, 0.05 eq.), DMA (1.21 ml, 0.25 M), for 48 h.

Purification: Flash chromatography [SiO2, EtOAc : hexanes 30:70] to obtain the title compound
(x)-4.81, brownish solid (60 mg, 0.18 mmol, 59% yield).
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Re: 0.5

IH NMR (CDCls, 400 MHz): 9 8.01 (m, 1H, H-20), 7.42-7.35 (m, 3H, H-23, H-22, H-21), 7.00
(s, 1H, H-5), 7.00 (d, J = 9.8 Hz, 1H, H-8), 6.78 (d, J = 9.8 Hz, 1H, H-7), 6.67-6.59 (m, 4H, H-
16, H-15, H-13, H-12), 3.62 (s, 3H, -CH3), 3.32-3.05 (m, 5H, H-10a, H-10b, H-9a, H9b, H-2a),
2.97-2.89 (m, 3H, H-2b, H-1a, H-1b).

13C NMR (CDCls, 125 MHz): 6 140.69 (C-17), 139.49 (C-24), 139.35 (C14, C-11), 138.98 (C-
19), 135.10 (C-6, C-4), 134.17 (C-23, C-20), 133.77 (C-3), 132.59 (C-22, C-21), 132.18 (C-
16, C-15), 131.70 (C-13, C-12), 122.68 (C-8), 119.89 (C-5), 109.67 (C-7), 35.34 (C-10), 35.24
(C-9), 35.15 (C-1), 34.02 (-CH3), 30.81 (C-2).

HRMS (ESI-TOF) m/z: [M + H]* Calcd C24H23N2 339.1856 for; Found 339.1852.

(x)-3-(4-([2.2]Paracyclophane-1-yl))-1-methyl-1H-indolezole 4.83 &
(¥)-2-(4-([2.2]paracyclophane-1-yl))-1-methyl-1H-indolezole 4.84

The compound 4.83 & 4.84 were synthesised following the same procedure (Page no. 296) as
the synthesise of 4.79 by taking reagents, 1-methyl-indole 4.82 (20 mg, 0.30 mmol, 1.0 eq.),
(x)-4-bromo[2.2]paracyclophane 4.9 (87 mg, 0.30 mmol, 2.0 eq.), K2CO3z (53 mg, 0.75 mmol,
2.5¢eq.), PivOH (8 mg, 0.076 mmol, 0.5 eq.) PCyz (4 mg, 0.015 mmol, 0.1 eq.), Pd(OAC): (2
mg, 0.0076 mmol, 0.05 eq.), DMA (0.61 ml, 0.25 M) for 24 h.

Purification: Flash chromatography [SiO2, EtOAc:hexanes 5:95] to obtain the title compounds
(£)-4.83, brownish semisolid (31 mg, 0.09 mmol, 61% yield) and (+)-4.84, brownish semisolid
(12 mg, 0.038 mmol, 24% vyield).

Ry : 0.6 for (£)-4.83 and 0.5 for ()-4.84.
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(+)-4.83

IH NMR (CDCls, 500 MHz): § 7.78 (d, J = 7.8 Hz, 1H, H-24), 7.43 (d, J = 8.1 Hz, 1H, H-23),
7.30 (d, J = 7.0 Hz, 1H, H-21), 7.23 (t, J = 9.8 Hz, 1H, H-22), 6.88 (d, J = 7.8 Hz, 1H, H-8),
6.77 (s, 1H, H-5), 6.70 (d, = 7.8 Hz, 1H, H-8), 6.77 (s, 1H, H-5), 6.70-6.68 (m, 2H, H-16, H-
15), 6.62-6.65 (m, 3H, H-7, H-13, H-12), 6.60 (s, 1H, H-18), 3.55 (s, 3H, -CHs), 3.21-2.79 (m,
8H, H-10a, H-10b, H-9a, H-Ob, H-2a, H-2b, H-1a, H-1b).

Data comparable to that reported in literature.*
(x)-4.84

IH NMR (CDCls, 500 MHz): § 7.65 (d, J = 7.9 Hz, 1H, H-23), 7.41 (d, J = 8.2 Hz, 1H, H-22),
7.31(d, J = 7.4 Hz, 1H, H-20), 7.25 (s, 1H, H-5), 7.18 (t, J = 7.7 Hz, 1H, H-21), 6.77 (d, J =
8.0 Hz, 1H, H-8), 6.68 (d, J = 6.3 Hz, 1H, H-7), 6.62-6.50 (m, 4H, H-16, H-15, H-13, H-12),
6.60 (s, 1H, H-25), 3.95 (s, 3H, -CHs), 3.41 (td, J = 13.4 Hz, 1H, H-10a), 3.21-2.65 (m, 7H, H-
10b, H-9a, H-9b, H-2a, H2b, H-1a, H-1b).

8.5.1. Reference

@ Leonard, W. R.; Romine, J. L.; Meyers, A. I. A rapid and efficient synthesis of chiral 2-hydro-
2-oxazolines. J. Org. Chem. 1991, 56, 1961.

(2) Kitagaki, S.; Murata, S.; Asaoka, K.; Sugisaka, K.; Mukai, C.; Takenaga, N.; Yoshida, K.,
Chem. Pharm. Bull. 2018, 66, 1006.

3 Poelert, M. A.; Kellogg, R. M.; Hulshof, L. A., Recl. Trav. Chim. Pays-Bas 1994, 113, 355.

(4)  Thennakoon, N.; Kaur, G.; Wang, J.; Plieger, P. G.; Rowlands, G. J. Asymmetric Variant of the
Bischler—-Mohlau Indole Synthesis, Aust. J. Chem. 2015, 68, 566.
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8.6. Experimental for Chapter 5 and Chapter 6

Preparation of Palladacycle 5.131'?

5.131

Ortho-toluic acid (2.0 g, 14.68 mmol, 1.0 eq.) was treated with KOH (0.659 g, 11.74 mmol,
0.8 eq.) in water (15 ml) at room temperature. Water was removed in a rotary evaporator, the
white solid was washed with CH2Cl, (20 ml x 3) to remove excess of ortho-toluic acid and

dried under vacuum at 100 °C to give potassium ortho-toluate (1.8 g, 10.3 mmol, 73% yield).

Pd(OAC)2 (516 mg, 2.29 mmol, 1.0 eq.) was added to a suspension of potassium ortho-toluate
(400 mg, 2.29 mmol, 1.0 eq.) in 1,4-dioxane (9 ml) and heated to 100 °C for overnight. The
reaction mixture was filtered and washed with CH.Cl, (5 ml) and dried under vacuum to get
the palladacycle 5.131 (880 mg, 1.19 mmol, 55% yield).

Data comparable to that reported in the literature.?

2-(m-tolyl)pyridine 5.136°

A flame dried Schlenk tube was charged with palladacycle (100 mg, 0.13 mmol, 1.0 eq.),
pyridine-2-sulfinate (44.83 mg, 0.27 mmol, 2.0 eq.), potassium carbonate (75 mg, 0.54 mmol,
4.0 eqg.). The Schlenk tube was degassed and back filled with argon three time. The dry 1,4-
dioxane (1.3 ml, 0.1 M) was transferred into tube under constant argon flow. The Hi-Vac valve
was closed and the reaction allowed to stir at 150 °C. After 24 h, the reaction mixture was
passed through a pad of celite and washed CH2Cl2 (5 ml x 2) and MeOH (5 ml). The combined
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solvent fractions were removed in a rotary evaporator. The resulting crude was purified by
column chromatography [SiO., Et,O : Pentane (3:7)] to obtain title compound as pale brownish
powder (7 mg, 0.088 mmol, 15% yield).

Re: 0.7

'H NMR (CDCls, 500 MHz): 6 8.73 (d, J = 4.7 Hz, 1H, H-12), 7.86 (s, 1H, H-5), 7.80-7.44 (m,
3H, H-11, H-10, H-9), 7.41 (t, J = 7.62 Hz, 1H, H-2), 7.27-7.24 (m, 2H, H-3, H-1), 2.47 (s, 3H,
-CHy).

13C NMR (CDCls, 125 MHz): § 149.47 (C-8), 139.18 (C-12), 136.89 (C-6), 129.82 (C-4),
128.67 (C-10, C-5), 127.67 (C-2, C-1), 124.04 (C-3), 122.06 (C-11), 120.73 (C-9), 21.52 (C-
7, -Me).

MS (ESI-TOF) m/z: [M + H]* Calcd for C12H12N 170.09; Found 170.03.
Data comparable to that reported in the literature.®

Palladacycle 5.140*

7 10
0O
13

89 /

N-O

2 PdJ2 ™

s oAl
“CHj

6
1 5

5.140

N-Methoxy-2-methylbenzamide (100 mg, 0.60 mmol, 1.0 eq.), and Pd(OAc): (135 mg, 0.60
mmol, 1.0 eq.), were suspended in 15 ml pressure tube. accurately. Then glacial AcOH (6.0
ml) was added via cannula and the tube was evacuated and back filled with argon gas three
times. The septum was removed under an optimal flow of argon and the tube was closed with
a screw cap. The reaction was allowed to stir at 120 °C for 15 min. the reaction was cooled
down to room temperature and diluted with CH2Cl. (5 ml) and MeOH (5 ml), filtered through
a pad of Celite®, and filtrate was concentrated under vacuum. The crude residue (107 mg, 0.397
mmol, 66%) was used directly for the next reaction without purification.
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IH NMR (CDsCN, 500 MHz): ¢ 7.03 (d, J = 7.2 Hz, 1H, H-2), 6.84 - 6.78 (m, 2H, H-1, H-3),
3.58 (s, 3H, -OMe), 2.52 (s, 3H, -Me).

13C NMR (CDCls, 125 MHz): § 177.5 (C-8), 144.04 (C-6), 137.9 (C-5), 133.5 (C-2), 129.9
(C-1), 128.4 (C-13), 126.6 (C-7).

Data comparable to that reported in the literature.*

2-methyl-6-(pyridin-2-yl)benzoic acid 5.126°

The compound 5.126 was synthesised by following the same procedure as mentioned in for
5.136 (page no. 237) by taking palladacycle 5.140 (65 mg, 0.24 mmol, 1.0 eq.), pyridine-2-
sulfinate (79.74 mg, 0.48 mmol, 2.0 eq.), potassium carbonate (133.56 mg, 0.96 mmol, 4.0
eq.), solvent CH3CN ([0.1M], 2.4 ml ), The crude was purified using a preparative TLC [SiO2,
EtOAC : hexanes (7:3)] to obtain the title compound 5.126 as while powder (4 mg, 0.018 mmol,
8% vyield).

Ri: 0.3

'H NMR (CDCls, 500 MHz): 6 8.57 - 8.52 (m, 1H, H-13), 7.84 - 7.74 (m, 3H, H-16, H-15),
7.63-7.62 (m, 1H, H-14),7.39 - 7.36 (m, 2H, H-3, H-2), 7.29 - 7.27 (m, 1H, H-1), 2.47 (s, 3H,
-CHs).

MS (ESI-TOF) m/z: [M + H]* Calcd for C13H10NNaO, 235.06; Found 235.21.

Data comparable to that reported in the literature.®
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Time-based study with stoichiometric quantity of Pd(OACc):

'H NMR data comparison as described in section 5.6.5.
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Procedure for pyridine thiol oxidation:

X NaOH, H202 X

| ——SH ———=—=> || —SO;Na
A EtOH/H,0 1:1 A
N N
rt

Pyridine thiol (1 g, 9 mmol, 1.0 eq.) was dissolved in a mixture of 40 ml of water containing
sodium hydroxide (468 mg, 11.7 mmol, 1.3 eq.) and 40 ml of ethanol. An aqueous solution of
hydrogen peroxide (1 ml, 9.9 mmol, 1.1 eq., 30% (w/w) in H>O) was added dropwise at room
temperature. The reaction was stirred until completion (TLC monitoring). The solvent was
removed under vacuum and the remaining residue was washed with ethyl acetate (40 ml x 3).
The aqueous phase was evaporated to obtain wet sulfinate salt which was dried under freeze

dryer overnight to afford dry sulfinate salts.

Sodium pyridine-2-sulfinate 5.123 & 6.518

»!

~
N SOzNa

5.123 & 6.50

The above procedure was followed using pyridine-2-thiol (1000 mg, 9 mmol, 1.0 eq.). The
product was obtained as a white solid (985 mg, 6.00 mmol, 58 %).

Data comparable to that reported in literature.®

IH NMR (CD3sOD, 400 MHz): 6 8.54 (1H, dt, J = 5.0, 1.0 Hz), 7.99 (1H, td, J = 7.6, 1.8 Hz),
7.91(1H, dt, J = 7.8, 2.0 Hz), 7.44 (1H, ddd, J = 7.3, 4.8, 1.2 H2).

Sodium pyridine-4-sulfinate6.53°
SOzNa
A

p7
N

6.53

The above procedure was followed using pyridine-2-thiol (1000 mg, 9 mmol, 1.0 eq.). The
product was obtained as a white solid (710 mg, 4.32 mmol, 42 %).
'H NMR (CD3OD, 400 MHz): § 8.78 (2H, d, J = 6.2 Hz), 7.69 (2H, d, J = 6.2 Hz).

Data comparable to that reported in literature.®
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Sodium pyridine-3-sulfinate 6.527

0o (o¥6) (|)|

HO/\\S// N PCls (1.2 eq.) CI/\‘S// N Hol NaHCOs3 (3 eq.) NaO/S SN
| POCI, (3.2 eq.) \@ Na,S03.7H,0 (2 eq.) | P
2 Ny, 120 °C, reflux 7 H,0, 80 °C, o/n 6o

HCl gas
9 84 % 48 %

Phosphorus pentachloride (16.25 g, 78.0 mmol, 1.2 eq.) and phosphorus oxychloride (20.0 ml,
213.9 mmol, 3.2 eq.) were added to 3-pyridinesulfonic acid (10.40 g, 65.0 mmol, 1 eq.) at 0
°C. The reaction mixture was brought to reflux and stirred overnight at 120 0 °C. Next morning,
the reaction mixture was cooled to room temperature and diluted with dry CH2Cl2 (30 ml). The
reaction mixture was further cooled to 5 °C and saturated with HCI gas. The white precipitate
was collected by filtration, washed with dry CH2Cl2 (50 ml) and dried under reduced pressure.
3-Pyridinesulfonyl chloride was obtained as a white powder and used immediately for the next
reaction (11.73 g, 55.3 mmol, 84%).

3-Pyridinesulfonyl chloride (11.73 g, 55.08 mmol, 1eq.) was added to a solution of NaHCO3 (
13.88 g, 165.24 mmol, 3 eq.) and Na.S0s3.7H20 (110.16 g, 27.76 mmol, 2 eq.) and H20 (75
ml). Th reaction mixture was heated at 80 °C for 3 hrs. The resulting crude was filtered and
filtrate was concentrated under reduced pressure to give 3-pyridylsulfinic acid sodium salt was
pale yellow solid. (4.32 g, 26.3 mmol, 48%) (ASC 2004 925, PCT. INT.Appl. 2008014199 31
Jan 2008)

IH NMR (CDsOD, 400 MHz): 6 8.78 (1H, d, J = 1.4 Hz), 8.57 (1H, dd, J = 5.0, 1.7 Hz), 8.09
(1H, dt, J = 7.8, 2.0 Hz), 7.54 (1H, dd, J = 7.2, 4.4 Hz).

Data comparable to that reported in literature.’
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General procedure A: Desulfitative coupling with bromo[2.2]paracyclophane

(\
| /)—SOZNa 2 eq)

N
Pd(OAc), (10 mol%)

PCy3 (40 mol%)
K,CO5 (1.5 eq.)
DMA / 1,4-dioxane [0.2M]
150 °C

R =H, CO,Me, or NH,

A 4 ml scintillation vial was charged with bromo[2.2]paracyclophane (1.0 eq.), pyridine
sulfinate (2.0 eq.), K2CO3(1.5eq.), PCy3 (0.4 eq.), and Pd(OAC)2 (0.1 eq.). The vial was purged
and degassed with argon for three times. Degassed DMA or 1,4-dioxane (0.2 M) was
transferred by syringe and the screw-capped vial was heated at 150 °C until completion. The
reaction mixture was cooled to room temperature and diluted with CH>Cl> and MeOH before
passing through a pad of Celite®. The resulting filtrate was removed under reduced pressure

and the crude product was purified by flash chromatography.

General procedure B: Bis-desulfitative coupling with dibromo[2.2]paracyclophane

(\
| /)—SOZNa 4 eq)

N
5 >Br Pd(OAc), (20 mol%) @_, “\ S
;
Z PCys (80 mol%) N
K,CO; (3 eq.)

DMA [0.2M]
150 °C

A 4 ml scintillation vial was charged with dibromo[2.2]paracyclophane (1.0 eq.), pyridine
sulfinate (4.0 eq.), K2COz (3 eq.), PCyz (0.8 eq.), and Pd(OACc)2 (0.2 eq.). The vial was purged
and degassed with argon for three times. Degassed DMA (0.2 M) was transferred by syringe
and the screw-capped vial was heated at 150 °C until completion. The reaction mixture was
cooled to room temperature and diluted with CH2Cl> and MeOH before passing through a pad
of Celite®. The resulting filtrate was removed under reduced pressure and the crude product

was purified by flash chromatography.

308



General procedure C: Mono-desulfitative coupling with dibromo[2.2]paracyclophane

N
| /)_802Na (2 eq)

N
>Br Pd(OAc), (10 mol%)
Br - Br—:
) PCy; (40 mol%)
K,CO3 (1.5 eq.)
DMA [0.2M]

150 °C
A 4 ml scintillation vial was charged with dibromo[2.2]paracyclophane (1.0 eq.), pyridine
sulfinate (2.0 eq.), K2CO3(1.5eq.), PCy3 (0.4 eq.), and Pd(OAC)2 (0.1 eq.). The vial was purged
and degassed with argon for three times. Degassed DMA (0.2 M) was transferred by syringe
and the screw-capped vial was heated at 150 °C until completion. The reaction mixture was
cooled to room temperature and diluted with CH2Cl> and MeOH before passing through a pad
of Celite®. The resulting filtrate was removed under reduced pressure and the crude product

was purified by flash chromatography.
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4-(Pyridin-2-yl)[2.2]paracyclophane 6.428°

General procedure A was followed using (£)-4-bromo[2.2]paracyclophane 6.40 (50 mg, 0.17
mmol, 1.0 eq.), pyridine-2-sulfinate 6.50 (58 mg, 0.35 mmol, 2 eq.), K2COz3 (36 mg, 0.26
mmol, 1.5 eq.), PCyz (20 mg, 0.069 mmol, 40 mol%), Pd(OACc)2 (4 mg, 0.017 mmol, 10 mol%),
DMA (0.87 ml) for 24 hrs.

Purification: Flash chromatography [SiO2, EtOAc: hexanes (30 : 70)] to obtain the title
compound 6.42 as pinkish white powder (31mg, 0.10 mmol, 63% vyield).

Re: 0.5
IR: vmax 3418, 2927, 2849, 1892, 1651, 1584, 1511, 1446, 1261, 1178, 1035 cm™

IH NMR (CDCls, 500 MHz): & 8.79 (d, J = 4.7 Hz, 1H, H-21), 7.82 (t, J = 7.7, 1.4 Hz, H-
19), 7.55 (d, J = 7.8 Hz, 1H, H-18), 7.28-7.25 (m, 1H, H-20), 6.88 (S, 1H, H-5), 6.65-6.57 (m,
6H, H-7, H-8, H-12, H-13, H-15, H-16), 3.74-3.68 (m, 1H, H-2a), 3.25-3.17 (m, 2H, H-1a, H-
1b), 3.14-3.05 (m, 2H, H-9a, H-9b), 3.01-2.94 (m, 2H, H-10a, H-10b), 2.72-2.65 (m, 1H, H-
2b).

13C NMR (CDCls, 125 MHz): § 159.21 (C-17), 149.64 (C-21), 140.62 (C-14), 139.79 (C-11),
139.61 (C-6), 139.39 (C-4), 138.17 (C-3), 136.25 (C-12), 136.18 (C-13), 133.16 (C-19), 132.88
(C-5), 132.65 (C-15), 132.57 (C-16), 132.38 (C-7), 130.67 (C-20), 124.17 (C-18), 35.49 (C-2),
35.26 (C-9), 35.12 (C-10), 34.50 (C-1).

HRMS (ESI-TOF) m/z: [M + H]* Calcd for C21H2oN 286.1590; Found 286.1588.

Data comparable to that reported in literature.®
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4-(Pyridin-3-yl)[2.2]paracyclophane 6.52°

General procedure A was followed using (£)-4-bromo[2.2]paracyclophane 6.40 (50 mg, 0.17
mmol, 1.0 eq.), pyridine-3-sulfinate 6.51 (58 mg, 0.35 mmol, 2 eq.), K.CO3 (36 mg, 0.26
mmol, 1.5 eq.), PCy3 (20 mg, 0.069 mmol, 40 mol%), Pd(OACc)2 (4 mg, 0.017 mmol, 10 mol%),
DMA (0.87 ml) for 24 hrs.

Purification: Flash chromatography [SiO2, EtOAc: hexanes (30 : 70)] to obtain the title
compound 6.52 as a white powder (41mg, 0.14 mmol, 84% yield).

Ri: 0.5

IR: vmax 3850, 3742, 3673, 2975, 2252, 2199, 2155, 2029, 1975, 1469, 1384, 1089 cm™*

IH NMR (CDCls, 500 MHz): 6 8.78 (s, 1H, H-22), 8.64 (d, J = 4.1 Hz, 1H, H-20), 7.82 (dt, J
= 6.3, 1.4 Hz, 1H, H-18), 7.44 (dd, J = 7.8, 4.8 Hz, 1H, H-19), 6.68-6.65 (m, 2H, H-5, H-7),
6.60-6.58 (m, 5H, H-8, H-13, H-12, H-15, H-16), 3.41 (td, J = 10.4, 3.3 Hz, 1H, H-2a), 3.23-
3.06 (M, 4H, H-1a, H-1b, H-9a, H-9b), 3.03-2.89 (m, 2H, H-10a, H-10b), 2.69-2.64 (M, 1H, H-
2b).

13C NMR (CDCls, 125 MHz): 6 150.57 (C-22), 148.00 (C-21), 140.16 (C-14), 139.58 (C-11),
139.52 (C-17), 138.19 (C-6), 137.18 (C-4), 136.86 (C-13), 136.57 (C-3), 136.09 (C-12), 133.27
(C-15), 133.04 (C-16), 132.76 (C-18), 132.10 (C-5), 131.99 (C-7), 129.59 (C-19), 123.42 (C-
8), 35.50 (C-2), 35.22 (C-9), 34.87 (C-10), 33.91 (C-1).

HRMS (ESI-TOF) m/z: [M + H]" Calcd for C21H20N 286.1590; Found 286.1587.

Data comparable to that reported in literature.®
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4-(Pyridin-4-yl)[2.2]paracyclophane 6.5410.11

General procedure A was followed using (£)-4-bromo[2.2]paracyclophane 6.40 (50 mg, 0.17
mmol, 1.0 eq.), pyridine-4-sulfinate 6.53 (57 mg, 0.35 mmol, 2 eq.), K2CO3 (72 mg, 0.26 mmol,
3 eq.), PCys (39 mg, 0.14 mmol, 80 mol%), Pd(OAc). (8 mg, 0.035 mmol, 20 mol%), DMA
(0.87 ml) for 72 hrs.

Purification: Flash chromatography [SiO2, EtsN:CH2Cl2:hexanes (2:19:79)] to obtain the title
compound 6.54 as a white powder (50 mg, 0.17 mmol, 100% vyield).

Ri: 0.5

IR: vmax 3070, 3022, 2953, 2925, 2897, 2853, 1922, 1896, 1617, 1595, 1496, 1399, 1259, 1091

cm?

IH NMR (CDCls, 500 MHz): § 8.73 (d, J = 3.7 Hz, 2H, H-22, H-21), 7.45 (d, J = 5.6 Hz, 2H,
H-18, H-19), 6.67-6.64 (M, 2H, H-5, H-7), 6.61-6.54 (m, 5H, H-8, H-12, H-13, H-15, H-16),
3.44 (td, J =10.6 Hz, 1H, H-2a), 3.22-3.05 (m, 4H, H-1a, H-1b, H-9a, H-9b), 3.03-2.90 (m,
2H, H-10a, H-10b), 2.71-2.65 9m, 1H, H-2b).

13C NMR (CDCls, 125 MHz): § 150.06 (C-21, C-19, C-22, C-18), 148.59 (C-17), 140.19 (C-
6), 139.54 (C-11, C-14), 139.18 (C-4), 137.24 (C-3), 136.20 (C-12, C-13), 133.51 (C-5), 133.03
(C-15, C-16), 132.73 (C-5), 132.02 (C-7), 131.99 (C-8), 129.76 (C-18), 124.47 (C-22), 35.49
(C-1), 35.21 (C-10), 34.92 (C-9), 33.91 (C-2).

HRMS (ESI-TOF) m/z: [M + H]* Calcd for C21H2oN 286.1590; Found 286.1588.

Data comparable to that reported in literature. %!
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4-(Pyridin-4-ylthio)[2.2]paracyclophane 6.55
1
1514 z 17 23
S22
ST
10 o 1 20/N21
9
6.55

A 4 ml scintillation vial was charged with 4-bromo[2.2]paracyclophane 6.40 (40 mg, 0.14
mmol, 1.0 eq.), pyridine-4-thiol 6.61 (57 mg, 0.35 mmol, 2 eq.), K2CO3 (29 mg, 0.21 mmol,
1.5 eq.), PCys (16 mg, 0.055 mmol, 0.4 eq.), and Pd(OACc): (3 mg, 0.014 mmol, 0.1 eq.). The
vial was purged and degassed with argon for three times. Degassed DMA (0.7 ml, 0.2 M) was
transferred by syringe and the screw-capped vial was heated at 150 °C for 52 hrs. The reaction
mixture was cooled to room temperature and diluted with CH2Cl, and MeOH before passing
through a pad of Celite®. The resulting filtrate was removed under reduced pressure and the
crude product was purified by flash chromatography.

Purification: Flash chromatography [SiO2, EtOAc: Hexane (30:70)] to obtain the title
compound 6.55 as a white powder (20 mg, 0.15 mmol, 46%).

Ri: 0.6
IR: vmax 3850, 3742, 3673, 2975, 2292, 2199, 2155, 2029, 1975, 1469, 1384, 1089 cm

IH NMR (CDCls, 500 MHz): 6 8.30 (d, J = 5.05 Hz, 2H, H-20, H-22), 6.92 (d, J = 5.25 Hz,
2H, H-19, H-23), 6.88 (d, J = 4.1 Hz, 1H, H-5), 6.70-6.65 (m, 3H, H-12, H-13, H-15), 6.58 (q,
J=13.7,7.8 Hz, 2H, H-7, H-8), 6.49 (d, J = 7.8 Hz, 1H, H-16), 3.40-3.35 (m, 1H, H-2a), 3.25
(td, J =13.1, 5.7 Hz, 1H, H-2b), 3.18-3.10 (m, 4H, H-1a, H-1b, H-10a, H-10b), 3.07-3.00 (m,
1H, H-9a), 2.86-2.80 (m, 1H, H-9h).

13C NMR (CDCls, 125 MHz): 6 150.34 (C-18), 148.98 (C-22,C-20), 144.20 (C-14), 141.47 (C-
11), 140.10 (C-6), 139.57 (C-4), 139.38 (C-3), 135.54 (C-15), 134.85 (C-13), 133.37 (C-12),
133.31 (C-16), 132.30 (C-8), 129.96 (C-5), 129.80 (C-7), 120.35 (C-23, C-19), 35.32 (C-10),
34.84 (C-9), 34.71 (C-1), 34.35 (C-2).

HRMS (ESI-TOF) m/z: [M+H]" Calcd for C21H20NS 318.1311; Found 318.1308.
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4,12-Bis(pyridin-2,2'-yl)[2.2]paracyclophane 6.64

General procedure B was followed using 4,12-dibromo-[2.2]paracyclophane 6.63 (60 mg, 0.16
mmol, 1.0 eq.), pyridine-2-sulfinate 6.50 (109 mg, 0.66 mmol, 4 eq.), K.COs (68 mg, 0.49
mmol, 3.0 eq.), PCyz (37 mg, 0.131 mmol, 80 mol%), Pd(OAc). (7 mg, 0.017 mmol, 20 mol%),
DMA (0.82 ml) for 22 hrs.

Purification: Flash chromatography [SiO2, EtsN:CH2Cl2:hexanes (2:39:59)] to obtain the title
compound 6.64 as yellowish semisolid (12 mg, 0.05 mmol, 20% yield).

Rr: 0.3
IR: vmax 37.86, 3693, 3532, 2252, 2197, 2183, 2166, 2002, 1957 cm™

IH NMR (CDCls, 500 MHz): 6 8.97 (bs, 2H, H-25, H-21), 7.97 (d, J = 7.8 Hz, 2H, H-28, H-
18), 7.87-7.85 (M, 2H, H-27, H-20), 7.38-7.27 (m, 2H, H-26, H-21), 6.90 (s, 2H, H-4, H-12),
6.79 (d, J = 7.7 Hz, H-18, H-15), 6.70 (d, J = 7.3 Hz, H-7, H-16), 3.87 (m, 2H, H-9a, H-2a),
3.07-3.03 (m, 2H, H-9b, H-2b), 2.94-2.87 (m, 2H, H-1a, H-10a), 2.50-2.42 (m, 2H, H-1b, H-
10b)

13C NMR (CDCls, 125 MHz): § 148.96 (C-17, C-23, C-21, C-25), 139.98 (C-11, C-3), 138.10
(C-27, C-19, C-6, C-5), 136.22 (C-13, C-14, C-12, C-4), 133.02 (C-16, C-8, C-26, C-20),
130.78 (C-7, C-15, C-28, C-18), 35.67 (C-2), 35.13 (C-10), 34.24 (C-10, C-9).

HRMS (ESI-TOF) m/z: [M + H]" Calcd for C2sH23N2 363.1856; Found 363.1849.

Data comparable to that reported in literature.?
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4,12-Bis(pyridin-3,3"-yl)[2.2]paracyclophane 6.65 and 4-(Pyridin-3-ylthio)-12-(pyridin-3-
yD[2.2]paracyclophane 6.66

General procedure B was followed using 4,12-dibromo[2.2]paracyclophane 6.63 (60 mg, 0.16
mmol, 1.0 eq.), pyridine-3-sulfinate 6.51 (109 mg, 0.66 mmol, 4 eq.), K.CO3 (68 mg, 0.49
mmol, 3.0 eq.), PCyz (37 mg, 0.131 mmol, 0.8 eq.), Pd(OAc)2 (7 mg, 0.017 mmol, 0.2 eq.),
DMA (0.82 ml) for 21 hrs.

Purification: Flash chromatography [SiO2, EtsN:CH2Cl2:hexanes (2:39:59)] gave the title
compound 6.65 as yellowish semisolid (7 mg, 0.01 mmol, 13%) and by-product 6.66 yellowish
semisolid (14 mg, 0.03 mmol, 22%).

R:i: 0.3

IH NMR (CDCls, 500 MHz): § 8.61(2H, dd, J = 5.1, 1.8 Hz), 8.59 (2H, d, J = 1.5 Hz), 7.62
(2H, ddd, J = 7.9, 3.8, 1.8 Hz), 7.36 (2H, dd, J = 7.9, 5.2 Hz), 6.80 (2H, d, J = 7.7 Hz), 6.73
(2H, dd, J = 7.9, 1.8 Hz), 6.62 (2H, d, J = 1.5 Hz), 3.51 (2H, ddd, J = 13.2, 10.1, 1.8 Hz), 3.21
(2H, ddd, J = 12.3, 10.1, 2.0 Hz), 3.05 (2H, ddd, J = 13.7, 10.4, 6.6 Hz), 2.79 (2H, ddd, J =
13.3, 10.2, 6.6 Hz).

MS (ESI-TOF) m/z: [M+H]* Calcd for CasH2sN2 363.18; Found 363.07.
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4-(Pyridin-3-ylthio)-12-(pyridin-3-yl)[2.2]paracyclophane 28

6.66

Re: 0.5

IH NMR (CDCls, 500 MHz): 6 8.83 (1H, d, J = 1.6 Hz), 8.62 (1H, dd, J = 4.8, 1.5 Hz), 8.47
(1H, d, J = 1.8 Hz), 8.37 (1H, dd, J = 4.7, 1.4 Hz), 8.00 (1H, ddd, J = 7.9, 4.2, 2.1 Hz), 7.45
(1H, dd, J = 7.2, 4.2 Hz), 7.42 (1H, ddd, J = 8.0, 3.9, 1.6 Hz), 7.13 (1H, ddd, J = 7.9, 4.7, 0.4
Hz), 6.95 (1H, d, J = 1.7 Hz), 6.74-6.68 (3H, m), 6.62 (2H, dd, J = 7.3, 1.7 Hz), 3.51-3.43 (2H,
m), 3.29-3.20 (2H, m), 2.93-2.82 (3H, m), 2.46-2.36 (1H, m).

MS (ESI-TOF) m/z: [M+H]" Calcd for C2sH23N2S 395.15; Found 395.05.
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4,16-Bis(pyridin-2,2'-y[2.2]paracyclophane 6.69%3, 4-Bromo-16-(pyridin-2-
yD[2.2]paracyclophane 6.71, and 4-(Pyridin-2-ylthio)-16-(pyridin-2-yl)
[2.2]paracyclophane 6.70

General procedure B was followed using 4,16-dibromo-[2.2]paracyclophane 6.63 (60 mg, 0.16
mmol, 1.0 eq.), pyridine-2-sulfinate 6.50 (109 mg, 0.66 mmol, 4 eq.), K.CO3 (68 mg, 0.49
mmol, 3.0 eq.), PCyz (37 mg, 0.131 mmol, 0.8 eq.), Pd(OAc)2 (7 mg, 0.017 mmol, 0.2 eq.),
DMA (0.82 ml) for 18 hrs.

Purification: Flash chromatography [SiO2, EtsN:CH2Cl2:hexanes (2:39:59)] gave the title
compound 6.69 as a yellowish semisolid (38 mg, 0.10 mmol, 66%), by-product 6.71 as
yellowish semisolid (7 mg, 0.01 mmol, 12%), and by-product 6.70 as white semisolid (6 mg,
0.01 mmol, 9%).

Ri: 0.3

IR: vmax 3743, 3674, 2988, 2899, 2253, 2143, 2106, 1998, 1393, 1240, 1240, 1062, 1057 cm™

IH NMR (CDCls, 500 MHz): § 8.80 (d, J = 5.2 Hz, 2H, H-21, H-25), 7.82 (td, J =2.1, 9.6
Hz, 2H, H-19, H-26), 7.56 (d, J = 9.8 Hz, H-18, H-28), 7.28-7.26 (m, 2H, H-20, H-27), 6.96
(S, 2H, H-5, H-15), 6.74 (d, J = 9.7 Hz, 2H, H-8 H-7), 6.63 (d, J = 9.6 Hz, H-13, H-12), 3.67
(td, J =12.6, 4.9 Hz, H-2a, H-2b), 3.15 (td, J = 12.7, 6.0 Hz, H-10a, H-10b), 2.99 (td, J =
12.7, 4.9 Hz, H-1a, H-b), 2.86 (td, J = 12.5, 5.9 Hz, H-9a, H-9b).

13C NMR (CDCls, 125 MHz): § 159.21 (C-17, C-23), 149.68 (C-21, C-25), 140.82 (C-14, C-
3), 139.78 (C-11, C-6), 137.82 (C-4, C-16), 136.26 (C-12, C-13), 135.47 (C-19, C-27), 132.55
(C-5, C-15), 131.19 (C-20, C-26), 124.44 (C-7, C-8), 121.41 (C-18, C-28), 34.95 (C-2, C-10),
33.87 (C-1), 29.70 (C-9).

HRMS (ESI-TOF) m/z: [M + H]" Calcd for C2sH23N2 363.1856; Found 363.1852.

Data comparable to that reported in literature.™®
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4-(Pyridin-2-ylthio)-16-(pyridin-2-yl) [2.2]paracyclophane 6.70

6.70

Rr: 0.4

IR: vmax 3675, 2989, 2900, 2253, 1393, 1241, 1066 cm™.

'H NMR (CDCls, 500 MHz): 6 8.81 (1H, d, J = 4.2 Hz), 8.44 (1H, d, J = 4.6 Hz), 7.81 (1H, td,
J=17.6,1.6Hz), 751 (1H, d, J=7.8 Hz), 7.39 (1H, td, J = 7.8, 1.7 Hz), 7.28-7.26 (1H, m),
6.99-6.95 (2H, m), 6.92 (1H, d, J = 1.4 Hz), 6.84 (1H, d, J = 1.0 Hz), 6.79 (1H, d, J = 8.1 Hz),
6.76-6.74 (1H, m), 6.71 (1H, d, J = 7.8 Hz), 6.62 (1H, d, J = 7.9 Hz), 3.70 (1H, ddd, J = 13.5,
10.1, 3.5 Hz), 3.57 (1H, ddd, J = 13.1, 10.4, 2.7 Hz), 3.36 (1H, ddd, J = 13.0, 10.5, 4.9 Hz),
3.13-3.00 (2H, m), 2.95 (2H, ddd, J = 13.1, 10.5, 5.6 Hz), 2.80 (1H, ddd, J = 14.5, 10.0, 4.8
Hz).

Due to small quantity, a satisfactory 3C NMR was not obtained.

HRMS (ESI-TOF) m/z: [M + H]* Calcd for CasH2sN,S 395.1576; Found 395.1572.
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4-Bromo-16-(pyridin-2-yl)[2.2]paracyclophane 6.71

Re: 0.5
IR: vmax 3674, 2988, 2899, 2253, 2154, 2000, 1967, 1471, 1393, 1204 cm™,

IH NMR (CDCls, 500 MHz): § 8.82 (1H, d, J = 4.2 Hz), 7.84 (1H, t, J = 7.2 Hz), 7.52 (1H, d,
J=7.8Hz),7.32 (1H, t, J = 6.1 Hz), 7.22 (1H, d, J = 7.7 Hz), 6.94 (1H, s), 6.65-6.61 (3H, m),
6.54 (1H, d, J = 7.7 Hz), 3.66 (1H, ddd, J = 13.8, 10.1, 4.0 Hz), 3.56 (1H, ddd, J = 12.8, 10.2,
2.2 Hz), 3.30-3.25 (1H, ddd, J = 13.0, 10.3, 5.2 Hz), 3.13-2.95 (3H, m), 2.87 (1H, ddd, J =
13.8,10.2, 3.9 Hz), 2.78 (1H, ddd, J = 14.4, 10.2, 4.8 Hz).

13C NMR (CDCls, 125 MHz): 6 158.96, 149.67, 141.79, 139.37, 138.76, 137.62, 136.22,
137.01, 135.29, 134.51, 132.87, 129.92, 129.38, 129.08, 126.46, 124.43, 121.46, 35.38, 34.54,
33.93, 33.34.

HRMS (ESI-TOF) m/z: [M+H]* Calcd for CxHi19Br’°N 364.0695; Found 364.0693;
Ca1H29Br8IN 366.0670; Found 366.0670.
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4,16-Bis(pyridin-3,3’"-ylthio)[2.2]paracyclophane 6.72

28/ 30 15 18
\ 22
25

10

6.72

General procedure B was followed using (z)-4,16-dibromo-[2.2]paracyclophane 6.68 (70 mg,
0.19 mmol, 1.0 eq.), pyridine-3-sulfinate 6.51 (127 mg, 0.77 mmol, 4 eq.), K.CO3 (80 mg, 0.57
mmol, 3.0 eq.), PCys (43 mg, 0.15 mmol, 80 mol%), Pd(OAc)2 (9mg, 0.039 mmol, 20 mol%),
DMA (0.96 ml) for 24 hrs.

Purification: Flash chromatography [SiO2, EtOAc: hexanes (40:60)] to obtain the by-product
compound 6.72 as yellowish semisolid (13 mg, 0.03 mmol, 16% yield).

Re: 0.3
IR: vmax 3683, 3674, 3666, 2988, 2971, 2899, 2245, 2155, 2029, 1406, 1393, 1249, 1075 cm™

IH NMR (CDCls, 500 MHz): 6 8.47 (s, 2H, H-19, H-26), 8.39 (d, J = 4.2 Hz, 2H, H-21, H-
28),7.40 (d, J =8.05 Hz, 1H, H-23, H-30), 7.15 (dd, J = 8.05, 4.75 Hz, 1H, H-22, H-29), 7.08
(d, J=7.7 Hz, 2H, H-5, H-15), 6.52-6.49 (M, 4H, H-7, H-8, H-12, H-13), 3.44-3.39 (m, 2H,
H-2a, H-2b), 3.27 (ddd, J =13.1, 10.5, 5.0 Hz, 1H, H-9a, H-9b), 3.03-2.98 (m, 2H, H-10a, H-
10b), 2.83 (ddd, J = 13.3, 10.8, 5.1 Hz, 2H, H-1a, H-1b).

13C NMR (CDCls, 125 MHz): & 148.99 (C-25,C-18), 147.01 (C-26, C-190, 142.05 (C-28,C-
21), 140.89 (C-14, C-6), 138.59 (C-29, C-22, C-23,C-30), 135.78 (C-8,C-12), 134.54 (C-5, C-
15), 133.36 (C-4, C-16), 130.26 (C-7, C-15), 123.82 (C-3,C-11), 34.03 (C-1,C-9), 33.33 (C-2,
C-10).

HRMS (ESI-TOF) m/z: [M + H]* Calcd for CasH23N2S, 427.1303; Found 427.1295.
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4,16-Bis(pyridin-4,4'-y)[2.2]paracyclophane 6.73

6.73

General procedure B was followed using 4,16-dibromo[2.2]paracyclophane 6.68 (50 mg, 0.14
mmol, 1.0 eq.), pyridine-4-sulfinate 6.53 (91 mg, 0.55 mmol, 4 eq.), Ko.CO3 (57 mg, 0.41 mmol,
3.0eq.), PCy3 (34 mg, 0.11 mmol, 0.8 eq.), PdA(OAC)2 (6 mg, 0.013 mmol, 0.2 eq.), DMA (0.69
ml) for 20 hrs.

Purification: Flash chromatography [EtOAc:hexanes (0 — 100 to 100:0, gradient elution)] to
obtain the title compound 6.73 as a white solid powder (33 mg, 0.10 mmol, 66%).

R¢: 0.2 [EtOAC:hexanes (80:20)]
IR: vmax 3683, 3675, 2989, 2900, 2197, 1405, 1393, 1241, 1076, 1057 cm™.

IH NMR (CDCls, 500 MHz): 6 8.76 (4H, bs), 7.48 (4H, d, J = 5.3 Hz), 6.70-6.71 (4H, m), 6.63
(2H, dd, J = 8.0, 1.7 Hz), 3.49 (2H, ddd, J = 13.9, 9.8, 4.0 Hz), 3.14 (2H, ddd, J = 14.3, 10.2,
4.5 Hz), 2.97 (2H, ddd, J = 13.4, 10.3, 4.0 Hz), 2.85 (2H, ddd, J = 14.2, 10.1, 4.4 Hz).

13C NMR (CDCls, 175 MHz): 6 150.02, 148.56, 140.16, 139.56, 137.17, 135.10, 132.28,
130.41, 124.51, 34.69, 33.56.

HRMS (ESI-TOF) m/z: [M+H]* C2sH23N2 363.1856; Found 363.1854.

Data comparable to that reported in literature.*
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4-Bromo-12-(pyridin-2-yl)[2.2]paracyclophane 6.74

General procedure C was followed using (z)-4,12-dibromo-[2.2]paracyclophane 6.63 (50 mg,
0.14 mmol, 1.0 eq.), pyridine-2-sulfinate 6.50 (45 mg, 0.27 mmol, 2 eq.), K2CO3 (28 mg, 0.26
mmol, 1.5 eq.), PCyz (15 mg, 0.069 mmol, 40 mol%), Pd(OAc)2 (3 mg, 0.017 mmol, 10 mol%),
DMA (0.69 ml) for 26 hrs.

Purification: Flash chromatography [SiO2, EtOAc: hexanes (30:70)] to obtain the title
compound 6.74 as yellowish semisolid (17 mg, 0.046 mmol, 34% yield).

Ri: 0.6
IR: vmax 3616.06, 2973.20, 2252.56, 2189.84, 2007.88, 1793.65, 1587.10 cm™*

IH NMR (CDCls, 500 MHz): § 8.74 (d, J = 4.7 Hz, 1H, H-21), 7.90-7.86 (m, 2H, H-18, H-
19), 7.27 (d, J = 3.4 Hz, 1H, H-20), 7.25 (s, 1H, H-13), 6.74 (d, J = 7.7 Hz, 1H, H-16), 6.69
(s, 1H, H-5), 6.62 (s, 2H, H-8, H-7), 6.61 (dd, J = 7.8, 1.7 Hz, 1H, H-15), 3.97 (dd, J =12.4,
10.3 Hz, 1H, H-9a), 3.57 (ddd, J = 1.8, 9.3, 13.2 Hz, 1H, H-10a), 3.25-3.18 (M, 2H, H-9a, H-
10b), 2.98-2.93 (m, 1H, H-2a), 2.92-2.85 (m, 2H, H-1a, H-1b), 2.42-2.36 (M, 1H, H-2b).

13C NMR (CDCls, 125 MHz): § 159.40 (C-17), 149.40 (C-21), 142.12 (C-6), 140.28 (C-14),
139.15 (C-3), 138.85 (C-5), 138.42 (C-12), 136.81 (C-11), 136.38 (C-8), 135.07 (C-13), 133.62
(C-7), 133.04 (C-15), 131.61 (C-16), 129.00 (C-20), 125.97 (C-19), 122.91 (C-4), 121.52 (C-
18), 36.06 (C-9), 34.92 (C-2), 33.92 (C-10), 32.54 (C-1).

HRMS (ESI-TOF) m/z: [M + H]* Calcd for CaH1sBr’°®N 364.0701; Found 364.0690;
C21H29Br8!N 366.0680; Found 366.0668.
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4-Bromo-12-(pyridin-3-yl)[2.2]paracyclophane 6.75

6.75

General procedure C was followed using 4,12-dibromo[2.2]paracyclophane 6.63 (60 mg, 0.14
mmol, 1.0 eq.), pyridine-3-sulfinate 6.51 (54 mg, 0.27 mmol, 2 eq.), K2CO3 (34 mg, 0.26 mmol,
1.5 eq.), PCys (20 mg, 0.065 mmol, 0.4 eq.), Pd(OAc)2 (4 mg, 0.017 mmol, 0.1 eq.), DMA
(0.82 ml) for 23 hrs.

Purification: Flash chromatography [SiO2, EtsN:CH2Cl:hexanes (2:39:59)] to obtain the title
compound 6.75 as brownish semisolid (27 mg, 0.074 mmol, 45%).

Ri: 0.4
IR: vimax 3673, 2925, 2888, 2850, 1906, 1584, 1537, 1274, 1186, 1036 cm™.

IH NMR (CDCls, 500 MHz): & 8.44 (2H, d, J = 10.1 Hz), 7.65 (1H, d, J = 8.0 Hz), 7.30-7.28
(1H, m), 7.14 (1H, d, J = 1.6 Hz), 7.01 (1H, s), 6.68 (1H, d, J = 7.8 Hz), 6.66-6.58 (LH, m),
6.57-6.54 (2H, m), 3.49 (1H, ddd, J = 12.0, 9.8, 2.0 Hz), 3.36 (1H, ddd, J = 12.2, 9.6, 2.4 Hz),
3.16-3.02 (4H, m), 2.87-2.79 (2H, m).

13C NMR (CDCls, 125 MHz): 6 141.73, 141.39, 141.23, 138.87, 137.95, 135.58, 135.08,
133.93, 133.70, 133.60, 131.69, 126.63, 124.30, 35.61, 34.45, 33.14, 32.48.

HRMS (ESI-TOF) m/z: [M+H]* Calcd for CxHisBr’°N 364.0695; Found 364.0691;
Ca1H29Br8IN 366.0691; Found 366.0668.
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4-Bromo-12-(pyridin-4-yl)[2.2]paracyclophane 6.76

General procedure C was followed using (z)-4,12-dibromo-[2.2]paracyclophane 6.63 (50 mg,
0.14 mmol, 1.0 eq.), pyridine-4-sulfinate 6.53 (45 mg, 0.27 mmol, 2 eq.), K.COs3 (28 mg, 0.21
mmol, 1.5 eq.), PCyz (15 mg, 0.069 mmol, 40 mol%), Pd(OAc)2 (3 mg, 0.017 mmol, 10 mol%),
DMA (0.69 ml) for 22 hrs.

Purification: Flash chromatography [SiO., EtOAc : hexanes (20:80)] to obtain the title
compound 6.76 as yellowish semisolid (18 mg, 0.049 mmol, 36%).

Ri: 0.6

IR: vmax 3742, 3682, 3673, 3649, 3626, 2977, 2966, 2904, 2225, 2166, 1990, 1574, 1399, 1248,
1065 cm™

IH NMR (CDCls, 500 MHz): § 8.74 (d, J = 5.7 Hz, 2H, H-21, H-19), 7.60 (d, J = 4.5 Hz, 2H,
H-22, H-18), 7.15 (s, 1H, H-4), 6.75 (d, J = 7.4 Hz, 1H, H-12), 6.66-6.59 (m, 4H, H-8, H-7,
H-15, H-16), 3.59-3.52 (m, 2H, H-9a, H-Ob), 3.24-3.18 (m, 2H, H-1a, H-1b), 2.95-2.83 (m,
3H, H-2a, H-10a, H-10b), 2.41-2.36 (m, 1H, H-2b)

13C NMR (CDCls, 125 MHz): ¢ 149.22 (C-21, C-19), 141.42 (C-17), 139.95 (C-11), 139.06
(C-14), 138.51 (C-3), 136.89 (C-5), 136.33 (C-12), 135.04 (C-15), 133.71 (C-6), 133.45 (C-4,
C-8), 131.71 (C-16, C-7), 128.75 (C-18), 125.98 (C-13), 124.50 (C-22), 36.01 (C-2), 34.35 (C-
10), 33.69 (C-9), 32.42 (C-1).

HRMS (ESI-TOF) m/z: [M+H]* Calcd for CxHi19Br’°N 364.0695; Found 364.0693;
C21H19Br8IN 366.0675; Found 366.0670.
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4-Bromo-16-(pyridin-2-yl)[2.2]paracyclophane 6.71

General procedure C was followed using (z)-4,16-dibromo-[2.2]paracyclophane 6.68 (50 mg,
0.14 mmol, 1.0 eq.), pyridine-2-sulfinate 6.50 (45 mg, 0.27 mmol, 2 eq.), K.COs3 (28 mg, 0.21
mmol, 1.5 eq.), PCyz (15 mg, 0.069 mmol, 40 mol%), Pd(OAc)2 (3 mg, 0.014 mmol, 10 mol%),
DMA (0.69 ml).

Purification: Flash chromatography [SiO., EtOAc : hexanes (30:70)] to obtain the title
compound 6.71 as yellowish semisolid (18 mg, 0.04 mmol, 36% yield).

R:t: 0.5
IR: vmax 3674, 2988, 2899, 2253, 2154, 2000, 1967, 1471, 1393, 1204 cm™

IH NMR (CDCls, 500 MHz): § 8.82 (d, J = 4.2 Hz, 1H, H-19), 7.84 (d, J = 7.3 Hz, 1H, H-
22), 7.52 (d, J = 7.8 Hz, 1H, H-21), 7.32 (t, J = 6.1 Hz, H-20), 7.22 (d, J = 7.7 Hz, 1H, H-
12), 6.94 (s, 1H, H-15), 6.65-6.61 (m, 3H, H-13, H-8, H-7), 3.66 (td, J = 10.2, 4.0 Hz, 1H, H-
10a), 3.56 (td, J=12.8, 2.2 Hz, 1H, H-10b), 3.30-3.25 (m, 1H, H-9a) 3.13-2.95 (m, 3H, H-9a,
H-2a, H-2b), 2.87 (m, 1H, H-1a), 2.78 (m, 1H, H-1b).

13C NMR (CDCls, 125 MHz): § 158.96 (C-17), 149.67 (C-19), 141.79 (C-6), 139.37 (C-14),
138.76 (C-3), 137.62 (C-5), 136.22 (C-11), 137.01 (C-16), 135.29 (C-8), 134.51 (C-15), 132.87
(C-7), 129.92 (C-13), 129.38 (C-20), 129.08 (C-12), 126.46 (C-4), 124.43 (C-22), 121.46 (C-
21), 35.38 (C-1), 34.54 (C-9), 33.93 (C-10), 33.34 (C-2)

HRMS (ESI-TOF) m/z: [M+H]" Calcd for CxiH19Br'°N 364.0695; Found 364.0693;
C21H29Br8!N 366.0670; Found 366.0670.
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4-Bromo-16-(pyridin-3-yl)[2.2]paracyclophane 6.78

General procedure C was followed using (z)-4,16-dibromo-[2.2]paracyclophane 6.63 (60 mg,
0.16 mmol, 1.0 eq.), pyridine-3-sulfinate 6.51 (54 mg, 0.33 mmol, 2 eq.), K2CO3 (34 mg, 0.25
mmol, 1.5 eq.), PCyz (18 mg, 0.066 mmol, 40 mol%), Pd(OAc)2 (4 mg, 0.016 mmol, 10 mol%),
DMA (0.82 ml) for 21 hrs.

Purification: Flash chromatography [SiO2, EtsN:CH2Cl2:hexanes (2:39:59)] to obtain the title
compound 6.78 as yellowish semisolid (29 mg, 0.07 mmol, 48% yield).

Ri: 0.4
IR: vmax 3852, 3743, 3674, 2976, 2252, 2177, 20004, 1975, 1472, 1380, 1078.01 cm®

IH NMR (CDCls, 500 MHz): § 8.77 (d, J = 1.7 Hz, 1H, H-18), 8.65 (d, J = 4.7 Hz, 1H, H-
20), 7.80 (dt, J=6.1, 1.7 Hz, 1H, H-22), 7.44 (dd, J = 7.8, 4.9 Hz, 1H, H-15), 7.25 (dd, J =
7.7, 1.6 Hz, 1H, H-21), 6.65-6.61 (M, 3H, H-5, H-7, H-8), 6.57-6.54 (M, 2H, H-12, H-13), 3.60-
3.55 (m, 1H, H-10a), 3.37 (ddt, J =29.0, 10.4, 5.9 Hz, 2H, H-9a, H-9b), 3.12-3.02 (m, 2H, H-
2a, H-2b), 2.97-2.91 (m, 1H, H-10b), 2.83-2.77 (m, 1H, H-1a), 2.75-2.68 (m, 1H, H-1b).

13C NMR (CDCls, 125 MHz): & 150.47 (C-18), 148.10 (C-20), 141.59 (C-9), 139.91 (C-6),
138.98 (C-17), 138.63 (C-3), 137.48 (C-14), 136.96 (C-5), 136.74 (C-16), 136.52 (C-11),
135.29 (C-22), 133.93 (C-8), 132.13 (C-15), 129.20 (C-13), 128.70 (C-7), 126.65 (C-21),
123.46 (C-4), 35.63 (C-9), 34.34 (C-1), 33.87 (C-10), 33.20 (C-2).

HRMS (ESI-TOF) m/z: [M+H]" Calcd for CxiH19Br'°N 364.0695; Found 364.0693;
C21H19Br8IN 366.0675; Found 366.0669.

326



4-Bromo-16-(pyridin-4-yl)[2.2]paracyclophane 6.79 and 4-Bromo-16-(pyridin-4-
ylthio)[2.2]paracyclophane 6.80

General procedure C was followed using (z)-4,16-dibromo-[2.2]paracyclophane 6.68 (60 mg,
0.16 mmol, 1.0 eq.), pyridine-4-sulfinate 6.53 (54 mg, 0.33 mmol, 2 eq.), K2CO3 (34 mg, 0.25
mmol, 1.5 eq.), PCyz (18 mg, 0.066 mmol, 40 mol%), Pd(OAc)2 (4 mg, 0.016 mmol, 10 mol%),
DMA (0.82 ml) for 19 hrs.

Purification: Flash chromatography [SiO2, EtsN:CH2Cl2:hexanes (2:39:59)] gave the title
compound 6.79 as yellowish semisolid (15 mg, 0.04 mmol, 30%) and the by-product 6.80 as
yellowish semisolid (10 mg, 0.04 mmol, 20%).

Re: 0.5
IR: vmax 3674, 2980, 2968, 2905, 2252, 2023, 1966, 1596, 1472, 1383 cm™!

IH NMR (CDCls, 500 MHz): § 8.73 (d, J = 5.3 Hz, 2H, H-19, H-21), 7.41 (d, J =5.9 Hz, 2H,
H-18, H-22), 7.26 (dd, J=7.7, 1.6 Hz, 1H, H-15), 6.65-6.63 (m, 3H, H-13, H-12, H-5), 6.56-
6.51 (M, 2H, H-8, H-7), 3.61 (td, J = 12.8, 2.1 Hz, 1H, H-10a), 3.41 (td, J = 14.1, 4.6 Hz, 1H,
H-10b), 3.33 (dg, J = 7.5, 5.6 Hz, 1H, H-2a), 3.12-3.02 (m, 2H, H-9a, H-9b), 2.97 (dg, J =
7.8,5.5 Hz, 1H, H-2h), 2.83 (dddd, J = 28.1, 17.9, 10.2, 4.5 Hz, 2H, H-1a, H-1b).

13C NMR (CDCls, 125 MHz): ¢ 150.02 (C-21, C-19), 148.56 (C-17), 141.55 (C-6), 139.95 (C-
14), 139.63 (C-3), 139.00 (C-16), 137.51 (C-11, C-5), 136.80 (C-8), 135.41 (C-15), 133.91 (C-
13), 132.09 (C-7), 129.64 (C-22), 128.84 (C-18), 126.65 (C-12), 124.54 (C-4), 35.62 (C-1),
34.37 (C-9), 33.39 (C-10), 33.18 (C-2)

HRMS (ESI-TOF) m/z: [M + H]* Calcd for CaH1sBr’°N 364.0701; Found 364.0691;
C21H29Bré!N 366.0680; Found 366.0668.
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4-Bromo-16-(pyridin-4-ylthio)[2.2]paracyclophane 6.80

Rr: 0.6
IR: vmax 2971, 2935, 2252, 2160, 2017, 2010, 1992, 1575, 1478, 1393, 1066 cm™.

IH NMR (CDCls, 500 MHz): & 8.46 (s, 1H, H-18), 8.38 (d, J = 3.5 Hz, 1H, H-20), 7.40-7.37
(m, 1H, H-22), 7.13-7.11 (m, 1H, H-21), 7.01 (d, J = 7.7 Hz, 1H, H-15), 6.61-6.51 (m, 4H, H-
13, H-12, H-8, H-7), 6.46-6.43 (M, 1H, H-5), 3.44-3.37 (M, 1H, H-1a), 3.30-2.92 (m, 6H, H-
1b, H-10a, H-10b, H-9a, H-9b, H-2a), 2.84-2.77 (m, 1H, H-2b).

13C NMR (CDCls, 125 MHz): § 142.39 (C-17), 141.14 (C-20), 139.31 (C-18), 139.31 (C-6),
138.69 (C-3), 138.31 (C-21), 137.41 (C-14), 135.68 (C-4), 135.48 (C-22), 134.62 (C-11),
134.07 (C-5), 133.45 (C-16), 133.04 (C-8), 132.19 (C-12), 129.92 (C-17), 129.45 (C-15),
128.64 (C-13), 35.23 (C-1), 34.86 (C-9), 34.61 (C-2), 34.08 (C-10)

HRMS (ESI-TOF) m/z: [M+H]" Calcd for C21HisBr'°NS 396.0416; Found 396.0415;
C21H19Br8INS 398.0396; Found 398.0391.
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Methyl 13-(pyridin-3-yl)[2.2]paracyclophane-4-carboxylate 6.82

General procedure was followed using 4-bromo[2.2]paracyclophane-13-carboxylate 6.81 (60
mg, 0.17 mmol, 1.0 eq.), pyridine-2-sulfinate 6.50 (58 mg, 0.35 mmol, 2 eq.), K.CO3 (36 mg,
0.21 mmol, 1.5 eq.), PCy3 (20 mg, 0.069 mmol, 40 mol%), Pd(OAc). (4 mg, 0.017 mmol, 10
mol%), 1,4-dioxane (0.87 ml) for 36 hrs.

Purification: Flash chromatography [SiO2, EtOAc: hexanes (30:70)] to obtain the title
compound 6.82 as a white solid (41 mg, 0.12 mmol, 68% vyield).*

Ri: 0.4
IR: vimax 3866, 3813, 3746, 3673, 2988, 2927, 1712, 1582.83, 1556.83, 1457, 1449, 1266 cm™

IH NMR (CDCls, 500 MHz): § 8.73 (d, J = 4.7 Hz, 1H, H-21), 7.73 (td, J=7.7, 1.7 Hz, 1H,
H-19), 7.44 (d, J=7.9 Hz, 1H, H-18), 7.22 (m, 1H, H-20), 7.07 (s, 1H, H-5), 6.82 (d, J=7.7
Hz, 1H, H-8), 6.77 (d, J = 7.7 Hz, H-7), 6.70 (d, J = 7.7 Hz, H-5), 6.59 (d, J = 6.2 Hz, 1H,
H-16), 6.53 (s, 1H, H-12), 3.98 (t, J = 10.3 Hz, H-1a), 3.79 (ddd, J = 13.5, 9.45, 7.05 Hz, 2H,
H-1a, H-2a), 3.51(s, 3H, OMe), 3.29-3.13 (m, 4H, H-1b, H-2b, H-9a, H-9b), 2.90-2.84 (m, 2H,
H-10a, H-10b).

HRMS (ESI-TOF) m/z: [M + H]* Calcd for C23H22NO2 344.1645; Found 344.1637.

* Compound 6.82 has pyridine-based impurities.
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Methyl 13-(pyridin-3-yl)[2.2]paracyclophane-4-carboxylate 6.82

General procedure was followed using 4-bromo[2.2]paracyclophane-13-carboxylate 6.81 (60
mg, 0.17 mmol, 1.0 eq.), pyridine-3-sulfinate 6.51 (58 mg, 0.35 mmol, 2 eq.), K.CO3 (36 mg,
0.21 mmol, 1.5 eq.), PCyz (20 mg, 0.069 mmol, 40 mol%), Pd(OAc)2 (4 mg, 0.017 mmol, 10
mol%), 1,4-dioxane (0.87 ml).

Purification: Flash chromatography [SiO2, EtOAc: hexanes (30:70)] to obtain the title
compound 6.82 as a white solid (12 mg, 0.034 mmol, 20% yield).

Ri: 0.5

IR: vmax 3793, 3682, 3674, 3491, 2988, 2970, 2899, 2252, 2202, 2157, 1711.57, 1449, 1406,
1393, 1382, 1075, 1065, 1057 cm™

IH NMR (CDCls, 500 MHz): § 8.63 (d, J = 1.85 Hz, 1H, H-18), 8.57 (d, J = 4.7 Hz, 1H, H-
20), 7.73 (dt, J=7.8, 1.7 Hz, 1H, H-22), 7.37-7.33 (m, 2H, H-5, H-12), 6.86 (d, J = 7.7, 1.65
Hz, 1H, H-21), 6.80 (d, J = 7.7 Hz, 1H, H-8), 6.72-6.70 (m, 2H, H-15, H-16), 6.60 (dd, J =
7.7, 1.5 Hz, 1H, H-7), 4.01 (dd, J = 12.5, 8.9 Hz, 1H, H-1a), 3.55 (s, 3H, -OMe), 3.46-3.40
(m, 1H, H-1b), 3.33-3.20 (M, 3H, H-2a, H-2b, H-9a), 3.13-3.06 (m, 2H, H-10a, H-10b), 2.87-
2.81 (m, 1H, H-9b).

13C NMR (CDCls, 125 MHz): 6 166.30 (-C=0), 150.34 (C-18), 147.88 (C-19), 143.38 (C-14),
139.75 (C-17), 139.45 (C-6), 138.74 (C-3), 137.77 (C-11), 136.69 (C-4), 136.51 (C-2), 136.29
(C-13), 135.65 (C-7), 134.58 (C-15), 133.54 (C-16), 130.24 (C-12), 128.12 (C-21), 123.07 (C-
8), 51.47 (-Me, C-24), 37.25 (C-1), 35.03 (C-2), 34.96 (C-9), 32.68 (C-10).

HRMS (ESI-TOF) m/z: [M + H]" Calcd for C23H22NO> 344.1645; Found 344.1639.
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Ethyl 4-bromol[2.2]paracyclophane-12-carboxylate 6.101

E \\Br
=~ CO,Et

6.101

A solution of n-BuLi (1.2 M in hexanes; 0.80 ml, 1.60 mmol, 1.17 eq.) was added dropwise
over 15 min. to a solution of 4,12-dibromo[2.2]paracyclophane 6.63 (500 mg, 1.37 mmol, 1.0
eq.) in THF (11 ml, 0.1M), at -78 0 °C. The resulting yellow solution was stirred at -78 0 °C
for 40 min. Ethyl chloroformate (0.16 ml in 1 ml dry THF, 1.64 mmol, 1.2 eq.) was added
dropwise over 10 min. The solution was warmed to room temperature overnight. Saturated
NH4CI (10 ml) was added to the reaction mixture at 0 °C and the resulting organic phases were
separated. The aqueous phase was extracted with EtOAc (3 x 15 ml), the combined organics
dried (MgS0s) and concentrated under reduced pressure to give a yellow residue.
Purification: Flash chromatography [SiO2, EtOAc:hexanes (3:97)] to obtain the title compound
6.101 as a white semisolid (357 mg, 0.99 mmol, 73%).

Re: 0.7
IR: vmax 3683, 3675, 2989, 2900, 2304, 1976, 1696, 1407, 1265, 1076 cm™.

IH NMR (CDCls, 400 MHz): 6 7.79 (1H, d, J = 1.6 Hz), 6.69 (1H, d, J = 7.8, 1.6 Hz), 6.65
(1H, d, J = 1.7 Hz), 6.61-6.59 (2H, m), 6.51 (1H, d, J = 7.5 Hz), 4.51 (1H, dg, J = 10.7, 7.1
Hz), 4.38 (1H, dg, J = 10.7, 7.1 Hz), 4.13 (1H, dd, J = 12.2, 10.6 Hz), 3.52 (1H, ddd, J = 11.9,
10.0, 1.5 Hz), 3.28 (1H, ddd, J = 13.1, 10.1, 1.6 Hz), 3.16 (2H, g, J = 11.4 Hz), 3.07 (1H, ddd,
J=13.1,10.1, 7.5 Hz), 2.88-2.79 (2H, m), 1.49 (3H, t, J = 7.1 Hz).

13C NMR (CDCls, 125 MHz): 6 166.93, 142.01, 142.05, 139.50, 138.87, 136.61, 135.90,
135.46, 135.01, 131.25, 131.04, 130.74, 126.68, 60.56, 36.01, 35.68, 34.04, 32.60, 14.53.

HRMS (ESI-TOF) m/z: [M+H]* Calcd for CigH20Br’°0, 359.0641; Found 359.0647;
C19H20Br810, 361.0621; Found 361.0625.
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4-Bromo[2.2]paracyclophane-12-carboxylic acid 6.102

6.102

A solution of ethyl 4-bromo[2.2]paracyclophane-12-carboxylate 6.101 (357 mg, 0.99 mmol,
1.0 eq.) in 25% methanolic KOH (10 ml) was heated to reflux overnight. The reaction mixture
cooled to room temperature and diluted with 10 ml H20. The reaction mixture was acidified
cautiously with concentrated HCI till pH 3 and extracted with CH2Cl> (3 x 10 ml). The
combined organics dried (MgSOa) and concentrated under reduced pressure to yield a white
residue of 4-bromo[2.2]paracyclophane-12-carboxylic acid 6.101 (300 mg, 0.91 mmol, 91%
yield). The crude was used in the next reaction without purification.

Rt : 0.3 [EtOAC: hexanes (30:70)]
IR: vmax 3046, 2930, 2852, 1679, 1587, 1479, 1319, 1268, 1197, 1035 cm™.

IH NMR (CDCls, 400 MHz): 5 7.96 (1H, s), 6.74 (1H, dd, J = 7.8, 1.4 Hz), 6.69-6.67 (2H, m),
6.64 (1H, dd, J = 8.1, 1.6 Hz), 6.53 (1H, d, J = 7.7 Hz), 4.24 (1H, dd, J = 12.1, 10.4 Hz), 3.55
(1H, d, J = 12.2, 10.2 Hz), 3.32-3.23 (1H, m), 3.22-3.02 (3H, m), 2.96-2.79 (2H, m).

13C NMR (CDCls, 125 MHz): 6 171.77, 143.09, 142.09, 139.72, 138.98, 137.71, 136.19,
135.81, 135.00, 131.87, 131.17, 129.31, 126.80, 36.24, 35.78, 34.09. 32.51.

HRMS (ESI-TOF) m/z: [M+H]" Calcd for CisH14Br’°0O, 329.0172; Found 329.0175;
C17H14Br810; 331.0151; Found 331.0155.

Data comparable to that reported in literature.’
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4-Bromo-12-amino[2.2]paracyclophane6.105

6.105

To 4-bromo[2.2]paracyclophane-12-carboxylic acid 6.101 (300 mg, 0.91 mmol, 1.0 eq.) in an
anhydrous CH2Cl> (9 ml, 0.1 M) was added oxalyl chloride (0.39 ml, 4.54 mmol, 5 eg.) and
DMF (3 drops) under argon at 0 °C. The reaction mixture was stirred for 3 hrs at room
temperature and concentrated under reduced pressure to afford the crude 4-
bromo[2.2]paracyclophane-12-carbonyl chloride 6.102 (300 mg, 0.90 mmol). The crude was

used in the next reaction without purification.

To a suspension of the crude 4-bromo[2.2]paracyclophane-12-carbonyl chloride 6.102 (300
mg, 0.86 mmol, 1.0 eq.) in acetone (20 ml) was added dropwise an aqueous solution of NaN3
(65 mg, 0.90 mmol, 10.0 eq.) in water (10 ml) at 0 °C. The reaction mixture was stirred for 2
hrs. An ice-cold water (30 ml) was added and the precipitate was filtered off. The precipitates
were further washed three times with an ice-cold water and dried to obtain the an off white
powder of 4-bromo[2.2]paracyclophane-12-carbonyl azide 6.103 (229 mg, 0.64 mmol). The

crude was used further without purification.

The crude 4-bromo[2.2]paracyclophane-12-carbonyl azide 6.103 (229 mg, 0.64 mmol, 1.0 eq.)
was refluxed in dry toluene (10 ml) under argon for 3 hrs. The solvent was evaporated under
reduced pressure to afford a white solid of 4-bromo-12-(isocyanato)[2.2]paracyclophane 6.104

(209 mg, 0.63 mmol). The crude was used in the next reaction without purification.

The crude 4-bromo-12-(isocyanato)[2.2]paracyclophane 6.104 (209 mg, 0.63 mmol, 1.0 eq)
was dissolved in ethanol (20 ml) and refluxed for 2 hrs. After cooling down, 20% aqueous
KOH solution (10 ml) was added, and the resulting reaction mixture was refluxed for 45 hrs.
To the cooled reaction mixture was added 20% aqueous KOH (20 ml), and mixture was stirred

for 5 minutes. The precipitates were removed by filtration and purified.

Purification: Flash chromatography [SiO., EtOAc:Hexane (30:70)] to obtain the title
compound 6.105 as a pale brown solid (95 mg, 0.31 mmol, 49 %).
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Rr: 0.4
IR: vmax 3472, 3381, 2998, 2925, 2855, 1615, 1497, 1288, 1034 cm™,

IH NMR (CDCls, 500 MHz): § 7.30 (1H, d, J = 1.6 Hz), 6.60 (1H, d, J = 7.7 Hz), 6.45 (1H, d,
J=7.7Hz),6.38 (1H, d, J = 7.6 Hz), 6.16 (1H, d, J = 7.7 Hz), 6.11 (LH, ), 3.52 (2H, bs), 3.42
(1H, ddd, J = 12.1, 9.9, 1.7 Hz), 3.15 (1H, d, J = 10.8, 7.4, 3.4 Hz), 3.06-3.03 (2H, m), 3.01-
2.91 (2H, m), 2.84-2.79 (1H, m), 2.71-2.65 (1H, m).

13C NMR (CDCls, 125 MHz): 6 144.92, 141.25, 141.51, 138.28, 135.32, 134.41, 131.92,
130.96, 125.93, 124.33, 122.71, 117.59, 35.55, 32.91, 32.31, 32.11.

HRMS (ESI-TOF) m/z: [M+H]* Calcd for CisHi7Br’®N 302.0539; Found 302.0536;
C16H17Br®N 304.0518; Found 304.0514.

Data comparable to that reported in literature.®
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4-Amino-12-(pyridin-2-yl)[2.2]paracyclophane 6.109

General procedure A was followed using (z)-4-bromo-12-amino[2.2]paracyclophane 6.105 (40
mg, 0.11 mmol, 1.0 eq.), pyridine-2-sulfinate 6.50 (36 mg, 0.22 mmol, 2 eq.), K.CO3z (23 mg,
0.21 mmol, 1.5 eq.), PCys (12 mg, 0.043 mmol, 40 mol%), Pd(OAc). (2 mg, 0.011 mmol, 10
mol%), DMA (0.55 ml) for 22 hrs.

Purification: Flash chromatography [SiO2, CH.Clz:hexanes (40:60)] to obtain the title
compound 6.109 as a brownish semisolid (20 mg, 0.06 mmol, 61% yield).

Rr: 0.4

IR: vmax 3912, 3845, 3769, 3741, 3683, 3658, 3612, 3403, 2988, 2968, 2929, 2849, 2251, 2197,
2189, 1586, 1462, 1425, 1065 cm™

IH NMR (CDCls, 500 MHz): 6 8.80 (d, J = 4.7 Hz, 1H, H-19), 7.75 (td, J = 7.6, 1.7 Hz, 1H,
H-21), 7.52 (d, J = 1.7 Hz, 1H, H-22), 7.44 (d, J = 7.8 Hz, 1H, H-20), 7.27 (tdd, J=7.2, 4.8
0.9, Hz, 1H, H-4), 6.70 (d, J = 7.7 Hz, 1H, H-7), 6.45 (dd, J = 7.7, 1.5 Hz, 1H, H-8), 6.41 (d,
J=7.6 Hz, 1H, H-15), 6.23 (dd, J = 7.7, 1.5 Hz, 1H, H-16), 5.57 (d, J = 1.2 Hz, 1H, H-9a),
4.14 (bs, 2H, -NH2), 3.43 (td, J =13.8, 3.8 Hz, 1H, H-9a), 3.27-3.22 (m, 1H, H-9b), 3.20-3.14
(M, 2H, H-2a, H-2b), 3.00 (td, J = 14.6 Hz, 1H, H-1a), 2.80-2.73 (M, 2H, H-10a, H-10b), 2.58
(d, J=14.7, 4.6 Hz, 1H, H-1b).

13C NMR (CDCls, 125 MHz): 6 159.18 (C-17), 149.95 (C-19), 146.42 (C-13), 140.96 (C-21),
140.30 (C-3), 138.77 (C-11), 137.01 (C-6), 135.95 (C-5), 134.47 (C-4), 133.76 (C-15), 127.55
(C-8), 125.12 (C-20), 124.64 (C-16), 123.17 (C-8), 121.42 (C-16), 120.15 (C-12), 34.48 (C-2),
33.37 (C-10), 32.60 (C-9), 31.84 (C-1).

HRMS (ESI-TOF) m/z: [M + H]" Calcd for C21H21N2 301.1705; Found 301.1696.
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4-Formyl-5-(pyridin-4-yl)[2.2]paracyclophane 6.115

General procedure was followed using (z)-4-bromo-5-formyl[2.2]paracyclophane 6.111 (50
mg, 0.16 mmol, 1.0 eq.), pyridine-4-sulfinate 6.53 (53 mg, 0.32 mmol, 2 eq.), K.CO3 (33 mg,
0.24 mmol, 1.5 eq.), PCys (18 mg, 0.064 mmol, 40 mol%), Pd(OAc). (4 mg, 0.016 mmol, 10
mol%), DMA (0.8 ml) for 36 hrs.

Purification: Flash chromatography [SiO2, EtOAc: hexanes (3:7) + EtsN] to obtain the title
compound 6.115 as white solid (30 mg, 0.09 mmol, 60% yield).

Ri: 0.4

IR: vmax 3835, 3746, 3685, 2951, 2923, 2850, 2749, 1907, 1759, 1673, 1589, 1553, 1497, 1446,
1409, 1158 cm*

IH NMR (CDCls, 500 MHz): 6 9.50 (s, 1H, -CHO), 8.76 (d, J =5.3 Hz, 2H, H-19, H-22), 7.39
(bs,1H, H-22), 7.14 ( ,1H, H-18), 6.84 (d, J=9.75 Hz, 1H, H-8), 6.76 (dd, J=9.7, 2.1 Hz,
2H, H-7), 6.66-6.62 (M, 2H, H-12, H-13), 6.55 (dd, J = 9.9, 2.2 Hz, 1H, H-15), 3.97-3.87 (m,
1H, H-20), 3.35-3.26 (m, 2H, H-9a, H-9b), 3.06-2.99 (m, 1H, H-2b), 2.97-2.80 (M, 4H, H-1a,
H-1b, H-10a, H-10b)

13C NMR (CDCls, 125 MHz): 6 192.17 (C-23), 149.65 (C-21), 144.41 (C-19), 142.63 (C-17),
142.09 (C-4), 140.57 (C-6), 139.15 (C-3), 138.95 (C-11, C-14), 138.36 (C-5), 135.93 (C-12,
C-13), 133.37 (C-15, C-16), 132.15 (C-8), 131.24 (C-7), 129.61 (C-18), 126.65 (C-22), 35.39
(C-1), 35.20 (C-10), 34.91 (C-2), 32.40 (C-9).

HRMS (ESI-TOF) m/z: [M+H]* Calcd C22H20NO 314.1539 for; Found 314.1536.
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4-Amino-5-(pyridin-2-yl)[2.2]paracyclophane 6.117

General procedure A was followed using (z)-4-bromo-5-amino[2.2]paracyclophane 6.116 (50
mg, 0.16 mmol, 1.0 eq.), pyridine-2-sulfinate 6.50 (55 mg, 0.33 mmol, 2 eq.), K2CO3 (34 mg,
0.25 mmol, 1.5 eq.), PCys (19 mg, 0.066 mmol, 40 mol%), Pd(OAc). (4 mg, 0.017 mmol, 10
mol%), DMA (0.83 ml) for 48 hrs.

Purification: Flash chromatography [SiO2, CH.Clz:hexanes (40:60)] to obtain the title
compound 6.117 as a brownish semisolid (19 mg, 0.06 mmol, 38% yield).

Rr: 0.3

IR: vmax 3799, 3743, 3674, 3156, 2988, 2899, 2252, 2199, 2148, 2031, 1793, 1647, 1467,
1393, 1066 cm™

IH NMR (CDCls, 500 MHz): 6 8.76 (d, J = 4.8 Hz, 1H, H-20), 7.71 (td, J = 7.7, 1.7 Hz, 1H,
H-18), 7.27 (d, J = 7.8 Hz, 2H, H-19, H-17), 7.20 (t, J = 5.2 Hz, 1H, H-7), 6.68 (d, J =7.8
Hz, 1H, H-8), 6.63 (d, J =7.7 Hz, 1H, H-11), 6.58 (d, J = 7.7 Hz, 1H, H-12), 6.36 (d, J=7.6
Hz, 1H, H-15), 6.27 (d, J = 7.6 Hz, 1H, H-16), 5.14 (bs, 2H, -NH>), 3.25-3.08 (m, 4H, H-9a,
H-9b, H-10a, H-10b), 2.80 (m, 2H, H-2a, H-2b), 2.76-2.70 (m, 1H, H-1a), 2.59-2.53 (M, 1H,
H-1b).

13C NMR (CDCls, 125 MHz): 6 158.23 (C-16), 148.44 (C-20), 139.43 (C-14), 138.93 (C-11),
138.75 (C-18), 135.98 (C-6), 135.51 (C-12), 132.57 (C-13), 132.15 (C-15), 131.08 (C-16),
128.02 (C-3), 127.23 (C-19), 125.89 (C-5), 125.30 (C-7), 124.93 (C-4), 120.74 (C-8), 34.96
(C-9), 34.50 (C-2), 33.33 (C-10), 32.07 (C-1).

HRMS (ESI-TOF) m/z: [M + H]" Calcd for C21H21N2 301.1705; Found 301.1695.
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4-Amino-5-(pyridin-3-yl)[2.2]paracyclophane 6.118

General procedure A was followed using (z)-4-bromo-5-amino[2.2]paracyclophane 6.116 (50
mg, 0.16 mmol, 1.0 eq.), pyridine-3-sulfinate 6.51 (55 mg, 0.33 mmol, 2 eq.), K.CO3z (34 mg,
0.25 mmol, 1.5 eq.), PCys (19 mg, 0.066 mmol, 40 mol%), Pd(OAc). (4 mg, 0.017 mmol, 10
mol%), DMA (0.83 ml) for 48 hrs.

Purification: Flash chromatography [SiO2, CH2Cl; : hexanes (40:60)] to obtain the title
compound 6.118 as a brownish semisolid (16 mg, 0.05 mmol, 32% yield).

R:i: 0.3

IR: vmax 3912, 3877, 3742, 3520, 2977, 2252, 2058, 2016, 1644, 1467, 1382, 1102 cm™

IH NMR (CDCls, 500 MHz): 6 8.34 (s, 1H, H-21), 8.28 (d, J = 4.5 Hz, 1H, H-19), 7.18 (d, J
= 8.3 Hz, 1H, H-7), 7.06-7.03 (m, 2H, H-17, H-18), 6.64-6.62 (m, 2H, H-13, H-12), 6.47-6.45
(M, 2H, H-15, H-16), 6.31 (d, J = 7.6 Hz, 1H, H-8), 4.32 (bs, 2H, -NH>), 3.44-3.39 (m, 1H, H-
9a), 3.17-3.04 (m, 6H, H-2a, H-2b, H-1a, H-1b, H-10a, H-10b), 2.80-2.73 (m, 1H, H-9b).

13C NMR (CDCls, 125 MHz): ¢ 147.94 (C-21), 147.23 (C-19), 145.83 (C-4), 138.76 (C-14),
138.41 (C-11), 136.48 (C-17), 134.97 (C-3), 133.72 (C-16), 133.52 (C-15), 132.40 (C-13),
128.94 (C-12), 126.48 (C-8), 125.41 (C-6), 123.92 (C-18), 123.60 (C-5), 115.00 (C-7), 34.57
(C-1), 34.80 (C-10), 32.78 (C-9), 32.30 (C-2).
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Phos NMR SOP formation with PC
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Alkylation of norphedphrine

HO
NH
2.61
1
PO - L-, i S NEU———— i ) e k’n«J Y
I I I T T T T I I I I I
75 70 65 60 55 50 45 4.0 30 25 20 15 1.0
< | - 0 (=35 N ©
3|8 @ 3(& o (@
|- (=] o 0l N

S6

<)
BRUKER
(L ><)

Current Data Parameters

NAME I-Mn-16
EXPNO 1
PROCNO 1

F2 - Acquisition Parameters
Date_ 20160826
Time 12.56
INSTRUM spect
PROBHD 5 mm PAQXI 1H/
PULPROG zg30

D 65536
SOLVENT CDC13

NS 16

Ds 2

SWH 10330.578 Hz
FIDRES 0.157632 Hz
AQ 3.1719425 sec
RG Tl.8

DW 48.400 usec
DE 6.50 usec
TE 298.2 K
D1 1.00000000 sec
TDO 1

PL1W 12.10000038 w
SFol 500.1330885 MHz
F2 - Processing parameters
sI 32768

SF 500.1300000 MHz
WDW EM
SSB 0

1B 0.30 Hz
GB 0

PC 1.00



Boran complex formation first spot from column
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Boran complex formation 3rd spot from column
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Boran complex — 13C
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Boran complex 2nd diasteromer - 31P
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Reaction of menthol with tBuPCl2 - first spot from column
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benzyl aniline SPO formation
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Attempted SPO formation with tosylated benzyl amine
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" | |
LIS L N N O N A I N L O B |

350 355 360 365 370

| " R Loy
T rtrrrrrrrr i

375

380

385

390

395
miz

S14

=TT
400

|
I
405 410 415

420 425 430 435 440



Gold complex formation - Filtrate

N TSN T S\EEA :

1 F2 - Acquisition Parameters
Date_ 20170203
17 Tine 922
2 HO INSTRUM spect
15 13 = PROBHD 5 mm PAQXI 1H/
c PULPROG zg30
SP~AuCI boy 65536
SOLVENT cDCl13
16 18 NS 16
1" DS 2
618 18 SWH 10330.578 Hz
10 FIDRES 0.157632 Hz
AQ 3.1719425 se
9 RG 228.1
DW 48.400 usec
2 9 DE 6.50 usec
- TE 298.2 K
(RSp,SRp)-2.95 D1 1.00000000 sec
I 1‘ TDO 1
% \
|
”ﬁ \J ‘f M ======== CHANNEL fl ========
[V \ J L rm Nucl 1H
e~ SV WY Pl 8.60 usec
= G S F e S = PL1 4,00 dB
PLIW 12.10000038 W
SFol 500.1330885 MHz
I | I I I I I [
F2 - Processing parameters
7.4 T3 7«2 71 7.0 6.9 6.8 6.7 6.6 ppm e Ll
SF 500,1300000 MHz
WDW EM
SSB 0
LB 0.30 Hz
GB 0
k JWJ PC 1.00
\
i du,-,nJ. _.\)'lJ‘,. .= 1 _.&u..J&.\h..._.,___.aMﬂ/“/ ‘&Jﬂ\ e il i A’JULL }UL J

/.

! I I I I T I I I I I I 1

I
75 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1 1.0 05 ppm
| [SEmEE -
- NIN =[]

"
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Au complex 31P after a week in CDCl3 solvent

17
2 HO
15 13 =
SP—AuCl
16 18
1
18 18
10 6
9

(RS,,SRp)-2.95

S16




MeOOC

MeOOC

P-Au catalysed cyclization in DCM

2.101

. JL‘;L_

|

)

|

|
|
\

A = R M *41‘*;._1/«&,_/,\_,‘,_“,,%‘ N,J./[/ULJ\»"-JL_.L—// £\ -
T T T T T I T T T T T I I
6.0 5.5 5.0 4.5 4.0 3.5 3.0 25 2.0 15 1.0 0.5 ppm
() - ™ (=) ol
b « e G | b o] B3k
(=} - n il mim

S17

Current Data Parameters

NAME II-Mn-32 crude
EXPNO 1
PROCNO i

F2 - Acgquisition Parameters

Date_ 20170801
Time 14.12
INSTRUM spect
PROBHD 5 mm Multinucl
PULPROG zg30
TD 65536
SOLVENT cDE1s
NS 16
D 2
SWH 8278.146 Hz

FIDRES 0.126314 Hz
AQ 3.9583745 sec
RG 20.2

DW 60.400 usec
DE 6.00 usec
TE 300.0 K
D1 1.00000000 sec
DO 1.

2.70 dB
400.1324710 MHz

F2 - Processing parameters
SI 32768

SF 400.1300000 MHz
WDW EM
SSB 0

LB 0.30

GB 0

PC 1.00



Au catalysed methoxy cyclization
CONOFO~O-OANNO=MNNONCTOLI AT OO ASO0O A O OO ©
OLTOOOOEOONANNANDNMNMAOONOVINWMMOROOOILIMM AN OO ©N
NOOANNON NN EEOAANNNNDODOOOOOOVODOOONINOOONOON
COSLILELIOOONOOONOMNONNNNNNNNNNNNNNNNNNNNNNAA A A A A A A
OCH3
MeOOC
MeOOC
2.106
l o | ,“Jl»jL,__.‘J%L-AL = m ) X L L
T T T T T T T T T T T T T T T T
75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 ppm
g3 0N @5EEE [BE gk
|- ailai alolalail~ | = ol

S18

Curre... LN

NAME I-Mn-177 1 crude
EXPNO 1
PROCNO 1

F2 - Acquisition Parameters

Date_ 20170508
Time 11.56
INSTRUM spect
PROBHD 5 mm PAQXI 1H/
PULPROG zg30
TD 65536
SOLVENT CcDC13
NS 16
Ds 2
SWH 10330.578 Hz
FIDRES 0.157632 Hz
AQ 3.1719425 sec
RG 35.9
DW 48.400 usec
DE 6.50 usec
TE 296.3 K
D1 1.00000000 sec
DO 1
CHANNEL fl ========
1H
8.60 usec
4.00 dB

12.10000038 W
500.1330885 MHz

F2 - Processing parameters
SI 32768

SF 500.1300000 MHz
WDW EM
SSB 0

LB 0.30 Hz
GB 0

PC 1.00



Au cyclization : tosyl

NSNS OOLOOONONNMOONMONONNOMONNNNNMFAAAAAAA--OO
L ///'/// ‘M / W// \ /W}/// / Current Data Parameters
OMe NAME I-Mn-186 1
EXPNO nl
PROCNO ik
F2 - Acquisition Parameters
TsN Date_ 20170506
Time 15.48
INSTRUM spect
PROBHD 5 mm PAQXI 1H/
PULPROG zg30
D 65536
2.111 SOLVENT cpel3
NS 16
Ds 2
SWH 10330.578 Hz
FIDRES 0.157632 Hz
AQ 3.,1719425 sec
RG 90.5
DW 48.400 usec
DE 6.50 usec
TE 297.:9 K
Dl 1.00000000 sec
DO 1
memsssns CHANNEL f]l ssssssmm
NUCL 1H
Pl 8.60 usec
PL1 4.00 dB
PL1W 12.10000038 W
SFOl 500.1330885 MHz
F2 - Processing parameters
SI 32768
SF 500.1300000 MHz
WDW EM
SSB
LB 0.30 Hz
LA l GB
o) _— 5 " ‘,_ﬂ*_,wvl_‘__‘ﬁ_ ._._,JL LAM.)A LA_ it L.00

T T T T
80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 05 ppm

S19



P-Arylation : 4-iodo toluene

Current Data Parameters

NAME I-Mn-193 2
EXPNO I
0 PROCNO 1
P/
‘g F2 - Acquisition Parameters

\ Date_ 20170513
T Time 17.57
INSTRUM spect

PROBHD 5 mm PAQXI 1H/

PULPROG zg30
D 65536
SOLVENT CDCl13
- NS 16
(RS,,RSp)-2.116 i, .
SWH 10330.578 Hz
FIDRES 0.157632 Hz
AQ 3.1719425 sec
RG 128
DW 48.400 usec
DE 6.50 usec
IE 296.0 K
D1 1.00000000 sec
DO 1
CHANNEL fl ========
1H
8.60 usec
4.00 dB

12.10000038 W
500.1330885 MHz

F2 - Processing parameters
SsI 32768

SF 500.1300000 MHz
WDW EM
SSB 0

LB 0.30 Hz

A..,,,L,.,ﬂ&h,gm.,M PO )u, e ’ 1.00

\

!

f

i

]

|

{

‘x
-
&=—-—
=

80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 ppm
g 8 835 3 g 3| [858||® g
N - |- o o - NI~ |eN (2]
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\/ |\ |1/

Current
NAME

1N,

RUM

PROBED
FPULFRCG

(RSP,RSP)-2.116
CHANNEL f1
CHANNEL £2 ———====-
waltzlg
5
F2 - Processing
h h 125
bbbl Lo i Lol
4 ad Ly ol o
L N 1 0Ofr Hz
T T T T T T | | | T T T T | T | T o o e

160 150 140 130 120 110 100 90 80 70 60 S0 40 30 20

S21

10 ppm



P-Arylation

x@

(RSp,RSp)-2.116

Current

ta Paramet
I-Mn-155

Acquisition

NUC1
P1

202

CHANNEL




I-MN-175#36-96 RT: 0.17-0.43 AV: 61 NL: 2.13E8
T: FTMS + p ESI Full ms [150.0000-750.0000]

Relative Abundance

403.2178

SRR =1

(RS,,RSp)-2.116

[N =)
o o

Lovaoalonnaling

w
w

407

303

] 365.3019

5] 3253096 338.3411 z=1 3982411
3 z=1 z=1 z=1

03 et | I‘.IIJ }

421.3166

|

4251996
z=1

431.3834

1 4478766 4642709  7=1
] !
TerT Ul ) 125 Dkl ERA K)o B b baadd|

520.3331 5352575 5502043
z=1

z=1

z=?

587.3252

z=1

I T I I T I I T 1 T 1 1 T 1 1

| | I |
300 320 340 360 380 400

=1 4852574 2033383
i ‘ z=? z=1
lIJl 5 4 1 Fet Il I‘ A IL
420 440 460 480 500
m/z

S23
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520

1

T
540

1

T
560

1

T
580

1

T
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600



P-arylation 4-iodo anisole

R,

—
\
>§‘/ OMe

(RS,,RSp)-2.119

i il s

Current Data Parameters
I-Mn-165 ii 0807

NAME
EXPNO
PROCNO

Date_
Time
INSTRUM
PROBHD
PULPROG
D
SOLVENT
NS

Ds

SWH
FIDRES
AQ

RG

DW

DE

|
NI

Whs

T T T T T T T
80 75 70 6.0 55
g 3 8
o o

1
0
0.97

T T T T T T T T T T
30 25 20 15

X O™ (=]
Qfr|v (=]

NI~ »

S24

1

1

20170708
14.12
spect

5 mm PAQXI 1H/
zg30

65536
CDCl13

16

2
10330.578
0.157632
3.1719425
114

48.400
6.50

298.2
1.00000000

12.10000038
500.1330885

32768
500.1300000
EM
0
0.30
0
1.00

F2 - Acquisition Parameters

Processing parameters

MHz

Hz



13¢ — TPO=2 210118

Current Data Parameter
NAME TPO-2 210118
EXPNG

JCNO

(RS,,RSp)-2.119

CHANNEL f2
wal

[ — I

Y Y A e " " S1
s W vt o — N SF

o L WDW

SSR o

3
GB i

160 140 120 100 80 60 40 20 0 ppm FC 1.40

S25



31F — TP@~2 210118

\
=/ ~0OMe

(RS,,RSp)-2.119

PLZW
FT.12W

T
100 80 60 40 20 0 -20 -40 -60 -80 -100 ppm

S26



P-Arylation : 4-iodo-benzonitrile

N/ CN

(RS,,RSp)-2.121

i
’ - ﬂg_,ﬂ‘ 4 JJ«_ . _,/‘LJN

85 80 75 70 65 60 55 50 Al 3. 5 3. 0 20 15 1.0 ppm
g (8 88 5 [E m s
N N Nir=lm - o (=] (-]

S27

Current Data Parameters
NAME I-Mn-165 iii
EXPNO 4
PROCNO 1

F2 - Acquisition Parameters
Date_ 20170513
Time 11.14
INSTRUM spect
PROBHD 5 mm PAQXI 1H/
PULPROG z2g30

D 65536
SOLVENT cDC13

NS 16

Ds 2
SWH 10330.578 Hz
FIDRES 0.157632 Hz
AQ 3.1719425 sec
RG 64

DW 48.400 usec
E 6.50 usec
TIE 295.4 K
Dl 1.00000000 sec
TDO 1

BL 8 usec
PL1 4.00 dB
PL1W 12.10000038 W
SFO 500.1330885 MHz
F2 - Processing parameters
sI 32768

SF 500.1300000 MEHz
WDW EM
SSB 0

LB 0.30 Hz
GB 0

PC 1.00



13C : SPO & 4-iodobezonitrile

0
R
k- / CN

(RS,,RSp)-2.121

\'4

|

S
IIII I
|

)
K/’r//

| )T S Sl A UAIL A . A
T T T T T T T T T T T T T I T T T T
150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 ppm

S28

C><)
BRUKER
(<O

Current Data Par

NAME TPC

EXPNO ]
PROCNG 1
F2

Date

Time

PL2W
PL12W
PL13W
SF02

SE 125.

WDW EM
SSB o]

B 1.00 Hz
GB 0

PC 1.40



TPO-3, p-benzonitrile

oW

(RS,,RSp)-2.121

CHANKNEL f1

T
100 50 0 -50 -100 ppm

S29



P-Arylation SPO & 2-Br pyridine

Current Data Parameters

NAME
EX2NO E
PROCNO 1
F2 - Acquisition Parameters
70603
Time 15.00
INSTRUM spect
5 mm PAQXI 1H/
> ULPRS zg30
65536
CDC1

(RS,,SRp)-2.123

10330.578 H
0,157632 F
3.1719425 sec
o]
S

Wz |
TR =N R |

F2 - Processing parameter

SI 32768
SF 500.13000C0 MEz
WIW EM
S5B 0

j j l &[ M 1 |’ | L3 C.30 Hz

7 U D O G || SR UUN WY 0 SV P = o 3

BC 1.00

© -
~ -
o -
[ -
-
©w -]
N -
-
o -

ppm

|l (=} (=11 [=3023K") [++] = Nl [N[S (=
allal (8 [Rla [|See |@ S S|[=|= )
ollo - o miolo o - | NI (2]

S30



13C : P—arylation : SPO & 2-Br pyridine

(RS,,SRp)-2.123

IDRES
AQ
RG
L

. Ll b o
s o Yy Ly

r T T N BAARRARAAY RAARAARARY RARBARAARS AARMM: T ARRAY A N RAMAARAALS AN AR MRS | | ARRAY MAM T AR Aann

160 150 140 130 120 110 100 9 80 70 60 50 40 30 20 10 ppm

S31



2-pyridyl

<)
BRUKER

(>
N / (j!:"‘rﬁr t Data

(RS,,SRp)-2.123

100 50 0 -50 -100 ppm 140

S32



SPO &

Phenyl iodide

x@

(RS,,RSp)-2.113

.,JU._J NTAR

U | h L

M‘ h

! I I I I I I I I I I I T T I I I I I
85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 05 ppm
8 8 R e ) EEEsE g
N (] N - - ™ NN [+2]

S33

Current Data Parameters
NANME I-Mn-165 I 26092017
EXPNO 1;

PROCNO 1

F2 - Acquisition Parameters
Date_ 20170926
Time
INSTRUM
PROZ3ED &
PULPROG

D

SOLVENT

NS

Ds

SWH

FIDRES

mm PAQXT

F2 - Processing par ameter<
SI 3276

SF 530.1363330 MHz
WDW EM

SSB o]
LB 0.30 Hz
GB [0}

c 1.00



13C : SPO & Phenyl iodide

L E LT ULy vl
1

x@

(RS,,RSp)-2.113

|

1'%

Wil

o .L i
I T I T I T I T I T I T T T T T
160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10

S34

<)
BRUKER
(>

1t Data P ameters
I-Mn-165 T 13C 260%2017

il

1

F2 - Acquisitic

NSO W N

CHANNEL f2 ===
walt




x@

(RS,,RSp)-2.113

T
100

T
-50 -100

S35

ppm

FIDRES
AQ
RG
LW
DI

1

CHANNEL fZ
walt




P-Arylation : Cul

o
~
—

7.287
T=232
7209
71786
6.926
6.923
6.911
6.907
6.697
6.682
6.623
6.619
6.607
6.604
6.563
6.553
6.545
6.541
6.538
6.529
6.525
5.325
4.203
3.268
3.264
3.259
3.245

N Bt PP e

Rl

(RS,,RSp)-2.115

B

3239
3.226

3.206
3.203

i S AJ&A.A - [_l

3.081
3.070
3.063

3.055
2.442
2.197

1.305
1.282
1.165
1.151
1.136
1.070
1.030
0.097

N

-

7.0 5 6
Ve
v |=lailed

I T
.0 5.5 5.0 4.5 4.0 3.5 3.0 25

g e

S36

o

<)
BRUKER
(>

Current Data Parameters
NAME I-Mn-159 1
EXPNO 3
PROCNO 1
F2 - Acquisition Parameters
Date_ 20170427
11.43
spect
5 mm PAQXI 1H/
PULPROG zg30
D 65536
SOLVENT cDCl13
NS 16
Ds 2
SWH 10330.578 Hz
FID ).157632 Hz
AQ 3.1719425 sec
RG 181
DwW 48.400 usec
E 6.50 usec
TE 299.2 K
D1l 1.00000000 sec
TDO 1
m=mmmm=mm= CHANNEL f]l =s=sss=m=
NUC1 1H
Pl 8.60 usec
PL1 4.00 dB
PL1W 12.10000038 W
SFOol 500.1330885 MHz
F2 - Processing parameters
32768
500.1300000 MHz
EM
0.30 Hz
0
1.00



P31 - P-Arylation on Mono SPO with 4-iodo toluene (Cul)

I
”ll
Current Data Parameters
NAME I-Mn-151 crude P31
EXPNO 1
PROCNO 1
F2 - Acquisition Parameters
Date 20170313
(RS,,RSp)-2.115 4 e
s

5 mm PAQXI
PULPRC
D
SOLVENT
NS

Ds

SWH
FIDRES
AQ

RG

DW

DE

‘ ‘ A AN AR AS DA DN 7 s et
‘ 5 32768

202.4563350 MHz

T T T T T T T T T T T T T T T B
110 105 100 95 90 85 80 75 70 65 60 55 50 45 ppm ! 1.00 Hz
. 1.40
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I-MN-151_(2) #40-91 RT: 0.19-0.42 AV: 52 NL: 2.72E7
T: FTMS + p ESI Full ms [150.0000-750.0000]

439.0678

100 2=

0

||
I Rl

(RS,,RSp)-2.115

© O
o o

Loagvalonnaling

=] 2]
<ID [&)]
11

Relative Abundance
w
o
1

103 4451190

401.2057
7=1 4292326

z=1

385.2285
z=1

355.1798
z=1

o w
[AERANREE

R . K VY . . Y | |
f Territ 1

2;1

461.2216
z=1

484.1260

=

534.2913
z=1

520.2760

509.2598
z=1
1

z=1

|
T

A,

Lo W
1

560.1565

610.1830
2=1 =y 6281939 474003

583.2242 z=1 7=1
z=1 TG W ..

360 400

420 440

f
480

T

T
500

1 T

miz

S38

520

U
540

560 580 600 620 640



Reduction

T el
7.745
T«129
7.250
7.234
7180
7022
7.008
6::991
6.936
6.920
6520
6.504
6.465
6.450
6.444
6.435
6...399
6383
6.372
6..352
6.337
55677
5.661
2.966
24961
2.943
2,935
2.924
25917
2.898
2.0.8:12
2 81T
2799
2...1858
2.776
25391
2.244
2,235
25,212

NN g e ———

K- *

(RS,,SRp)-2.126 (RS,,RSp)-2.126

0d

1.184
1...1.58
1.130
0.901
0.876
-0.001

k I P. J
el e M./')L’ ‘)/V 7 »«,\u« JLH_A.‘ P, S | | AR YON B ~--A.H.‘JJ o A x.,...‘k‘L A i
T T T T T T T
74 6 5 4 3 1
oaocow Ntno (=) riol-lclale ollo

S39

Current
NAME
EXPNO
PROCNOG
F2 - Acquisition Parameters
Date_ 20170828
8.42
t
5 mm PAQXI 74
0
[
SOLVENT 3
NS 5
Ds 2
SWH 333 8§ Hz
FIDRES 0.157632 HZ
) 3.1719425 sec
905
48.400 usec
6.50 usec
298.2 K
1.00C00000 sec
1

myggz |

FunH

Q)

QW uUHN

w

Processing parameters
32768
500.1300534 MHz
EM
0
.30 Hz
0
1.00



31P - Reduction

P 3
-y

(RS,,SRp)-2.126 (RS,,RSp)-2.126

ffffffff CEANNEL £2 ========

|
100 50 0 -50 -100 ppm

S40



P1-Au 180218

AMUDOAANLOETTTOMNMAANTIANDMOVOILTIDOMANTOMHANOMNMETANDLIMOLWN0OMO ~ L
DL AILIINWOWOODANODAAAOO~TVOLANAHAOONWWOL FOWIS T LW VWSO O
QOO0 OILTMNMAATANNLVLOVOVOUNWOWWMNMNOAAAATOOOODONANANOUNMNMMMHANMNMMMNMANAANO
VOO O~TETETTLVLOVOVOVOVOVOVVOVWOVWOVULOVWUOUNMOMHOMNMOMHMHMOHOMHOANNANNNNANNAAAAAAO O

W \pmmmm—=—===—r" N\ ———

A —.
'F:
, .

Cl

(£)-2.133

b LJALMMJ

WA ,-,./J;EVL»'/U.J".\ ) 1
T T T T T T : . |
8 7 6 5 4 3 5 : fada
| [eRa (8 5 (2 |8 [sEREREY e
- olr=lr=lnl [©llN o o - - wlolal lailelrr G

S41

<)
BRUKER
(<)

Current Data Parameters
NAME P1-Au 18218
EXPNC a K
PROCNO 4
F2 - Acquisiticn Parameters
Date_ 20180218
Time 11.52
INSTRUM spect
PRCEHD 5 mm PAQXI 1H/
PULPROG zg30
SCLVENT 3
NS 4
Ds 2
SWH 78 Hz
FIDRES 2 Hz
AQ 5 sec
RG 5
DW 0 usec
DE C usec
TE 2 B
D1 1.000C0000 sec
TDO 2 8
1H
9.50 usec
4.00 dB
12.10000038 w
500.1330885 MHz
- Processing parameters

o E

F2
sI
WD
s83 0
L2
GB
PC



13C : P1-Au 180218

m\:’:';t“w"% WW‘,: ‘ : SN

== CEANNEL f:

T
160 1

50 140 130 120 110 100 90

T

T
80

T
70

60

T
50

S42



3lp - P1-Au 170218

?I

Au z

P P
Alu
Cl

(£)-2.133

100 50 0 -50 -100 ppm
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T
o) +
o

N
7
+

(RS,,SRp)-2.132 (RS,,RSp)-2.132

| | |

! N A

[ |wj }l e |
< I | | [ v»—«i L"J/// / “‘bdf“‘r*"‘”*»——) ,/"‘ * KU’J&K____ )f

N P

8 ¥ 5 4 3 2 1 ppm
w wn w wn n
23 (8/2[2(3 (5|23 (SR [0|8]n| 2|2 3322RIRI§818 B (2
QIO ||~ |N|™|O|r= || O|N|™|O|O | O|r || N ||™N w| |~
-
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Current Data Parameters

NAME II-Mn-28 Crude
ZXPNO 1
PROCNO 1
F2 - Acquisition Parameters
Date_ 20170727
Time 8.47
INSTRUM spect

PRCBHD 5 mm PAQXI 1H/

2
8
3
2
1

NUC1

Pl usec
PL1 . dz
PL1W C000038 W
Sro .1330885 MHz
F2 - Processing parameters
8T 32768

s 500.13000C0 MEz
WowW EM
SSB 0

L3 C.30 Hz
GB 0

'
o
o



13C - P1-HBF4

BF,
+
H\ = k
P’/ P\ +
7 H_
BF,
(RS,,SRp)-2.132 (RS,,RRp)-2.132

T T T T T T T T T T T T T T T T
150 140 130 120 110 100 9 80 70 60 50 40 30 20 10 ppm
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31P : HBF4 complex formation

BF,
+
H z J<

P’/ P\ +

7 H_
BF,4

(RSp,SRp)-2.132 (RS,,RRp)-2.132
I T I ‘I I

100 50 0 -50 -100 ppm
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P4-Au 190118

(RSp,SRp)-2.137

- LL B T 1T TR

Parameters
-Au 190118

5 mm PAQXI 1H/

zg30
T 65536
SOLVENT cDC13

NS 16

Ds 2

SWH 8 Ez
ZIDRIS 2 Ez
AQ 5 sec
RG 5

DW .40C usec
DE 6.50 usec
TE 298.2 K

D1 1.0C00000C sec
TDC &
======== CHANNEL f]l ===s=====
NUC1 1H

Pl 8.60 usec
P 4.00 d3

P 12.10000038 W

s 500.1330885 Mz
F2 - Processing parameters
SI 32768

SF 500.1300000 MHz
WDW EM

SSEB 0

1B 0.30 Hz
GB (

PC 1.00

9
oo
]
ol

7 6

D[ 2 (=3
] b bt ] ]
olmiN o -

0.99

1.00
1.93
1.07
2.1
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13C - P4Au

(RSp,SRp)-2.137

T T T T T T T T T T 2 1.40

T T T T T T T T
160 150 140 130 120 110 100 9 80 70 60 50 40 30 20 10 0 ppm
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31P — P4-Au 190118

(RSp,SRp)-2.137

100

50

S49

= CHANNEL f£2

wal




Bond distance and angle of crystal structures
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Figure 2.4. Crystal structure of (RS,,SRs)-4-tert-butyl[2.2]paracyclophane phosphine oxide 2.47.
(Ellipsoids are drawn at a 50% probability level.)

bond_distance
P1 01 1.504(4)
P1C41.817(5)
P1C17 1.819(5)
P1H11.52(4)
C3 C41.397(6)
C3 C81.391(6)

€32 1.519(7)
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C11 C12 1.385(7)
C11 C16 1.383(7)
C11 €10 1.520(7)
C4 C5 1.396(6)
C8 H8 0.9300
C8C7 1.397(6)
C17 C18 1.529(6)
C17 C19 1.532(6)
C17 €20 1.531(6)
C18 H18A 0.9600
C18 H18B 0.9600
C18 H18C 0.9600
C7 H7 0.9300

C7 C6 1.388(6)
C14 C15 1.391(7)
C14 C13 1.393(7)
C14 C11.504(7)
C19 H19A 0.9600
C19 H19B 0.9600

C19 H19C 0.9600
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C5 H5 0.9300

C5 C6 1.377(6)
C15 H15 0.9300
C15 C16 1.386(7)
C6 C9 1.518(6)
C20 H20A 0.9600
€20 H20B 0.9600
€20 H20C 0.9600
C12 H12 0.9300
C12 C13 1.384(7)
C13 H13 0.9300
C2 H2A 0.9700
C2 H2B 0.9700
C2 C11.590(6)
C1 H1A 0.9700
C1 H1B 0.9700
C16 H16 0.9300
C10 H10A 0.9700
C10 H10B 0.9700

C10 C9 1.574(6)
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C9 H9A 0.9700

C9 H9B 0.9700

angle
01P1C4115.7(2).
01P1C17113.5(2).
01 P1H1110.7(15).
C4 P1C17 107.9(2) .
C4 P1 H1104.3(15) .
C17 P1 H1103.8(15).
C4 C3C2123.7(5) .
C8 C3 C4 116.4(5) .

C8 C3 C2118.6(5).

C12 C11 C10120.9(6) .
C16 C11 C12 116.3(6) .

C16 C11 C10121.0(6) .

C3C4P1122.0(4).
C5C4P1117.8(4).
C5C4 C3 119.9(5) .

C3C8H8119.4.
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C3C8C7121.2(5).
C7C8H8119.4.

C18 C17 P1109.6(4) .

C18 C17 C19110.1(5) .

C18 C17 C20110.6(5) .

€19 C17 P1107.3(4) .

C20C17 P1109.4(4) .

€20 C17 C19 109.8(5) .

C17 C18 H18A 109.5.

C17 C18 H18B 109.5.

C17 C18 H18C 109.5.

H18A C18 H18B 109.5.

H18A C18 H18C 109.5.

H18B C18 H18C 109.5 .

C8 C7 H7119.7.
C6 C7 C8 120.6(5) .

C6 C7 H7 119.7.

C15 C14 C13 116.6(6) .

C15C14 C1121.8(6) .

C13 C14 C1120.2(5) .
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C17 C19H19A 109.5.

C17 C19 H19B 109.5.

C17 C19 H19C 109.5.

H19A C19 H19B 109.5.

H19A C19 H19C 109.5.

H19B C19 H19C 109.5 .

C4 C5 H5 118.9..
C6 C5 C4 122.1(6) .
C6 C5 H5 118.9..

C14 C15H15119.4.

C16 C15 C14 121.2(6) .

C16 C15 H15 119.4 .
C7 C6C9 120.8(5) .
C5 C6 C7 116.5(5) .
C5 C6 C9 121.4(5) .
C17 C20 H20A 109.5 .
C17 C20 H20B 109.5 .

C17 C20 H20C 109.5.

H20A C20 H20B 109.5.

H20A C20 H20C 109.5 .
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H20B C20 H20C 109.5 .

C11C12 H12 118.9.

C13C12 C11122.3(6) .

C13C12 H12 118.9.

C14 C13 H13 120.0.

C12 C13 C14120.0(6) .

C12 C13 H13 120.0.
C3 C2 H2A 109.1.
C3C2H2B109.1.
C3C2C1112.4(4).
H2A C2 H2B 107.9..
C1C2 H2A 109.1.
C1C2H2B109.1.
C14 C1C2113.5(4).
C14 C1 H1A 108.9.
C14 C1 H1B 108.9 .
C2 C1H1A 1089 .
C2 C1H1B 108.9.

H1A C1 H1B 107.7.

C11 C16 C15121.0(6) .
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C11C16 H16 119.5 .
C15C16 H16 119.5 .
C11 C10 H10A 108.9 .
C11 C10 H10B 108.9 .
C11C10 C9 113.4(4) .
H10A C10 H10B 107.7 .
C9 C10 H10A 108.9 .
C9 C10 H10B 108.9 .
C6 C9 C10 113.4(4) .
C6 C9 H9A 108.9 .

C6 C9 HIB 108.9 .

C10 C9 H9A 108.9 .
C10 C9 H9B 108.9 .

HO9A C9 H9B 107.7 .

loop_

_geom_torsion_atom_site_label_1
_geom_torsion_atom_site_label 2
_geom_torsion_atom_site_label 3

_geom_torsion_atom_site_label_4
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_geom_torsion

_geom_torsion_site_symmetry_1
_geom_torsion_site_symmetry_2
_geom_torsion_site_symmetry_3

_geom_torsion_site_symmetry_4

_geom_torsion_publ_flag
P1C4C5C6-176.3(4) . ..
01P1C4C3-44.4(5)...
O1P1C4C5129.9(4)...

01P1C17C1861.4(4)...

01P1C17C19-58.1(4)...

01P1C17C20-177.1(4). ..

C3C4C5C6-1.8(7)...
C3C8C7C6-0.7(8)...

C3C2C1C1410.1(7). ..

C11C12 C13C141.2(8). ..

C11C10C9C6-3.1(7) ...

C4 P1C17 C18-68.2(5). ..

C4P1C17C19172.3(4). ..

C4 P1C17 C2053.3(5) ...
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C4C3C8C7-14.4(7). ..
C4C3C2C174.5(6)...
C4 C5C6C7-13.4(8). ..
C4 C5 C6 C9 153.8(5) . . .
C8C3C4P1-170.1(4). ..
C8C3C4C515.6(7)...
C8C3C2C1-91.9(6)...
C8C7C6C5 14.6(8) . . .
C8C7C6C9-152.7(5). ..

C17P1C4C383.9(5)...

C17P1C4C5-101.7(4) ...

C7C6C9 C1087.3(7). ..

C14 C15C16 C11-0.4(8)...

C5C6 C9 C10-79.3(7) . ..

C15C14 C13 C12-14.0(8) . . .
C15C14 C1C274.2(7) . ..
C12 C11 C16 C15-12.3(8) . ..
C12 C11 C10C9 85.8(7) . ...
C13 C14 C15C16 13.6(8) . . .

C13C14C1C2-91.6(6) ...
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C2C3C4P123.2(7)...
C2C3C4C5-151.0(5) . ..

C2C3C8C7152.9(5)...

C1C14 C15 C16 -152.7(5) . . .
C1C14 C13 C12 152.6(5) . ..
C16 C11C12C13 12.0(8). ..
C16 C11 C10C9 -78.3(7) . ..
€10 C11 C12 €13 -152.9(5). ..

C10C11 C16 C15 152.5(5) ...
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bond_distance

P 0 1.4902(13)

P C17 1.8153(19)
P C4 1.8246(18)
P C24 1.845(2)
C1C141.513(3)
C1C21.579(3)
C1H1A0.99

C1H1B0.99

Figure 2.6: X-ray structure of tertiary phosphine oxide (RS,,SRr)-2.116.
(Ellipsoids are drawn at a 50% probability level.)
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C2 €3 1.515(3)
C2 H2A 0.99

C2 H2B 0.99

C3 8 1.398(3)
C3C41.412(2)
C4 C5 1.403(2)
C5 C6 1.394(3)
C5 H5 0.95

C6 C7 1.392(3)
C6 C9 1.515(3)
C7 €8 1.383(3)
C7 H70.95

C8 H8 0.95

€9 €10 1.571(3)
C9 H9A 0.99

C9 H9B 0.99
C10 C11 1.512(3)
C10 H10A 0.99
C10 H10B 0.99

C11 C16 1.392(3)
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C11C12 1.397(3)
C12 C13 1.388(3)
C12 H12 0.95
C13 C14 1.393(3)
C13 H13 0.95
C14 C15 1.396(3)
C15 C16 1.387(3)
C15 H15 0.95
C16 H16 0.95
C17 C22 1.402(3)
C17 C18 1.404(3)
C18 C19 1.386(3)
C18 H18 0.95
C19 €20 1.393(3)
C19 H19 0.95
€20 C21 1.394(3)
€20 €23 1.505(3)
€21 C22 1.388(2)
€21 H210.95

C22 H22 0.95
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C23 H23A 0.98
C23 H23B 0.98
C23 H23C0.98
C24 C27 1.530(3)
C24 C25 1.534(3)
C24 C26 1.535(3)
C25 H25A 0.98
C25H25B 0.98
C25 H25C0.98
C26 H26A 0.98
C26 H26B 0.98
C26 H26C 0.98
C27 H27A 0.98
C27 H27B 0.98

C27 H27C0.98

angle

O P C17 109.44(8) .
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O P C4113.44(8) .
C17 P C4107.21(8) .
O P C24 110.53(8).
C17 P C24 109.72(8) .

C4 P C24 106.38(8) .

C14 C1C2112.28(17) .

C14 C1 H1A 109.1.
C2 C1H1A 109.1.
C14 C1 H1B 109.1.
C2 C1H1B 109.1.
H1A C1 H1B 107.9.
C3C2C1112.58(16).
C3C2 H2A 109.1.
C1C2 H2A 109.1.

C3 C2 H2B 109.1.
C1C2 H2B 109.1 .
H2A C2 H2B 107.8..
C8C3 (4 116.84(18) .
C8C3 (2 116.87(17).

C4 C3 C2 124.80(16) .
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C5 C4 C3 118.32(16) .
C5C4 P 119.88(13) .
C3C4P121.53(14).
C6 C5 C4 122.41(17) .
C6C5H5118.8.
C4C5H5118.8 .

C7 C6 C5 116.73(18) .
C7 C6 C9 121.29(18) .
C5 C6 C9 120.54(18) .
C8C7 C6119.99(17) .
C8C7H7120.
C6C7H7120.

C7 C8C3 122.03(17) .
C7C8H8119.

C3 C8 H8 119.

C6 C9 C10112.09(17) .

C6 C9 H9A 109.2.

C10 CO H9A 109.2.

C6 C9 H9B 109.2.

C10 C9 H9B 109.2.
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H9A C9 H9B 107.9.

C11 C10C9 111.97(17) .

C11 C10 H10A 109.2.

C9 C10 H10A 109.2 .

Cl11Ci0H10B 109.2.

C9 C10 H10B 109.2.

H10A C10 H10B 107.9.

C16 C11 C12 117.0(2) .
€16 C11 €10 119.9(2) .
€12 C11C10121.1(2).
C13 C12 C11120.5(2) .
C13C12 H12119.7.

C11 C12 H12 119.7.

C12 C13 C14 120.83(19) .

C12 C13 H13 119.6.
C14 C13 H13 119.6 .
C13 C14 C15117.2(2).
C13 C14 C1120.1(2) .
C15C14 C1121.2(2) .

C16 C15 C14 120.5(2) .
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C16 C15H15119.8.
C14 C15H15119.8.
C15C16 C11121.0(2) .
C15C16 H16 119.5.

C11C16 H161195.

C22 C17 C18 117.94(17) .

C22 C17 P 126.64(14) .

C18 C17 P 115.41(14) .

€19 C18 C17 121.06(18) .

C19C18 H18 119.5.

C17C18 H18 119.5.

C18 C19 C20121.10(18).

C18 C19H19119.4.

C20C19H19119.4.

C19 C20C21117.84(18).

C19 C20C23121.4(2).

€21 C20C23120.7(2) .

€22 C21 €20 121.77(18) .

C22 C21H21119.1.

C20 C21 H21119.1.
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€21 C22 C17 120.28(18).

C21C22 H22 119.9.

C17 C22 H22 119.9.

C20 C23 H23A109.5 .

C20 C23 H23B 109.5.

H23A C23 H23B 109.5.

C20 C23 H23C 109.5.

H23A C23 H23C 109.5.

H23B C23 H23C 109.5 .

C27 C24 C25109.27(16) .
C27 C24 C26 109.57(16) .

€25 C24 €26 109.37(17) .

C27 C24 P 114.18(13) .
C25 C24 P 106.61(13)..
C26 C24 P 107.73(13)..
C24 C25 H25A 109.5 .
€24 C25 H25B 109.5 .
H25A C25 H25B 109.5 .
C24 €25 H25C 109.5 .

H25A C25 H25C 109.5.
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H25B C25 H25C 109.5 .

C24 C26 H26A 109.5 .

C24 C26 H26B 109.5.

H26A C26 H26B 109.5.

C24 C26 H26C 109.5.

H26A C26 H26C 109.5 .

H26B C26 H26C 109.5 .

C24 C27 H27A 109.5 .

C24 C27 H27B 109.5.

H27A C27 H27B 109.5.

C24 C27 H27C 109.5.

H27A C27 H27C 109.5.

H27B C27 H27C 109.5 .
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Figure 2.7: X-ray structure of gold complex of phosphine 2.137.AucCl.
(Ellipsoids are drawn at a 50% probability level.)
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bond_distance

P 0 1.4902(13)

P C17 1.8153(19)

P C4 1.8246(18)
P C24 1.845(2)
C1C14 1.513(3)
C1C21.579(3)
C1H1A0.99
C1H1B 0.99

C2 €3 1.515(3)
C2 H2A 0.99

C2 H2B 0.99

C3 8 1.398(3)
C3C41.412(2)
C4 C5 1.403(2)
C5 C6 1.394(3)
C5 H5 0.95
C6C7 1.392(3)
C6 C9 1.515(3)

C7 C81.383(3)
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C7 H70.95
C8 H8 0.95

€9 €10 1.571(3)
C9 H9A 0.99

C9 H9B 0.99

C10 C11 1.512(3)
C10 H10A 0.99
C10 H10B 0.99
C11 C16 1.392(3)
C11C12 1.397(3)
C12 C13 1.388(3)
C12 H12 0.95
C13 C14 1.393(3)
C13 H13 0.95
C14 C15 1.396(3)
C15 C16 1.387(3)
C15 H15 0.95
C16 H16 0.95
C17 C22 1.402(3)

C17 C18 1.404(3)
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C18 C19 1.386(3)
C18 H180.95
C19 €20 1.393(3)
C19 H190.95
€20 C21 1.394(3)
€20 €23 1.505(3)
€21 C22 1.388(2)
€21 H210.95
€22 H22 0.95
C23 H23A 0.98
C23 H23B 0.98
C23 H23C0.98
€24 €27 1.530(3)
C24 C25 1.534(3)
€24 €26 1.535(3)
C25 H25A 0.98
C25 H25B 0.98
€25 H25C 0.98
C26 H26A 0.98

C26 H26B 0.98
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C26 H26C 0.98
C27 H27A 0.98
C27 H27B 0.98

C27 H27C0.98

angle

O P C17 109.44(8) .
O P C4113.44(8).
C17 P C4 107.21(8) .
O P C24 110.53(8) .
C17 P C24 109.72(8) .

C4 P C24 106.38(8) .

C14 C1C2112.28(17) .

C14 C1 H1A 109.1.

C2 C1 H1A109.1.

C14 C1 H1B 109.1.

C2C1H1B109.1.

H1A C1 H1B 107.9.
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C3C2C1112.58(16).

C3 C2H2A109.1.

C1C2H2A 109.1.

C3C2H2B109.1.

C1C2H2B109.1.

H2A C2 H2B 107.8 .

C8 C3 C4 116.84(18) .
C8C3C2116.87(17).
C4 C3 C2 124.80(16) .

C5 C4 C3 118.32(16) .

C5C4 P 119.88(13) .

C3C4 P 121.53(14) .

C6 C5 C4 122.41(17) .

C6 C5 H5118.8.

C4 C5H5118.8.

C7 C6C5 116.73(18) .
C7 C6C9 121.29(18) .
C5 C6 C9 120.54(18) .

C8 C7 C6 119.99(17) .

C8 C7 H7 120.
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C6 C7 H7 120.

C7 C8 C3 122.03(17) .
C7 C8 H8119.

C3C8 H8 119.

C6 C9 C10112.09(17) .
C6 C9 H9A 109.2.

C10 C9 H9A 109.2 .

C6 C9 HO9B 109.2.

C10 C9 H9B 109.2.

HOA C9 HSB 107.9.

C11 C10C9 111.97(17) .

C11C10 H10A 109.2.

C9 C10 H10A 109.2 .

C11Ci10H10B 109.2.

C9 C10 H10B 109.2.

H10A C10 H10B 107.9.

C16 C11 C12 117.0(2) .
C16 C11 C10119.9(2) .
€12 C11 C10121.1(2) .

€13 C12 C11120.5(2).
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C13C12 H12 119.7.

C11C12 H12 119.7 .

C12 C13 C14120.83(19).

C12 C13 H13119.6.
C14 C13 H13 119.6.
C13 C14 C15 117.2(2) .
C13 C14 C1120.1(2).
C15C14 C1121.2(2).
C16 C15 C14 120.5(2) .
C16 C15 H15 119.8 .
C14 C15 H15 119.8 .
C15C16 C11 121.0(2) .
C15C16 H16 119.5 .

C11C16 H16 119.5.

€22 C17 C18 117.94(17) .

C22 C17 P 126.64(14) .

C18 C17 P 115.41(14).

€19 C18 C17 121.06(18) .

C19C18 H18 119.5.

C17 C18 H18 119.5.
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C18 C19 C20121.10(18) .

C18 C19H19119.4.

C20C19H19119.4.

C19 C20C21117.84(18).

C19 C20 C23121.4(2) .

€21 C20 C23 120.7(2) .

C22 C21C20121.77(18).

C22 C21 H21119.1.

C20 C21 H21119.1.

C21 C22 C17 120.28(18).

C21C22 H22119.9.

C17 C22 H22 119.9.

C20 C23 H23A 109.5.

C20 C23 H23B 109.5.

H23A C23 H23B 109.5.

C20 C23 H23C 109.5.

H23A C23 H23C 109.5.

H23B C23 H23C 109.5 .

C27 C24 C25 109.27(16) .

C27 C24 C26 109.57(16) .
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C25C24 C26 109.37(17) .

C27 C24 P 114.18(13) .
C25 C24 P 106.61(13) .
C26 C24 P 107.73(13) .
C24 C25 H25A109.5 .
C24 C25 H25B 109.5.
H25A C25 H25B 109.5.
C24 C25 H25C109.5.
H25A C25 H25C 109.5.
H25B C25 H25C 109.5 .
C24 C26 H26A 109.5 .
C24 C26 H26B 109.5.
H26A C26 H26B 109.5 .
C24 C26 H26C 109.5 .
H26A C26 H26C 109.5 .
H26B C26 H26C 109.5 .
C24 C27 H27A 109.5 .
C24 C27 H27B 109.5.
H27A C27 H27B 109.5.

C24 C27 H27C109.5.
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Electronic Appendix for Chapter 3

Cyclic amine
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S\t

Current Data Parameters

NAME III-Mn-76 crude
EXPNO
PROCNO 1
2 7 F2 Acquisition Parameters
1 Date_ 20180310
NH.HCI Time 14215
INSTRUM spect
PROBHD 5 mm PAQXI 1H/
3 4 PULPROG zg30
TD 65536
SOLVENT DMSO
NS 16
5 6 DS 2
SWH 10330.578 Hz
FIDRES 0.157632 Hz
AQ 3.1719425 sec
3.106.HCI i
- . DW 48.400 usec
DE 6.50 usec
TE 298.2 K
D1 1.00000000 sec
TDO 1
======== CHANNEL fl
NUC1
Pl ok
PL1 4.00 dB
PL1W 12.10000038 W
SFO1 500.1330885 MHz
F2 - Processing parameters
SI 32768
SF 500.1300000 MHz
WDW EM
SSB 0
LB 0.30 Hz

GB 0
’L \’\ PC 1.00
| v

T T T T T T T T T T T T T T T T T T
85 80 75 70 65 6.0 55 50 45 40 35 3.0 25 20 15 1.0 05 ppm
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N-alkylation
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TR\ TS ———

Current Data Parameters
NAME III-Mn-58 i

I EXPNO 1
PROCNO 1,
F2 - Acquisition Parameters
PJ Date_ 20180222
Time 8.26
INSTRUM spect
PROBHD 5 mm PAQXI 1H/
PULPROG zg30
3 152 TD 65536
- SOLVENT CDC13
NS 16
DS 2
SWH 10330.578 Hz
FIDRES 0.157632 Hz
AQ 3.1719425 sec
RG T8
DW 48.400 usec
DE 6.50 usec
TE 298.2 K
D1 1.00000000 sec
TDO 1
======== CHANNEL fl ========
NUC1 1H
Pl 9.50 usec
PL1 4.00 dB
PL1W 12.10000038 W
SFO1 500.1330885 MHz
F2 - Processing parameters
SI 32768
SF 500.1300000 MHz
WDW EM
SSB 0
LB 0.30 Hz
GB 0
PC 1.00
- \es -
R B ] e AR S e | e R Y GEEESSRSSESE R G R R
8 7 6 5 4 3 2 1 0 ppm

O[] [ o ol |- -
s Lol r"w quae . rq
O | - (2 1A < <

S82



7.388
7.152
7.136
7.116

L7.113

£ 7.101

3.153

7.098
7.085
7.083
7.070
7.067
6.970

—3.314

3.286
3:262
3..:233
3.166
—2.347

2023
1612
1.286
1238
1.230
1215
1201
1.202
1.198
0.968
0.953
0.938
0.928
0.110
0.103

NN ==

Current Data Param
NAME LA

uisition Parameters
2c18C2l6

Time 14.58
INSTRUM spect
2ROBHD S mm PAQXI 1H/
PULPROG zg30
D 65536
SCLVENT €DC1l3
NS 16

| 000 M=z
| WDW EM
SSEB o
LB 0,30 Hz
I\ GB a

| oCc 1.00
/

2 1 0 pPpm
g (g (8 [=
| |3 < <

S83



Sp3-H

3.153

[
200

\
180

T
160

|
140

T
120

T
100

80

S84

ppm

Current Data Parameters

NAME III-Mn-50 i

EXPNO 2

PROCNO 1

F2 - Acquisition Parameters

Date_ 20180216

Time 15.09

INSTRUM spect

PROBHD 5 mm PAQXI 1H/

PULPROG zgpg30

D 65536

SOLVENT CDC13

NS 64

DS 4

SWH 30030.029 Hz

FIDRES 0.458222 Hz

AQ 1.0911744 sec

RG 32768

DW 16.650 usec

DE 6.50 usec

TE 298.2 K

D1l 2.00000000 sec

D11 0.03000000 sec

TDO 1

= ==== CHANNEL fl ========

13¢C

12.00 usec
-4.00 dB

172.88230896 W
125.7703643 MHz

CHANNEL f2 =
waltzl6é
1H
80.00 usec
4.00 dB
22.51 dB
25.00 dB
12.10000038 W
0.17052394 w
0.09611372 W
500.1320005 MHz

F2 - Processing parameters

SI
SE
WDW
SSB
1B
GB
PC

32768
125.7577890 MHz
EM
0
1.00 Hz
0
1.40



Cyclic amine and 2-picolic acid

_V‘, J Jﬂ\.}:_h ‘} JI" ..L_ J_ ____f\,.v,‘l T

' I u g

)
BRUKER
(. ><)

e Current Dzatza Parameters

NAME III-Mn-81 i
R R EXPNO 4
PROCNC 1

Acquisition
2

INSTRUM
PROBHD 1
PULPRCG zg
D 655
SOLVENT joinles

=1

PLlW 12.10000038 W

s WDW M
L SSB ]

LB 0.30 Hz

G3 1]

PC l.00

T

0 ppm

L I I I I L L I I I I A R A A ALY LSRR AR R

130 120 110 100 90 80 70 60 50 40 30

S85

10 ppm LE




Cyclic amine and 2-picolic acid

RN -

Yo

3.162

Curr
NAM-

on Parame
20181008
8.10
spect

1H/
0

5 mm PAQX

t

CHANNEL f1 =
1
L2e,
-4,

CHANNEL f2
wal

wWowW
T T T T T T T T T T T T T T T T I S

T
160 150 140 130 120 110 100 90 80 70 60 S0 40 30 20 10 ppm - - 1.00 bz
PC 2.40

S86



Boc deprotection

NN AMOOONNNMNMIDONMOANIEOOONTANINNTFTONTEIDWDON AMAMSOOO 0N M
OFNNHOONWMNHAOOND®WOWWINAMNW AN WL T HOTOWIONOGWWOLI MW NN O
DANNNNNAAAAAAATOONMININWVOWWOOVWOOOOOOOOWVUIITMMANCNCNN G G G GGG
[P T [P B Ebs 0% BES B b P Psost oght sponsed) 090N 168 eFCY 168 e 68 e i vied i il il i O OO O O ©

Y e e e

X

"

Current Data Parameters

NAME III-Mn-196 crude
NH EXPNO 1

PROCNO 1
F2 - Acquisition Parameters
Date_ 20180613
Time 10.04
INSTRUM spect
PROBHD 5 mm Multinucl
PULPROG zg30

3.181 ™ 65536
SOLVENT CDC13
NS 16
DS 2
SWH 8278.146 Hz
FIDRES 0.126314 Hz
AQ 3.9583745 sec
RG 912.3
DW 60.400 usec
DE 6.00 usec
TE 300.0 K
D1 1.00000000 sec
TDO ik
======== CHANNEL fl ========
NUC1 1H
P1 10.00 usec
PL1 3.80 dB
SFO1 400.1324710 MHz
F2 - Processing parameters
SI 32768
SE 400.1300000 MHz
WDW EM
SSB 0
1B 0.30 Hz
GB 0
PC 1.00

i M ; o
e o s o B e e o o L o T A e s
75 70 65 6.0 55 50 45 4.0 35 20 15 1.0 05 ppm

4 ] TR A

S87



N <TAMCMNMOMMEEONANOO ANOF A0 WL AN A WOTOOTANLOMWOMNMND O S OO H
CAAFHFTMN OOWODHNND-HTOHONOMTAOANAT TN AOM~O0OOCOFONANMNMANAAN®H O WODN
NOOMM MO ANANANNCA AT FFANNNAAODONONTNOOODODDHIHIDHDO-HMANDDOS O O
OV A O 0000 CO 00 COCO 0O OO SISO OO NN NN T ] ] e O OO

TSN SNem—— (o<

acid-amine

Current Data
1 NAMZ
EXENO

0 N™ | 2 PROCNO

5 F2 - Accuisition Parameters
Br 9 X 3 Date_ 20180920
6 N Tire 8.17
H 4 INSTRUM pec:

ZROBHD 5 mm
8 7 4 PULPROG

P B

0 <
S GV U1
WONNW-

)
[
2
2
5 sec
8
0
o}
2
0

PL1W 12.10000038 W
SFOL 500.133088S5 MHz

F2 -
sI
SF
WDW
l s5B
i 1B
GB

Yo

JL ) I | 15 In.»l., A l_A.'.

© -
o -
~ -
o -
o1
B ]
W -
N -
-i
o
3
3

10
« (=351 o wn [a2d
% [Sla (S S -
o o - - o

S88



acid—-amine

Current
NAME;

5 mu PAQXI 1H/

30

******** CHANNEL fl ====—====

]
O N/ |2
Br @ 6 X 3
4
8 7
3.185
—————LLL LR,
T T T T T I T
200 180 160 140 120 100 80 60 40 20 0 ppm

S89




Precursor

Al ")
— WO NWOEMO <P~ O W~ < <t — N~ © SN~ O O MmN
= N0 WMAN OO\ S o~ o~ o] oW AN NO O™ OO
i M MO NN TTNADO OO ™ O < ™M e N ANOMANAOODHDWONO -
— O O 0O O [~ [~ [~ [~ [~ [~ ™~~~ [Te) osrosr (5] NN AAAdA 100 0O |
OSSN\ = | NI/ N SN\ el
NAME IV-Mn
ZXPNO
PROCNO
/ F2 - Acguisition Parameters
e_ 20181005
e 138.26
NS INSTRUM spect
N NH PROBHD & mm PAQXI 1H/
><§ PULPROG 30
3.186
)
F2 - Processing pasrameters
SI 2768
SF 500.1300000 M=z
WDW EM
| 58B Q
| LB 0.30 Hz
| I | \ \ | GB o
. LS L o S | G |GG (0 L " SR =c 1.00
T T T T T T T T T T T T
10 9 8 74 6 5 4 3 2 1 0 ppm
[s2d b4 52 [redf el b= wn m|e
R i cl 122 S o bl | ol
o o = ol o~ - ol
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Precursor

L ) ()
| tid 1 111 N2
/
| 2 = isi Paramet
\ te 201820086
N NH
N
O
=== CHANNZL
3.186
poonrr S M L sk ' ! W AR Ui ey
T T T T T T T T T T T 3
200 180 160 140 120 100 80 60 40 20 0 ppm © 0

1.40

So1



Sulfinamide

7.287
7.243
7.233
7.226
7222
7217
T171
7162
7156
Pl
7.145
4.842
4.833
4.823
2319
r2.310
F2.303
2.297
2.290
228
25223
2.214
2.206
2.200
2 1:92
23183
20T
1.443
1.436
1426
1.419
1.414
1.403
1.396
1.334
1.. 829
1.317
1.312
1309
1.304
1,295
1287
1.193
0.097

Current Data Parameters

NAME IV-Mn-02 i

N EXPNO 1

\S PROCNOG 1
I — Acguisition Parameters

ate_ 20180615

O = 18.55

INSTRUM spect

PROBHD S5 mm PAQXI 1H/

zg30

65536

Chbel3

13

2

3.189

W o
G o

L. a no L ML !
T T T T T T T T
7 6 5 4 3 2 1 0 ppm
EIE 3 35 888
|- — -l -l-l®

S92



13 € — Sulfinamide

3.189

T T T T T T
150 140 130 120 110 100

T
0

T
80

T
70

60

S93

DalLa Purame

PULEROG

10240

=== CHANNEL [2Z
G[2 wal




p—-tolylsulfinate (Ph cyclicamine)

Data Parameters
IV-Mn-36 1

S mm PAQXI 1H/
I PULPROG zg30

O TD 65536

OLVENT

2]
[v]
=
<

(£)3.192

SO gURN®N W
n
o NN

GO m N W

~ONn
7
o
0

== CHANNEL f1l

Processing parameters

32768
500.1300000 MHz
=™
0.30 Hz
|| | } I :
= _/Jk...»J/J)J//\J)\ .J\JJ ©. 1, . J 100

6 5 4 3 2 1 0 ppm

2.03\
2.07
1.02\%
1.20
188
1.00
1.00
3.15
20
1.0
14

S94



13C - p—tolylsulfinate (Ph cyclicamine)

VNN \/

N EXPNC 2
~ PROCNC 1

Acquisit

STRUM
PROBHD 5 mm
FULPRCGC

TD

(£)3.192

oN

== CIIANNEL f2
1t

wall

PL13W
SEC2

WA = o]

T T T T T T T T T T T T T T T T
160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10

S95



PhCyamine

7.287
7.274
7.268
7.264
7.258

and pivaloyl chloride

N D
N
L]

o~

7.187
7.178
T w172
7.167
7.161
2.194
2165
2.150
1:716
1.661
1.485
1.428
1.418
1.394

5.5

1381

1.326

1.318

14285
1.280

™M N
O n
N N
—

Te]
N
N
—

3.197

J

|

wo A ;..mr-‘,_x'J":ml__._,._

g B %) e 22 s e -y
T T T T T T T T T
8 7 s 5 4 3 2 1 0 ppm
[=3p= 4 N ©w N
Qe L7 N SIS
NN ™~ o~ NI

S96

urrent Data Parameters
NANME IV-) 60

EXPNC 1
ROCNO ;

Time
INSTRUM
PRO3HD
PULPROG

CHANNEL £l

o
® WS
MG S

0%

w o
@ O,

[
)
P=
O
w

WDW

SSB 0

L3 0.30 Hz
GB o

PC 1.60



13C : PhCyamine and pivaloyl chloride

| | |V | | A/
N
O
3.197
; \
) Preyesd " - . | )
T T T T T T ! T T T T
200 180 160 140 120 100 80 60 40 20 0 ppm

S97

Current Da

sec

ANNFT, f1



thicester

7:363
7359
7.351
7.347
7287
Te I8
7.274
7.268
7.264
71253
7.249
7.245
7.241
7.236
7,232
7:229
6.524
6.517
5.801
5 795
2:322
24318
2313
2,209
2.:303
2302
2.298
2::29%6
2.290
1.609
18636
1520
1.518
14502
1.442
1.426
1.424
1.418
1.408
14378
1.359
1:329
1226
14222
0.095

Co><)
RUKER
N e 3 SO Ll SN ) e (>

\ I —-61 i
1
N PRz :
ramreters

80801
me 7

NSTRUM spec
S PROBHD 5 mm PAQXI 1H/
PULPROG z2g30
65536

i cpcl

£ Q.

3.198

]
wmm
RO
0

P

isec

sec

Mo whw
i

7
(]
n

o

|

A

SN |V O - R PO SolA b NIRRT Y
T T T T T T T T T
7 6 5 &4 3 2 1 (o] ppm
=[N oo ©o [+ N N
%0~ ] @ < 22|
ool o o L ~lol®

S98



13C : thioester ) (_'><7

, BRUKER

\/ \/
igit
N
S

3.198
woe
p1
rLl
PTIW

|
posmrspinrnd e s
T T T T T T T T T T T
200 180 160 140 120 100 80 60 40 20 0 ppm

.40

S99



cyclic amine and Ph2POC1l
OMUOO TN ON WO ANWODVOWOAITAULOWECEANTETOOOREFISOANOMIM™
M- O NN TAANL TO)INNTOONDOMOWLW SN MO NMO
cowowwr~NumuastrPpPIPIFITPFTON A A A A A A AAANTFSONOMOO T
o W ¥l o eSS S SSS O NNNNN —

Ph
I _Ph
f

@)

N.

3.200

1.404
1..368
1353
1319
1., 2:99
1:285
Lo 25702
0.964
0.949
0.934
0923
0.911

e e e SN

4.05

1.99

S100

2.12

T
0 ppm

Current Data Parameter
NAME
EXPNO
PROCNO

IV-Mn-158

e
INSTRUM
PROBHD 5
PULPROG zg30

mm

0.

‘

ek

1033C.578
157632
.1719425
128
400 u

298.2
1.00000000

i
1
1

Parameters
81024
19 59
spect

PAQXI 1H/

50

CEANNEL

Processin




Cyclic amine and Ph2POC1

h
N_1_Ph
i
)
3.200
‘.
Iy N
T T T T g T = T = T N T 3 T T T A T 2 T 3 T
200 180 160 140 120 100 80 60 40 20 0

S101



31P - Cyclic amine and Ph2POC1l

BRUKER
Ph

Data ParametCers

IV-Mn

5 mm FAQXT

3.200

PLZ
PL12
PL13
PTZW
PL12W
PL13i

0.132¢C

paramecers
27768

, : , SN 1 : S —
100 50 0 -50 -100 ppm .
1.40

S102



P=S
N FHAHO T AFOOWNNTL AHONHFNTNOMCDOO>NDNDHTONMS AN OWOWOr-LNWONO
VMO OCODNWOMFTNONNNATODOMANMMNMNNDOM™™WOWOANM OO OO
OO T T T T T T T T T T T TNAMOCCSCSC ST T T TN MMM OO
NS S NN DT FTNNNNNNAAAAAAAAA O

="

3.201

74 6 5 4 3 2 i | ppm
— Fa‘ﬁv— =) = )
= A= < S S
< ail<fll<f o o o

S103

BRUKER

Current Data Parameters
NAME IV-Mn-166 i
EXPNO 5
PROCNO 1

F2 - Acguisition Parameters

PULPROG
TD

SOLVENT



Cyclcic amine P=S

S\ Voo v

N ?hPh
\P/
11 sp
E; S5 mm PAQXI 1H/
zgpg30
3.201
13
PL2W
2110w
Mwertpol " | W A
T T T T T T T T T T T T T T T T
150 140 130 120 110 100 90 8 70 60 50 40 30 20 10 ppm ¢ L

S104



31 P - Cyclcic amine P=S

Ph
N.!_Ph
P S&me'mu

I I LXPNO

S PROCNO
FZ — Acquisit
Date_
Time

5 m
3.201
==—————— CHANNETL, 1 =——=—===

1.00 Hz

T
100 50

S105



Amide

8.511
8.308
8.297

B S S NP P

forma

ﬁ'ﬁ‘
v—||—|

7.785

G

—
1)
I~

~

o
el
O
—~

7.762
7.747
7.743
7.393
7388
7.380
7372
7 363
7328
7.326
7310
7.302
1297
7289
7.284
T w212
74237
7179
5.306
4.570
4.514
4.510
4.119
2.455
2.450
2.445
2.432
2.417
2 299
227
2,052
1.767
1.533
1.512
1.281
1 2%
1. 253
1.242
0.078

~

Lt

3.211

|\
NIZ

Irz

Bl
BRUKER
[ .

Current Data Parameters
NAME V-Mn-117 ii
EXPNO X

ROCNC i

12.00
INSTRUM spect
5 mm Multinuel

PROBHD
*ULPRCG

WDW EM
\ EE8B el
\ LB 0.30 Hz
| GE 0
PC 1.00

1.02

-~ —

4 3 2 1 ppm
wn @ M~
= b °°.
o™ ™~ o~

S106



Amide formation

HOA A LFO T OOVMNMO AXFTNDNO AMOANDXNRAO AT FOMMN T TONDOODOD
OO OOVONVOODVOMTIFTNEEANNATOOOTTLOLOOOWOSONOHONOSOMM A
LOWWOVWWOWAROT=FFONOHONOHONONNNNNAAAAAAAAAATT TN N NNNO T T T
oW SN NN NN N0 OO NNNNNN A A A

3.217

I | |
3 i
R L.._ | JL SR er— NJ"_._J\-_M_. » e SRR WA~ - (~—7-'\ soy

Current
NAME
EXPNO
PRCCNC

F2 - Acguisition Parameters
Date_ 20190426
Time 12.08
INSTRUM spect
PROBHD 5 mm Multinuc
PULPRCG zg3
D &
SOLVENT Cl
NS
LS
SWH
FIDRES

AQ <

O w
wr N
e
oNnmh®

9]
£
o

CHANNEL

P usec
3.80 dB
400.1324710 MHz

B2 =

SI

SF

WDW

588 o]

LB C.30 Ez
G323 o]

BL 1.00

T T T T T T T T T T T T
90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05

=23 (2304 F3E=3E-A0 (=3 (=] ~ o
o ] b R ke ] 2 1= b o
o ol - - o~ o~

S107



Imine formation

OAc

3.223

he R R i U
T T T T T T T T T T T T T
12 11 10 9 8 T 6 4 3 2 1 0 ppm
~ o] [v~| [© ol NI~ S
N SRR o AL
o -o - - o | v|CNINNION

S108

Current
NAMZ
ZXPNC
PRCCNO

2
Date_
Time
INSTRUM
PROBHD
PULZROG
D
SOLVENT

Data

— Acguisition

Paramete
20190301

155

spect

5 mm Multinucl

zg30

49




Reduction of Imine : Diamide
N T O T OO OO O XA
NI~ © WO~ O WiHwWawN — L
NN ©©®oTTTANOON
o0 O W W~~~

OAc

3.224

3.045
3..037
2.974
2.901
2,078
2.072

2.041
1.971
1.964
1.-953
1.944
1934

1.6 F1

Co><)

{ o)

Current Data

1399
1.4:3889
0.090
0.087

Parameters

F2
ST
SF
WoW
‘. | ||f\ h ss3
f (N =
| [ 4 IR GB
(N S U W . I S R Lv W 4 Fc
T T T T T T T T T T
10 9 8 T 6 5 4 3 2 1 ppm
o ) (@)~ (= ~ o © NEEES
< 1ol B i Bk " ~ie - Q||
pc el el =] [ Sle - alellel=

S109

NAME N=Mn=T77% 1
EX2NO A
PROCNC 1
F2 - Acquisition P
Date_ 201

Tim=

48.400 usec
6.5C usec
98.4 K
1.00000000 sec
1

CHANNEL £1

9.50

usec
4.00 dB

12,10000038 W

500.1330885 MHz

- Processing parameters
32768

5C0.1300000

EM

MHz

0.30 Hz

1.00



Reduction of Imine : Diamide

L W ¥ Rk AGIY VP, U/ | \J | ‘
VNV NN \7 VI VI
7
H |
NS
HN N
(0]
OAc
3.224
s ot s y o ol M o " . : aF
WDW
SSB
T T T T T T T T T T T T T T T T T T T T ;E
180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 ppm :c

S110

nt Data Farame
v—

Mr—

MHz

1.00 Iz

1.40



NAME
(@] EZXPNO
PROCNO

\ N T2 - Acguisiticn Parameters
| H Date_ C

Time L9

=N INSTRUM spect
PROBHD y it inucl
PULPROG 3
D 65536
SOLVENT

o NS 1

SSBE

LB

GB

“H ' L . i
_._J \.) u «_.\, Lm,‘ |\ L )I \_ng' L ! .Is-l | Lo f‘d K —n b

T
1.0 0.5 ppm

90 85 80 75 70 65 60 55 50 45 40 35 30 25 20

EEEREE dE e iW f

S111

S 23382353 x BRUKER
] i

Current Data Parameters

IV-Mn-1%2 pure
1

2clellzl
8.49
spect

5 mm Multinucl

10.00 usec
3.80 dB




13¢ — IV-MN-190 2511218

A N
_N H OMe
3.240
. o JL L 4
T T T T T T T T T T T T T T T T T T T
170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 ppm

S112

Current Data Parameters

NAME IV-MN-192 2511218
EXPNO 2;
PROCNO 1
F2 - Acquisition Parameters
Date 20181126
Time 5.23
INSTRUM spect

PROBHD 5 mm PAQXT 1H/

PULPROG zgpg30

TD 65536
SOLVENT CDC13

NS 14384

DS 4

SWH 30030.029 Hz
FIDRES 0.458222 Hz
AQ 1.0911744 sec
RG 32768

DwW 16.650 usec
DE 6.50 usec
TE 298.2 K

D1 2.00000000 sec
D11 0.03000000 sec
TDO Al
———————— CHANNEL fl ========
NUC1 13¢C

Pl 12.00 usec
PL1 -4.00 dB
PL1W 172.88230896 W
SFO1 125.7703643 MHz

s CHANNEL f2 =
CPDPRG[2

waltzl6
NUC2 Al
PCPD2 80.00 usec
PL2 4.00 dB
PL12 22.51 dB
PL13 25.00 dB
PL2W 12.10000038 W
PL12W 0.17052394 W
PL13W 0.09611372 W
SFO2 500.1320005 MHz
F2 - Processing parameters
SI 32768
SF 125.7577890 MHz
wWDwW EM
SSB 0
LB 1.00 Hz
GB 0
PC 1.40



PC an
0 O — <
1 SO
™Mo M N
IS I s

Z

d Bnoxazoli

n

0 O N~
ol B L))
(e o) RNe RN}

71.::256
7.249

MO O <~
[~ 1) s 00 N O
O 1 1 <t o<1 00
O W W WO

M~ 0w

V="

. i

4.628
4.617

Electronic Appendix for Chapter 4

4.424

3102
3.082
3.-079
3.030
3.023
3011
2.996
2.980
2.945
2.931
24917
2.911
2.904

2.887
2.-863

7 6
o|Tow (o0 S
SN (e
o ||| i|o ||

o«
~N

o

~
-

o

wn
-

o

<t
~N

20.06

S113

ppm

Current Deta Parameters
NAME V-Mn-160 i
EXPNO 1
PROCNO &
F2 - Acguisition Parareters
20190615
18,54
INSTRUM spect
PROBHD 5 mm PAQXI 1H/
PULPROG z2g30
65536
MeOD
16
2
1033C.578 Hz
0,157632 Hz
3.1719425 sec
64
48.40C usec
€.50 usec
298.2 K
1.00000000 sec
1
CHANNEL £l ========
1H
9.50 usec
4.00 dB
12.20000038 W
5C0.1330885 MHz




13C : PC and Bnoxazoline

Current Data Parameters

NAME V-Mn-160 1
EXPNO 2
PROCNO I
F2 - Acqguisition Parameters
Date_ 20190616
Time 9.18
INSTRUM spect
PROBHD 5 mm PAQXI 1H/
PULPROG zgpg30
TD 65536
SOLVENT MeOD
NS 16384
DS 4
SWH 30030.029 Hz
FIDRES 0.458222 Hz
AQ 1.0911744 sec
RG 32768
DW 16.650 usec
DE 6.50 usec
TE 298.2 K
D1 2.00000000 sec
D11 0.03000000 sec
TDO 1
e CHANNET, £ i ——
NUC1 13¢C
Pl 12.00 usec
PL1 -4.00 dB
PL1W 172.88230896 W
SFO1 125.7703643 MHz
CHANNEL f2 ====
waltzlé
1H
80.00 usec
4.00 dB
22.51 dB
25.00 dB

12.10000038 w
0.17052394 W
0.09611372 W

500.1320005 MHz

“ | F2 - Processing parameters
Yo,

sI 32768
SF 125.7577890 MHz
Wow EM
. : : : ; SSB 0
I I I I I I I I I I B 1.00 Hz
180 160 140 120 100 80 60 40 20 ppm ¢k 0 Lo
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419

[Te]
<
[s0]
o~

2.842
2.831

W —

2.00
1.99
2.01
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PULPROG
D

SOLVENT

eters
o5 i

2c20c208
20.02

spect

5 mm PACXI 1H/

Qo

U wmn

Qo
W W

NS O U1
O DW=

w

0 WG |
uo s om

rameters




13C : Pseudoparadirbromo PC & Bn Oxa (2.2eq.) Pd:L (10:20) LiOtBu : 5 eq.

; A% vV |

O">
~ /''"'Bn

N

Acgulsillon Parame.ors
2 02

5 mm PAQXT 1

N
Bnu..C
)

4.19

NUCl
B

P11

paramet
32768

H \

i 890 MHz
M

1 T T T i3 i T il T T 1.00 Hz
180 160 140 120 100 80 60 40 20 0 pPpm 5 e
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Pseudoorthodibromo P

=
S
—

—

[~ o O 0O = @

O 0O ™~
o ™M

o~~~

O

o3

o
o

—

7::35

—~
«©
N

~—~

Q

[e)
=
o

o

6.631

6.627 o
6.603

6.599 B
6.584 o

b
o

6.524
6.509 §

4.386
4.331 9

e (1.1 eg.) Pd:L (5:10)

MNP OFHFTHFTNO MO NDNNATOTOONASEAWD T~
A O A~ MAAAA T M A ANOO0OOWOWA VWO NHOX®
O N A A A A <IrTPTPITANAAOO OO O 0 O O O 0 W LW
TP P LTI ON NN ANNNNNN NN A

1.284

0.099

TN == TN Veemsmsss———————

5'
) IM !il_ | ML | td

(<O

Current Data Parameter
NAME VI-Mn-33

EXENC i
PROCNO 1

F2 - Acquisition Parameters

Date_ 20200201
Time 20.C9
INSTRUM spect

PROBED 3 rm PAQXZ 1EH/

PULPROG 30
TD 336
SOLVENT 13
N& (3
Ds 2
SWH 578
FIDRES 632
Q 425
RG 256
DwW 400
DE 30
2

4.C00 dB
12.10C00C38 W
500.133C885 MiHz

essing parameters
32758
500.130C00C MHz
EM

,_,,AJJ\ A k. / ? ks geconipes:
R L L e [ % LRI 28 ST S | IRECERLZE R  [ R SRR | e L TR
8 7 6 5 4 3 2 1 0 ppm
oo (o) oo (o) W%ﬁ(éjﬁlﬁﬁ
QNS NS bt s Bl o el b o] e o ]
ailled ||+ wled P B Y ailv=lvlailwl=lo
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Bn oxazoline

Pseudoorthodibromo PC & i I

eqg.) Pd:L (5:10)
‘ BRUKER
\\%V \Y/i

VI-Mn

tion Parameters
20200203

PL2W
PL12%W
PL13W

T T T T T T T T T
170 160 150 140 130 120 110 100 90

T T T T T T T T T T

80 70 60 50 40 30 20 10 0 ppm

S118



Pseufloortho dibromo & Bn oxazoline : dia 1

N
/\)-an
O

4.23 Dia1

L |

B P P P B R B B B R S R B ) B

7.0

60 55 50 45 40 35 30 25 20 15

B EE  (EdasR

S119

Current Data Parameters

NAME V-Mn-254 dia 1
EXPNO A:
PROCNO 1.

F2 - Acquisition Parameters
Date_ 20191020

Time 20 10
INSTRUM spect
PROBHD 5 mm Multinucl
PULPROG zg30

TD 65536
SOLVENT CDC13

NS 16

DS 2

SWH 8278.146 Hz
FIDRES 0.126314 Hz
20 3.9583745 sec
RG 287.4

DW 60.400 usec
DE 6.00 usec
TE 300.0 K

D1 1.00000000 sec
TDO 48
======== CHANNEL fl ========
NUC1 1H

Pl 10.00 usec
PL1 3.10 dB
SFO1 400.1324710 MHz
F2 - Processing parameters
SI 32768

SF 400.1300000 MHz
WDW

SSB 0

LB 0.30 Hz
GB 0

PC 1.00



13¢e

: PseudoorthodiBr & Bn oxazoline

dial

Il

4.23 Dia1

T
160

\
150

T
140

T
130

T
120

T
110

T
100

T
90

T
80

T
70

60

50

S120

40

30 20

10 ppm

Current Data Parameters

NAME V-Mn-254 Dial
EXPNO 2
PROCNO 1

F2 - Acquisition Parameters
Date_ 20191104
Tinme 9231
INSTRUM spect
PROBHD 5 mm PAQXI 1H/
PULPROG zgpg30

TD 65536
SOLVENT CDC13

NS 16384

DS 4

SWH 30030.029 Hz
FIDRES 0.458222 Hz
AQ 1.0911744 sec
RG 32768

DW 16.650 usec
DE 6.50 usec
TE 296.0 K
D1 2.00000000 sec
D11 0.03000000 sec
TDO 1:

172.88230896 W
125.7703643 MHz

NUC2 1H

PCPD2 80.00 usec
PL2 4.00 dB
PL12 22.51 dB
PL13 25.00 dB
PLZW 12.10000038 W
PL12W 0.17052394 W
PL13W 0.09611372 W
SFO2 500.1320005 MH=z
F2 - Processing parameters
Sl 32768

SF 125.7577890 MHz
WDW EM

SSB 0

1B 1.00 Hz
GB 0

PC 1.40



: PseudoorthodiBr & Bn oxazoline

dial

4.23 Dia2

160 150 140 130 120 110 100

90

80

70

60

50

S121

40

30 20

10 ppm

Current Data Parameters

NAME V-Mn-254 Dial
EXPNO 2
PROCNO 1
F2 - Acquisition Parameters
Date__ 20191104
Time 9231
INSTRUM spect
PROBHD 5 mm PAQXI 1H/
PULPROG zgpg30
TD 65536
SOLVENT CDC13
NS 16384
DS 1
SWH 30030.029 Hz
FIDRES 0.458222 Hz
AQ 1.0911744 sec
RG 32768
DW 16.650 usec
DE 6.50 usec
TE 296.0 K
D1 2.00000000 sec
D11 0.03000000 sec
TDO 1
CHANNEL fl ========
3C
12.00 usec
-4.00 dB

172.88230896 W
125.7703643 MHz

CHANNEL f2 =
waltzl6
1H

80.00 usec
4.00 dB
22.51 dB
25.00 dB
12.10000038 W
0.17052394 W
0.09611372 W
500.1320005 MH=z

F2 — Processing parameters

SI 32768

SE 125.7577890 MHz
WDW EM

SSB 0

1B 1.00 Hz
GB 0

PC 1.40



Pseudoortho dibromo & Bn oxazoline : dia 2

.,
BRUKER
(<)

Current Data Parameters

NAME V-Mn-254 dia 2
EXPNO 1
PROCNO 1
F2 - Acquisition Parameters
Date_ 20191020
Time 21.33
INSTRUM spect
PROBHD 5 mm Multinucl
PULPROG zg30
TD 65536
SOLVENT CDC13
. NS 16
DS 2
4'23 D|a2 SWH 8278.146 Hz
FIDRES 0.126314 Hz
AQ 3.9583745 sec
RG 287.4
DW 60.400 usec
DE, 6.00 usec
TE 300.0 K
D1 1.00000000 sec
TDO 1

SFO1 400.1324710 MHz
F2 - Processing parameters
SI 32768

SF 400.1300000 MHz
WDW EM
SSB 0

1B 0.30 Hz

- L Gg . 1.00

75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 05 ppm

(10 /s 0 o (@ (| [eofe
] <2 I~ Sl (@ = N2
oS- | o < [~ oifer| |oifev
b4
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Pseudo gem NH2 Br & Bn oxazoline
27 26
28 25
18 19
NG "5
15 N2
16
®7 1% 4.26 Dia.2
R = NH,
R RLERE O I e R TS A T PR L MR TR TR RCEn R T SRR IR S
6.5 6.0 5.5 5.0 4.5 4.0 2.0 1.5 1.0 0.5 ppm

Wy g B e s

S123

Current Data Parameters

NAME V-Mn-163 Dia 1
EXPNO 1
PROCNO 1

F2 - Acquisition Parameters
Date_ 20190707
Time 17.45
INSTRUM spect
PROBHD 5 mm PAQXI 1H/
PULPROG zg30

TD 65536
SOLVENT CDE13

NS 64

DS 2

SWH 10330.578 Hz
FIDRES 0.157632 Hz
AQ 3.1719425 sec
RG 512

DW 48.400 usec
DE 6.50 usec
TE 295.6 K
D1 1.00000000 sec
TDO 1
======== CHANNEL f1l

NUCI1

B

PL1

PL1W 12.10000038 W
SFO1 500.1330885 MHz
F2 Processing parameters
SI 32768

SF 500.1300000 MH=z
WDW

SSB 0

LB 0..:30: HZ
GB 0

PC 1.00



Pseudogem NH2 Br & Bn oxazoline : 2nd fraction

27 26
28 25 Current Data Parameters
18 19 NAME V-Mn-251 dia 2
1 O EXPNO 2
20 23 24 PROCNO 1
tr F2 Acquisition Parameters
2 R_AN 22 Date_ 20191014
15 21 Time 8.38
INSTRUM spect
PROBHD 5 mm Multinucl
16 PULPROG zg30
D 65536
SOLVENT cDC13
NS 16
DS 2
9 10 . SWH 8278.146 Hz
4.26 Dia.2 FIDRES 0.126314 Hz
AQ 3.9583745 sec
R —_ NH RG 287.4
- 2 DW 60.400 usec
DE 6.00 usec
TE 300.0 K
D1 1.00000000 sec
DO 1

======== CHANNEL fl ========
NUC1 1H

Pl 10.00 usec
PL1 3.10 dB
SFO1 400.1324710 MHz

F2 - Processing parameters

SI 32768

SE 400.1300000 MHz
EM

WDW
SSB 0
LB 0.30 Hz
GB 0
A 7 Raci s A PC 1.00

! I [ I I I I I [ [ I [ | I I |

7.0 7.0 6.5 6.0 55 5.0 45 40 3.5 3.0 2.5 2.0 1.5 1.0 0.5 ppm
235 (8588 8 8 &= v“-‘r 2
v g | g | g L - N[ : L
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13 C : Pseudo gem NH2 Br & Bn oxazoline

| N il \ | (s
:L Dala Par
27 26 V-Mn-163 £
d
28 25
18 19
O 20 23 2%
N 'Ilzz
5 N2
16
7 4.26 Dia.2
R = NH,
CHANNEL £1
T T T T T T T T = : 1.00 Mz
200 180 160 140 60 40 20 ppm PC 1. 40
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V-Mn-164 i 1st diasteroisomer

Co><)
7 BRUKER
[ e )

28
25
2 18 19
c) Current Data Parameters
23 94 NAME V-Mn-164 i
X7 EXPNO 1
R /20 022 PROCNO a
8 F2 — Acquisition Parameters
21 Date 20190627
Time 18.09
7 INSTRUM spect
PROBHD 5 mm PAQXI 1H/
PULPROG 2930
10 TD 65536
9 . SOLVENT CcDC13
4.29 Dia. 1 NS 16
DS 2
—_ H HRH SWH 10330.578 Hz
R= 1-p|perld|ne FIDRES 0.157632 Hz
AQ 3.1719425 sec
RG 90.5
DwW 48.400 usec
DE 6.50 usec
TE 298.2 K
D1 1.00000000 sec
TDO 1

PL1W 12.10000038 W
SFO1 500.1330885 MHz
F2 — Processing parameters
ST 32768

SF 500.1300000 MHz
WDW EM
SSB 0

LB 0.30 Hz
’L GB 0
PC 1.00

T T T T T T T T T
7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 ppm

kel 8
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13C : V-Mn—-164 i 1lst diasteroisomer

27 26 Paramet
V—-Mn-16
28,
18 19 25 PROCNG
2_1 () - Acguisition
23 24 ’
X7
\R 20 22
8 N

° “4.29 Dia. 1
R = 1-piperidine

CHANNEL [2 ========
walle

" l \ " ,4‘: A Lo | |

T T T T T T T T T T T T T T T T T T
170 160 150 140 130 120 110 100 S0 &80 70 60 50 40 30 20 10
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V-Mn-164 i 2nd diasteroisomer

4.29 Dia.2
R = 1-piperidine

T T T T T T T T
7.0 6. 6.0 5.5 5.0 4.5 4.0

I T

S128

1.0

ppm

<)
BRUKER
{ e

Current Data Parameters

NAME V-Mn-164 ii
EXPNO 1.
PROCNO 1.

F2 - Acquisition Parameters
Date_ 20190627
Time 18.41
INSTRUM spect
PROBHD 5 mm PAQXI 1H/
PULPROG zg30

TD 65536
SOLVENT CDC13

NS 16

DS 2

SWH 10330.578 Hz
FIDRES 0157632 Hz
AQ 3.1719425 sec
RG 90.5

DW 48.400 usec
DE 6.50 usec
TE 298.2 K
D1 1.00000000 sec
TDO 1

PL1W 12.10000038 W
SFO1 500.1330885 MHz
F2 - Processing parameters
SI 32768

SF 500.1300000 MHz
WDW EM
SSB 0

LB 0.30 Hz
GB 0

PC 1.00



13C : V-Mn-164 i 2nd diasteroisomer

27 ) K\' yYESN,
\ Va2 N/
25
23 24
4.29 Dia.2
R = 1-piperidine
A , , J et ) | | —
T T T T T T T T T T I T T T T T T T
170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 ppm

S129

Currcnl Data ParamelLe.
V-Mn-164

Llen Parame
20190628

1.00 Iz

1.40



V-Mn-164 I Nonploar spot

<)
BRUKER
(LX)

Current Data Parameters

NAME V-Mn-164 I Nonploar
EXPNO 1
PROCNO 1
T T T T T T T T
6.8 6.7 6.6 6.5 6.4 6.3 6.2 ppm F2 - Acqguisition Parameters
Date_ 20190627
Time 17:51
INSTRUM spect
PROBHD 5 mm PAQXI 1H/
PULPROG zg30
20 TD 65536
SOLVENT CDC13
NS 16
21 DS 2
SWH 10330.578 Hz
FIDRES 0.157632 Hz
AQ 3.1719425 sec
RG 228.1
DW 48.400 usec
DE 6.50 usec
TE 298.2 K
D1 1.00000000 sec
TDO hE
e CHANNETL, £l ===
NOUC1 1H
Bl 9.50 usec
PL1 4.00 dB
PL1W 12.10000038 W
SFO1 500.1330885 MHz
F2 Processing parameters
SI 32768
SF 500.1300000 MHz
WDW EM
33B 0
1B 0.30 Hz
GB 0
JJ L BC 1.00
o L —

30 25 20 15 1.0 0.5 ppm

deity 4 " 86l
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Pseudogem CO2Me Br & Bnoxazoline : Dia 1

27
3 BRUKER
28,
25
, 1 18 19
23 24
[T Current Data Parameters
R, /2022 NAME V-Mn-253 Dia 1
8 EXPNO 1
2 PROCNO 1
7 F2 - Acquisition Parameters
Date_ 20191020
. Time 21.49
o '— 10 4,35 Dia. 1 INSTRUM spect
PROBHD 5 mm Multinucl
R = CO2Me PULPROG z2g30
TD 65536
SOLVENT CDC13
NS 16
DS 2
SWH 8278.146 Hz
FIDRES 0.126314 Hz
AQ 3.9583745 sec
RG 162555
DW 60.400 usec
DE 6.00 usec
TE 300.0 K
D1 1.00000000 sec
TDO 1
======== CHANNEL fl ========
NUC1 1H
Pl 10.00 usec
PL1 3.10 dB
SFO1 400.1324710 MHz
F2 — Processing parameters
ST 32768
SF 400.1300000 MH=z
WDW EM
SSB 0
LB 0.30 Hz
GB 0
PC 1.00

6.5 6.0 5.5 5.0 4.5 4.0 3.5
@

T
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Pseudogem CO2Me Br & Bn oxazoline

28

25

o 10 4.35 Dia. 1
R = CO,Me

Dia 1. 1.3.

Current Data Parameters

160 150 140 130 120 110

T
100

T
90

80

T
70

T
60

T
50

NAME V-Mn-253 Dial
EXPNO 2
PROCNC i
P2 Acquisition Parameters
Date_ 20191029
Time 8.19
INSTRUM spect
PROBHD 5 mm PAQXI 1H/
PULPROG zgpa30
TD 65536
SOLVENT CDC13
NS 16384
DS 4
SWIH 30030.029 Hz
FIDRES 0.458222 Hz
nQ 1.0911744 sec
RG 32768
DW 16.650 usec
DE 6.50 usec
TE 296.3 'K
D1 2.00000000 sec
D11 0.03000000 sec
TDO 1
———————— CHANNEL fl ========
NUCL 13€
Pl 12.00 usec
PL1 -4.00 dB
PL1W 172.88230896 w
SFO1 125.7702643 MHz
=: = CHANNEL f2 =
CPDPRG[2 waltzlé
NUC2 1H
PCPD2 80.00 usec
PL2 4.00 dB
PL12 22.51 dB
PL13 25.00 dB
PL2W 12.10000038 w
PL12W 0.17052394 W
PL13W 0.09611372 w
SFO2 500.1320005 MH=z
F2 - Processing parameters
SI 3 68
SF 125.7577890 MH=z
Mm WDW EM
SSB o]
l T T T T T LB 1.00 Hz
GB 0
40 30 20 10 0 ppm % 741
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Pseudogem CO2Me Br & Bnoxazoline : Dia 2
26
28 2
19
24
)
22
21
4.35 Dia.2
R = CO,Me
L
) K J
T T T T T T T T T T T T
7.5 6.0 5.5 5.0 4. 3.5 3.0 2.5 2.0 1.5 1.0 0.5 ppm

g

05

S133

[ o

Current Data Parameters

NAME V-Mn-253 Dia 2
EXPNO s
PROCNO 1

F2 — Acquisition Parameters
Date_ 20191020

Time 21.56
INSTRUM spect
PROBHD 5 mm Multinucl
PULPROG zg30

TD 65536
SOLVENT CDC13

NS 16

DS 2

SWH 8278.146 Hz
FIDRES 0.126314 Hz
AQ 3.9583745 sec
RG 1448.2

DwW 60.400 usec
DE 6.00 usec
TE 300.0 K

D1 1.00000000 sec
TDO L
======== CHANNEL fl ========
NUC1 1H

Pl 10.00 usec
PL1 3.10 dB
SFO1 400.1324710 MHz
F2 - Processing parameters
SI 32768

SF 400.1300000 MH=Z
WDW EM

SS8B 0

LB 0.30 Hz
GB Q0

B 1.00



Pseudogem CO2Me Br & Bn oxazoline : dia2

27 2
28 2
19
23 24
T
N2
4.35 Dia.2
R = CO,Me

T | | | | T | |
160 150 140 130 120

110 100 90 80

T
70

T
60

|
50

T
40

S134

T
30

\
20

10

ppm

Current Data Parameters

NAME V-Mn-253 Dia2
EXPNO 2
PROCNO 1
F2 - Acquisition Parameters
Date . 20191101
Time 10.37
INSTRUM spect
PROBHD 5 mm PAQXI 1H/
PULPROG zgpg30
TD 65536
SOLVENT CDC13
NS 16384
DS 4
SWH 30030.029 Hz
FIDRES 0.458222 Hz
AQ 1.0911744 sec
RG 32768
DW 16.650 usec
DE 6.50 usec
TE 296.3 K
D1 2.00000000 sec
D11 0.03000000 sec
TDO 1
CHANNEL f1 ==
13¢
12.00 usec
-4.00 dB

172.88230896 W
125.7703643 MHz

======== (CHANNEL f2 ==

CPDPRG[2 waltzl6
NUC2 1H
PCPD2 80.00 usec
PL2 4.00 dB
PL12 22.51 dB
PL13 25.00 dB
PL2W 12.10000038 W
PL12W 0.17052394 w
PL13wW 0.09611372 W
SFO2 500.1320005 MHz
F2 Processing parameters
SI 32768

SF 125.7577890 MHz
wDw EM

SSB 0

LB 1.00 Hz
GB 0

PC 1.40



—
o~
o
o

3.310
34291,
34139
2126
BB
3.078
3.014
2.982
2955
2.618
2.597
25117
1..308
0.126

2.18
12.40
2.10
1.95

Current Data Parameters

NAME V-Mn-276 IZ
EXPNO b
PROCNO i
F2

Date_
Time
INSTRUM spect
PROBHD 5 mm PAQXI 1H/
zg30
65536
€DC13
2 18
S 2
SWH a8 Hz
FIDRES 632 Hz
AQ 4235 sec
RG 1:8
DW £8.400
DE 6.50
TE 298.2
Dl 1.00000000
DO 1

usec
¢B

12,3 W

500. MHEz




13C : Pseudogem Br COOH & Bn oxazoline

spe
5 mm PAQXI

I ‘_lﬁ U. all ol

g ¥ SN "

T T T T T c 0 o
180 160 140 120 100 80 60 40 20 5 Ha 0
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Pseudoortho Br COOH & Bn oxazoline

| 2 5

T | T | | | | |
75 70 6.5 6.0

et

I | I | | I
1.5 1.0 0.5 ppm

S137

Current Data Parameters

NAME VI-Mn-56 ii
EXPNO 1
PROCNO 1

F2 - Acquisition Parameters
Date_ 20200206
Time 19,05
INSTRUM spect
PROBHD 5 mm PAQXI 1H/
PULPROG zg30

TD 65536
SOLVENT CDC13

NS 16

DS 2

SWH 10330.578 Hz
FIDRES 04157632 Hz
AQ 3.1719425 see
RG 71.8

DW 48.400 usec
DE 6.50 usec
TE 298.2 K
D1 1.00000000 sec
TDO 1
======== CHANNEL fl ========
NUC1 1H

Pl 9.50 usec
PL1 4.00 dB
PL1W 12.10000038 W
SFOL 500.1330885 MHz
F2 - Processing parameters
ST 32768

SF 500.1300000 MHz
WDW EM

SSB 0

LB 0.30 Hz

00



13C

: Pseudoortho Br COOH & Bn oxazoline

i

|

|-

1]

T
170 1

60 150 140 130 120 110 10

T
0 90

80

70

60

50 40

S138

30

20

10

ppm

Current Data Parameters

NAME VI-Mn-56 ii
EXPNO 2
PROCNO 1

F2 - Acquisition Parameters
Date_ 20200207
Time 9.30
INSTRUM spect
PROBHD 5 mm PAQXI 1H/
PULPROG zgpg30

TD 65536
SOLVENT CDC13

NS 16384

Ds 4

SWH 30030.029 Hz
FIDRES 0.458222 Hz
AQ 1.0911744 sec
RG 32768

DwW 16.650 usec
DE 6.50 usec
TE 298.2 K
D1 2.00000000 sec
D11 0.03000000 sec
TDO 1

PL1 -4.00 dB
PL1W 172.88230896 W
SOl 125.7703643 MHz
******** CHANNEL f2 ========
CPDPRG[2 waltzl6
NUC2 1H
PCPD2 80.00 usec
PL2 4.00 dB
PL12 22.51 dB
PL13 25.00 dB
PL2W 12.10000038 w
PL12W 0.1705239%94 w
PL13W 0.09611372 W
SFO2 500.1320005 MHz
F2 - Processing parameters
SI

SE 125.7577890 MHz
WDW

SSB 0

LB 1.00 Hz
GB 0

PC. 1.40



Ortho Br NH2 PC & Bn oxazoline DIal (_.)(7
Current Data Parameters
NAME V-Mn-290 i
EXPNO 2
PROCNO 1
F2 - Acquisition Parameters
Date_ 20191130
Time 21..52
INSTRUM spect
PROBHD 5 mm Multinucl
28 PULPROG zg30
3 TD 65536
SOLVENT CDC13
27 NS 2048
% DS 2
SWH 8278.146 Hz
2% 25 FIDRES 0.126314 Hz
AQ 3.9583745 sec
: RG 2580.3
4.47 dia 1 DW 60.400 usec
DE 6.00 usec
TE 300.0 K
D1 1.00000000 sec
TDO 1
Pl 10.00 usec
PL1 3.10 dB
SFO1 400.1324710 MHz
F2 Processing paramelLers
SI 32768
SF 400.1300000 MHz
WDW EM
SSB 0
LB 0.30 Hz
GB [¢]
PC 1.00
T T T T T T T T T T T T T T T T
5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.0 1.5 1.0 0.5 ppm

S

EEEEERE s g
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Orthje Br NH2 PC & Bn oxazoline DIaZ2
27 26
Current Data Parameters
25 NAME V-Mn-290 ii
EXPNO 2;
PROCNO 1
23 24
F2 - Acquisition Parameters
Date_ 20191130
Time 18.20
INSTRUM spect
PROBHD 5 mm Multinucl
PULPROG zg30
TD 65536
SOLVENT CDC13
NS 1024
DS 2
SWH 8278.146 Hz
FIDRES 0.126314 Hz
AQ 3.9583745 sec
- RG 5160.6
4.47 dia 2 DW 60.400 usec
DE 6.00 usec
TE 300.0 K
D1 1.00000000 sec
TDO 1
======== CHANNEL fl ========
NUC1 1H
Pl 10.00 usec
PL1 3.10 dB
SFO1 400.1324710 MH=z
F2 — Processing parameters
ST 32768
SF 400.1300000 MHz
WDW EM
SSB 0
LB 0.30 Hz
GB Q
4 DL N ' PC 1.00
T T T T T T T T T T T T T T T
50 45 4.0 35 5 20 15 1.0 05 ppm

7.0
3

W ek

60 55
]

§ SRR Gaml
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Current Data Parameters

NAME maulik_V_mn_226
EXPNO 1
PROCNO 1
F2 - Acquisition Parameters
Date_ 20191004
Time 12.29
INSTRUM spect
PROBHD S mm CPTCI 1H-
PULPROG zg30
TD 65536
SOLVENT MeOD
NS 4
DS 2
SWH 14492.754 Hz
FIDRES 0.221142 Hz
AQ 2.2609921 sec
RG 35..9
DW 34.500 usec
DE 6.50 usec
TE 298.0 K
D1 1.00000000 sec
TDO 1.
======== CHANNEL fl ========
NUC1 1H
P1 10.00 usec
PL1 6.90 dB
PL1W 10.71880245 W
SFO1 700.1343236 MHz
F2 - Processing parameters
ST 32768
SF 700.1300000 MH=z
WDW EM
SSB 0

u LB 0.30 Hz

. Wy JJLLLA—ljB 0

PC 1.00

AN TR A R SRR PURUE Y B RN R R RS SRR R RSN R T EREEE RS S R R R RS

80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 0.5 ppm
Fréﬁ\\fé(oj
| R RN P
N[ (N[O
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I I I I I I I

150 140 130 120 110 100 90

[
50 40 30 20 10 O ppm
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Current Data Parameters

NAME maulik_V_mn_226
EXPNO 2
PROCNO 1

F2 - Acquisition Parameters
Date_ 20191004

Time 13.01
INSTRUM spect
PROBHD 5 mm CPTCI 1H-
PULPROG zgpg30

D 65536
SOLVENT MeOD

NS 512

DS 4

SWH 42016.809 Hz
FIDRES 0.641126 Hz
AQ 0.7798784 sec
RG 32768

DW 11.900 usec
DE 6.50 usec
TE 298.1 K

D1l 2.00000000 sec
D11 0.03000000 sec
TDO 1
======== CHANNEL fl ========
NUC1 13¢€

Pl 13.00 usec
PL1 -2.60 dB
PL1W 164.55174255 W
SFO1 176.0654333 MHz
======== CHANNEL f2 ========
CPDPRG[2 waltzlé

NUC2 1H
PCPD2 80.00 usec
PL2 6.90 dB
PL12 24.96 dB
PL13 19.50 dB
PL2W 10.71880245 W
PL12W 0.16755076 W
PL13W 0.58904201 W
SFO2 700.1328005 MHz
F2 - Processing parameters
SI 32768

SF 176.0478290 MHz
WDW EM

SSB 0

LB 1.00 Hz
GB 0

PC 1.40



= Dzta Parameters
mac ik _V_me_226

ppm T A P B I

ccuisitior Parare
ICate, 201

2.5

5 mm C3TCT 13-
cosygpr.frph
8

3.0
3.5

4.0

4.5 16 (S)-4.57

CHANNE_ f1

5.0
5.5 f i
6.0
6.5
7.0

754 O

8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0

S143



<)
BRUKER
(>

Current Data Parameters
ppm m 1 l L 2N NAME maulik_V_mn_226
EXPNO 3
PROCNO 1
F2 - Acquisition Parameters
Date_ 20191004
0— Time 13.02
* INSTRUM spect
PROBHD 5 mm CPTCI 1H-
PULPROG cosylrgf
TD 2048
1 = . SOLVENT MeOD
4 " NS 4
‘, DS 16
2 SWH 7002.801 Hz
K . FIDRES 3.419337 Hz
2_ AQ 0.1462272 sec
RG 512
DW 71.400 usec
DE 6.50 usec
TE 298.1 K
DO 0.00000300 sec
3_ D1 1.50000000 sec
g D6 0.20000000 sec
! # L4 INO 0.00014285 sec
£ CHANNEL f1
4_ . o NUC1 1R
, # P1 10.00 usec
“ PL1 6.90 dB
PL1W 10.71880245 W
+.' SFO1 700.1328005 MHz
5 = Fl - Acquisition parameters
’ e TD
SFO1 700.1328 MHz
7 FIDRES 16.132092 Hz
6_ SW 10.000 ppm
FnMODE QF
F2 - Processing parameters
SI
SF 700.1299886 MHz
77 ° WDW SINE
SSB 0
C LB 0 Hz
3 GB 0
8 PC 1.40
F1l - Processing parameters
SI 1024
MC2 QF
SF 700.1299886 MHz
9 WDW SINE
I I I I I I 58B 0
LB 0 Hz
9 ¢ 5 4 3 2 1 0 ppm ° e
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ppm
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ppm i e |

30

40

.
.
CRANKPT 1
10.CC uzes
50 20.CC usen
. .

70

— ——

16 (S)-4.57 .

SPHEM(3
o

[{<]
o

100 s

GenEm (2
GPNEM (3]
an

110

120

130

140

L ) I LR AR RS LAY EARRAAS

L L B L I AR IR

12 11 10 9 8 T 6 5 4 3 2 1 0 ppm
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ppm

SOLVENT

il -
b sl

77777777 CEANN

Nuci

P1

P2 2 y
4 PLL 6.90 dn

P1lw 10.71880245 W

srol 709.1328005 Miz

9 8 7 6 5 4 3 2 1 0 ppm
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Grignard :

Bn oxazoline :

Pure aminoalochol

G BB D PP B P D A0 10 s SEs S spesyp st U S st s U] N DAY ' LN )N N s e el ol ©000 '©
Current Data Parameters
18 NAME V-Mn-293 i
EX2NO 1
17 PROCNO 1
F2 - Acquisition Parameters
16 Date_ 20191129
Time )
ck
3 1
30
TC 36
SCLVENT 13
12 NS 186
Ds 2
SWH 8278.146 Hz
FIDRES 0.126314 =z
13 15 AQ 3.9583745 sec
14 RG 203.2
(S)_4 65 oW €0.400 use
- DE 6.00 use
TE 300.0 K
Dl 1.00000000 sec
TCO 1
CHANNEL
400.1324710
- Processing parameters
8T 327868
SF 4C0.1300000 MHz
WDW EM
| $s3 ¢
[ ‘ ‘ LB 0.30 Hz
[ | \ | GB 0
e b S | 0 ¥ N . S s =
T T I I T I I I I I I I I I I I
75 70 65 6.0 55 50 45 40 35 30 25 20 15 10 05 ppm
oM o WIN|© O
w7 2 ] bt bt b | e
CI> o ye || ol £ |
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13C : Grignard: Bn oxazoline

VI | VA I I

lon Paramelers
2070:98:4:5

T T T T
160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 ppm
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205 10

3Pq éﬂ,//()P1 8
7
(48,55)-4.70

e ; M 1 II 0 i

S

Il Iy m

Current Data Parameters

NAME VI-Mn-05 i
EXPNO 1
PROCNO Ab

F2 - Acquisition Parameters
Date_ 20191216

Time 18.54
INSTRUM spect
PROBHD 5 mm PAQXI 1H/
PULPROG zg30

TD 65536
SOLVENT CDC13

NS 16

DS 2

SWH 10330.578 Hz
FIDRES 0.157632 Hz
AQ 3.1719425 sec
RG 71,8

DW 48.400 usec
DE 6.50 usec
TE 298.3 K

D1 1.00000000 sec
TDO 1
======== CHANNEL fl ========
NUC1L1 1H

Bl 9.50 usec
PL1 4.00 dB
PL1W 12.10000038 W
SFOL 500.1330885 MHz
F2 - Processing parameters
SI 32768

SF 500.1300000 MHz
WDW EM

SSB 0

LB 0.30 Hz
GB 0

PC 1.00

] e e A O T N T T ) L

80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 05

gs983 B EER e

S150
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Current Data Parameters

NAME VI-Mn-05 i
EXPNO 2
12 PROCNO 1
13 T F2 - Acquisition Parameters
1 6 Date_ 20191217
() 5 10 Time 9«21
2 INSTRUM spect
<g 9 PROBHD 5 mm PAQXI 1H/
4 8 PULPROG zgpg30
3N, _OH D 65536
— SOLVENT €DC13
7 NS 16384
DS 4
(43158)'470 SWH 30030.029 Hz
FIDRES 0.458222 Hz
AQ 1.0911744 sec
RG 32768
DW 16.650 usec
DE 6.50 usec
TE 298.2 K
D1 2.00000000 sec
D11 0.03000000 sec
TDO 1
======== (HANNEL f1 ========
NUC1 13¢
Pl 12.00 usec
PL1 -4.00 dB
PL1W 172.8823089%96 W
SFO1 125.7703643 MHz
======== (CHANNEL f2 ========
CPDPRG[2 waltzlé
NUC2 1H
PCPD2 80.00 usec
PL2 4.00 dB
PL12 22.51 dB
PL13 25.00 dB
PL2W 12.10000038 W
PL12W 0.17052394 W
PL13W 0.09611372 W
SFO2 500.1320005 MHz
l I F2 - Processing parameters
. j M 1 S -1 SI 32768
SF 125.7577890 MHz
WDW EM
SSB 0
LB 1.00 Hz
GB 0
150 140 130 120 110 100 9 80 70 60 50 40 30 20 10 ppm ;. i
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TBDPS oxazolire

24
23 25

1
5§ 26

0
2<\ 27 90 21
N—- & ‘B 20
47, -0 7o
7 Si

19
9 \12 8

13 16

14 15
(4S,55)-4.71

75 70 65 6.0 55 50 45

g

bt ] s B b=
<lailnlcilo

Current Data Parameters

NAME VI-Mn-01 i
EXPNO 1
PROCNO 1
F2 - Acquisition Parameters
Date_ 20191211
Time 18.35
INSTRUM spect
PROBHD 5 mm PAQXI 1H/
PULPROG zg30
TD 65536
SOLVENT CDC13
NS 16
DS 2
SWH 10330.578 Hz
FIDRES 0.157632 Hz
AQ 3.1719425 sec
RG 57
DW 48.400 usec
DE 6.50 usec
TE 2979 K
D1 1.00000000 sec
TDO 1
======== CHANNEL fl ========
NUC1 1H
Bl 9.50 usec
PL1 4.00 dB
PL1W 12.10000038 W
SFO1 500.1330885 MHz
F2 - Processing parameters
SI 32768
SF 500.1300000 MHz
WDW EM
SSB 0
LB 0.30 Hz
GB 0
PC 1.00

o bl | L (W e [P R e Sl

30 25 20 15 1.0 ppm
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13C : TBDPS oxazoline

24
23 25
1.6
0.5 26
2 27 9o 21
N ., 8. tBg1 20
3 4 ”A//()\Egjo
7 i
19
97\12 ¢
13 16
14 15
(4S,5S)-4.71

e I S e e B ] R e e D

150 140 130 120 110 100 90

80

70

60

50 40 30 20 10 ppm
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Current Data Parameters

NAME VI-Mn-01 1
EXPNO 2
PROCNO 1
F2 - Acquisition Parameters
Date_ 20191212
Time 8.58
INSTRUM spect
PROBHD 5 mm PAQXI 1H/
PULPROG zgpg30
TD 65536
SOLVENT CDC13
NS 16384
DS 4
SWH 30030.029 Hz
FIDRES 0.458222 Hz
AQ 1.0911744 sec
RG 32768
DW 16.650 usec
DE 6.50 usec
TE 297.8 K
D1 2.00000000 sec
D11 0.03000000 sec
TDO 1
CHANNEL fl =
13¢C
12.00 usec
-4.00 dB

172.88230896 W
125.7703643 MHz

======== CHANNEL {2 ========
CPDPRG[2 waltzlé

NUC2 1H
PCPD2 80.00 usec
PL2 4.00 dB
PL12 22.51 dB
PL13 25.00 dB
PL2W 12.10000038 W
PL12W 0.17052394 W
PL13W 0.09611372 W
SFO2 500.1320005 MHz
F2 - Processing parameters
SI 32768

SF 125.7577890 MHz
WDW EM

SSB 0

LB 1.00 Hz
GB 0

PC 1.40



- Acguisiticn Parameters

2C191222
18.39
spect

PROBHD 5 mm PACXI 1H/

2ULPROG zg30
65536
€DC13
16
2
10330.578 Hz
0.157632 Hz
3.1719425 sec
71.8
48.400 usec
6.50 usec
297.8 X
1.0C00CJ0C sec

NU 1H

21 .50 usec
L1 .00 dB
2Ll 38 W

SE 83 MHz

1y
N
|

ST &

SE 500.1300000 MHz

WDW EM
5SB 0

’k ‘ LB 0.30 Hz

GB a

\ \ ll y )‘ " PC T

=)
o

- L. S (7 o N

75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 05 ppm
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Current Data Parameters

NAME VI-Mn-08 ii
EXPNC 2
PROCNO 1
F2 - Acquisition Parameters
Date_ 20191223
Time 9.05
INSTRUM spect
PROBHD 5 mm PAQXI 1H/
PULPROG zgpg30
TD 65536
SOLVENT CDC13
NS 16384
DS 4
SWH 30030.029 Hz
FIDRES 0.458222 Hz
AQ 1.0911744 sec
RG 32768
DW 16.650 usec
DE 6.50 usec
TE 296.9 K
D1 2.00000000 sec
D11 0.03000000 sec
TDO 1
———————— CHANNEL fl ========
NUC1 13C
PA; 12.00 usec
PL1 -4.00 dB
PL1W 172.88230896 W
SFO1 125.7703643 MHz
= = CHANNEL f£2
CPDPRG [2 waltz1l6
NUC2 1H
PCPD2 80.00 usec
PL2 4.00 dB
PL12 22:51; dB
PL13 25.00 dB
PL2W 12.10000038 w
PL12W 0.17052394 W
PL13W 0.09611372 W
SFO02 500.1320005 MHz
. Ll - —
" F2 - Processing parameters
sI 32768
SF 125.7577890 MHz
WDW EM
v SSB 0
T I I I I | I I ] T I I I T I I I I I B 1.00 Hz
170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 ppm Slé 0 PR
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Oxazoline Ph Bn

O. LPh BRUKER
Q
N

Current Data Parameters

‘, NAME VI-Mn-27
’, EXPNO i
//OBn PROCNO 1

F2 - Acquisition Parameters
Date 20200112
(48,58)-4-73 Time 13.18
INSTRUM spect
PROBHD 5 mm PAQXI 1H/
PULPROG zg30
TD 65536
SOLVENT CDC13
NS 16
DS 2
SWH 10330.578 Hz
FIDRES 0.157632 Hz
AQ 3.1719425 sec
RG 71.8
DW 48.400 usec
DE 6.50 usec
TE 297.3 K
D1 1.00000000 sec
TDO 1
======== CHANNEL ] e
NUC1 1H
je il 9.50 usec
PL1 4.00 dB
PL1W 12.10000038 W
SFO1 500.1330885 MHz

F2 - Processing parameters

SI 32768

SF 500.1300000 MHz
WDW EM

S3SB 0

LB 0.30 Hz
GB 0

PC 1.00

S B T T i o, B (e o B e (e B R Ty e ey B b My

75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 05 ppm

o L o o [=2] M~ (=1
= Q < e har] fiw
o - »~ N L |-
-

S156



Oxazoline Ph Bn

N

Ph

'07,/~C)E3n

(4S,55)-4.73

160

150 140 130

120 110 100 90

80

70

60

T

50

40

S157

30

20

10

0 ppm

Current Data Parameters

NAME VI-Mn-27

EXPNO 2

PROCNO 1

F2 - Acquisition Parameters

Date_ 20200113

Time 3,42

INSTRUM spect

PROBHD 5 mm PAQXI 1H/

PULPROG zgpg30

TD 65536

SOLVENT CDC13

NS 16384

DS 4

SWH 30030.029 Hz

FIDRES 0.458222 Hz

AQ 1.0911744 sec

RG 32768

DW 16.650 usec

DE 6.50 usec

TE 298.7 K

D1 2.00000000 sec

D11 0.03000000 sec

TDO 1

======== CHANNEL fl ========

NUC1 13¢

P 12.00 usec

PL1 -4.00 dB

PL1W 172.88230896 W

SFO1 125.7703643 MHz
CHANNEL f2 ==

waltzl6

NUC2 1H

PCPD2 80.00 usec

PL2 4.00 dB

PL12 22.51 dB

PL13 25.00 dB

PL2W 12.10000038 W

PL12W 0.17052394 w

PL13W 0.09611372 W

SFO2 500.1320005 MHz

F2 - Processing parameters

SI 32768

SF 125.7577890 MHz

WDW EM

SSB 0

LB 1.00 Hz

GB 0

BC 1.40



-Br PC & Ph Bn oxazoline
COMOVUAVAEFVNO- VM ANNOOVNDOWFTAANODTAOMOOVININWOAAMONDRN~ O N LD

DO FNOONDVDONDFOAAONVNODFONAN = OFMADOMEION DN OO

T TTTOOMNMONNNNAO O OOV OOOOEE~EAAAAAO OO OO0 BRUKER
e~~~ [~~~ 0WWOVUVLWOWWOWVWWOWWVWWWOWWVI NN TTTTOMMNNNHONMON OO A (—X)

Current Data Parameters

NAME VI-Mn-43 ii
EXZNO 1
PROCNO 1

81 32768
‘ SF 500.1300000 MHz
WCW EM
SSB ]
“ | ' ) ' | 1 LE 0.30 Hz
| \ | GBE 0
i s J_AJ | UV S WW “wm_&#Ag I S N 4 pC 2.00

9 8 7 6 5 4 3 2 1 0 ppm
W00 [N (=] O[NNI~ | Y] D
= [C|%n < b b A B R b b
8v— || ~N TN~ ([O|N|v=|r NN
o
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4-Br PC & Ph

x\

Bn oxazoline

" Loan

J

T
160

T T
140 120

T
100

80

60

40

S159

20

ppm

Current Data Parameters

NAME VI-Mn-43 ii
EXPNO 2
PROCNO 1

F2 — Acguisition Parameters
Date_ 20200121
Time 12.50
INSTRUM spect
PROBHD 5 mm PAQXI 1H/
PULPROG zgpg30

TD 65536
SOLVENT CDC13

NS 2048

DS a

SWH 30030.029 Hz
FIDRES 0.458222 Hz
AQ 1.0911744 sec
RG 32768

DW 16.650 usec
DE 6.50 usec
TE 298.3 K
D1 2.00000000 sec
D11 0.03000000 sec
TDO 1

== CHANNEL f1

13¢C
12.00 usec
-4.00 dB
172.88230896 W
125.7703643 MHz

= CHANNEL f2 =

CPDPRG[2 waltzlé
NUC2 1H
PCPD2 80.00 usec
PL2 4.00 4B
PL12 2251 «dB
PL13 25.00 dB
PL2W 12.10000038 W
PL12W 0.17052394 W
PL13W 0.09611372 W
SFO2 500.1320005 MHz
F2 - Processing parameters
ST 32768

SF 125.7577890 MHz
WDW EM

SSB 0

LB 1.00 Hz
GB 0

PC 1.40



4-Br PC & imidazolidine

6.500
6.489
6.473
3.956
3914
1.554
1.540
1:123
1.099
1.085
0.108

~
o™
[ee]
o

6.587
6571
6.585
6.516
3174

Co><)
BRUKER
(>

Current Data Parameters

NAME V-Mn-196 ii
EXPNC i
PROCNO 1
- Acquisition Parameters
ate_ 201590814
Time 17.38
INSTRUM spect
PROBHD S mm PAQXI 1H/
PULPROG z2g30
D 65536
SOLVENT cDC13
NS 16
Ds 2
N SWH 578 Hz
FIDRES 632 Hz
AQ 423 sec
RG 57
CW 48.400 usec
DE 6.30 usec
TE 298.2 K
D1 1.00C00C00 sec
DO 1
(£)-4.79
0
0038
exe) 500.1230885 MEz

l 68
2 .1300000 MHz
| WowW =™
S5E 0
bh Pl i R | ,‘ s ) 0.30 Hz
"J\\.J}‘ \ AT " 1 ) \llLJ 5 “x__} 5 SR, NS —— K,\.,Jb A L N PC ) 1.00
T I T I I T T T T T I T T I T I
7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 25 2.0 15 1.0 0.5 ppm
CACIAE ﬁ < oo | o]~ =) @
QB QRS|( @0 Qe Qe MM < <
6|d||o|<||S olo s oo~ o 2] ©
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13C : 4-Br PC & imidazolidine

Dala Par
V—Mnr—

CHANNE! [, 1

———————— CHANNEL f2 ======—=
CFDPRG[2 waltzlé

1H
§C.00

12.10000038
0.1 94

A quh L i e AL |

T T T T T T T | | |
180 160 140 120 100 80 60 40 20 0
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4-Br PC & N-Me Benzimidazole

O A~ MNFANYEOMNF AT OFOTOLOVUNWD AWV AMAMMH AW ATAMO I~ MO ™~ 0>
O M WOWOONXEVWNOMEREWOOWOWAHAOEWEOOLMOMNHONAOANOMSEMNDNDWOWOMN OO
COMNANSFNOMMMNMNOMNMNOOODONAREF-OLOWOWLWOLOWOWVWONLOUANddTdAdOODAANAOR
OSSN 0OV OVOVWOVLOVWOVWOVLWWOVWWOVWYVWWWOVWWOUMMMMMOHMMOHANNNNNNO

Current Data Paramete:
V-Mn-256 mainspot

g

5 spe
PROBHD 5 mm Multinucl
PULPRCG
D
SOLVENT
NS

Ds

SWH
FIDRES

TE 300.0 R
D1 1.00000000
1

CEANNEL fl =

1H

Pl 10.0C usec
PL1 3.10 ¢B

srol 400.1324710 MHz

©“ K

QDWwUYHRN
o

o n

I
U (l-‘ ! || }J l
. Vel MU GG W % Lo BN Wi | -, Vo) l

T T T T T T T T T T T T T T T T T
80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 05 ppm

) INEEIRESS (=) of (e
o @l |22 < = 1™
o ol =l © wl
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13C : PC-Benimidazole

\J/ \ /
W £ ir

|
‘-v:vvr-l i ]”- IA’ o JL- —— y A " JL“M - v.j. rw——— Al M MY o

T T T T T T T T T T T T T T T T
150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0
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IS
|
*

for

T397 %

C & 1-Me Indole

O ™M N < O LW
O O~ M OO
M NN NN O O O 0

7.787
7.768
6.777
6.706
6.702
6.691
3.169
3150

B C <)
72 BRUKER
j (><I

|
|
|

Current Data Parameters
NAME V-Mn-162 1
EX2NO 2

1

ROCNQ

F2 - Acqui
Date__

spect

3 mm Multinucl
zg30

65536

CcDCl

186
2
8278.146 Hz
0.126314 =z
349583745 sec
228.1
€0.400 usec
6.00 usec
300.0 K
1.00000000 sec
1
CHANNEL
400.132
F2 - Processing parameters
sI 32768
SF 4C0.1300000 MHz
WCW EM
SsB C
, LB 0.30 Hz
J ez 0
’ ’ PC 1.00
|

T T T T T T T T T T T T T T T
70 65 60 55 50 45 40 35

T
7.5 3.0 2.5
4 Fagan 4 lsls
Cf =[R2 N ] @ |w
- l-lol~lol~lal= @ wilem

8.0
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i
|
w
H
el
0O
¢}

1-Me Indole

7.660
7.640
7.416
7:395
7.314

S

L e e e )

w0 ™ —
Y[~ O OO~
N N el

M ONMU AN~ 0L O T N WOWOM~WOWNIMWO Lo N W
X NOOANNOOANOWDDWWLFTMNOWST TN NCL O™ O O ®
WWOWWOWWYWWYWWWYWWOWWOWWOWWYWLOUMMmMHMOMHMHNHMHOMHOHOMHNHNANNNNAAAAODO O OO

Current Data Parameters

NAME -Mn-162 ii
EXPNC 3
PROCTNO ik

PROBE! 5
PULPROG

ID

SCLVENT

NS

Ds 2
SWH 8278.146 H

FIDRES 0.126314
AQ 3.9583745
RG 3
DW 6C . 4
DE 6.0
TE 0

D1
TDC 1

By

130C00C MHz
WDW EM
SSB 0]
LB 0.30 Hz
GB (2]
PC 1.00
Bl J ]
L - J L A i
T T T T T T T T T
6 5 4 2 1 0 ppm

8 7
= I A A L A D =]
b B o] o B B e B
ol

3
© (oo sr|ins|o
o |d|o|&vle|N
o Al Rl Rl Bl £

S165



Electronic Appendix for Chapter 5 and Chapter 6

Bp2-n

o™
HNOFTOMOWMOHPTAFOOAO AT OMWOWANOATNOODHONMONMCE OO NHOFTANMWOWSPHr-~ONN
MNMANM~- OO0 MMOWIOPANVOTMHEOOWOWIINMTEAITMNMONDOANATOONOAI MO I™O
I\I\OO(D(DI\I\I\I\I\I\I\I\I\V‘(")(")(\IN(\I(\)NNNNMQ‘HOI\‘\OKOMMM(")NO\O\(DOO(\IHHOOO .
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . | o
CDOOI\I\I\F\I\I\I\I\ I\l“l\l\r\l‘\l\l\l\l\l\r\l\l\m(\]N(\I:—!HHHHHHHOOOOOOOOOO|

o et e NN

BREZER [ I AT i
90 85 80 75 70 65 6.0 55 50 45 40 35 3.0 25 20

| EEES 5

Uy L ) o e T o i e

1.5

R |
1.0 0.5

ppm

S166

C><)

(>

MHz

Hz

Current Data Parameters
NAME IV-Mn-31 i
EXPNO 1
PROCNO 1
F2 - Acquisition Parameters
Date_ 20180716
Time 17.40
INSTRUM spect
PROBHD 5 mm PAQXI 1H/
AN PULPROG 2930
| TD 65536
SOLVENT CDC13
bd /// NS 16
DS 2
SWH 10330.578
FIDRES 0.157632
AQ 3.1719425
5.136 RG 362
DwW 48.400
DE 6.50
TE 298.2
D1 1.00000000
TDO L
s==smsee CHANNEL: £l ====
NUC1 1H
Pl 950
PL1 4,00
PL1W 12.10000038
SFO1 500.1330885
F2 - Processing parameters
SI 32768
SE 500.1300000
WDW EM
SSB 0
LB 0.30
GB 0
M L J PC 1.00
u | " ) - ll



Sp2-H

BRUKER
\L/
Current.
NAME
EXPNC
PRC
FZ — Acquis;,iofn
[
N~
5.136
I I I I I I I I I I
160 140 120 100 80 60 40 20 0 ppm
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Data Parameter
IV-Mn

6
1 5 8 9 / F2 - Acquisition P

3 \ N 5 mm PAQXI y
S, 2g30
OAc~C. 65536
CHs CD3CN
16
5.140 2
.578
632
423
181

48.400 usec

6.30 usec

298.2 K
D 1.00C00C30 sec

1

Pel. 9.50 usec
PL1 4.C0 ¢B
PLLW 12.10000038 W
srel 500.1330885 MHz
F2 - Processing parameters
eI 32768
eF 500.1300000 MHz
WDW M
g8 0
‘ L2 0.30 Hz
| l GB 0
il a c 1.c0
AL WL A

T
8 7 6 5 4 3 2 1 ppm

[=d|1 - L
ot = e
|- (] L]
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NN ONO N WA M
NENEE L E BRUKER
OO0 O

T CN

Current Data Parameters

NAME IV-Mn-73 i
EXZNO 3
PROCNC b
F2 - Acquisition P

Date_ il
0

4 spect
PROBED 3 mm Multi d:
PULPROG c30
o 65336
SCLVENT cDcl3
NS 1C24
DS 2
SWH 6 Hz
FIDRES 4 Hz
AQ 5 sec
RG &
DW 0 usec
DE 0 usec
TE 3 0 K
D1 1.00000000 sec
TCO 1

400.1324710 MHz
F2 - Processing parameters

| 5T 32768
SF 400.1300000 MHz

’ ) ’ ’ WDW EM

| J ssB 0

I J i LB 0.30 Hz

A .MJ! J“ \ *Nwlz J ’..M,.mf U ,f'“ I 200

Y O 11, Y Bt St U VAV

T T T T T T T T T T T T T T T T T T
85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 05 ppm

(2] Qe[w|wv <
] QN0 <
- ~l=lNIO o
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Instrument:MSQ_1 Sequence:GJR Students

Page 1of 1
Peak Analysis
Injection Details
Injection Name: IV-Mn-561 & Il 2ndspot (repuri) Run Time (min):  1.49
Vial Number: BD1 Injection Volume: 10.00
Injection Type: Unknown
Calibration Level:
Instrument Method: Bypass (Neg) CH30OH (50-1000)
Processing Method: MS Quantitative Dilution Factor: 1.0000
Injection Date/Time: 01/Aug/18 09:16 Sample Weight:  1.0000
|Mass Spectrum
110 Apex Peak #1 Scan: #18 AV: 0.15 - 0.22 min (5) NL: 3.09E+004
%
100 317.96 —O
318.10
7 -
90 0 o
319.96 ° l
32411 Pd, / \
/N 0 N—Pd---O
80 314.79 \ / _ |
31407 OAc
— Y
795) 3174 5.137 5.138
[ 60+
504
404
30
158.10
L
miz
101 |
50 1,000
Chromeleon (c) Dionex
Default MS Report/Peak Analysis

Version 7.2.5.9507
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Instrument:MSQ_1 Sequence:GJR Students

Page 10of 1

Peak Analysis

lInjection Details

Injection Name:
Vial Number:
Injection Type:
Calibration Level:
Instrument Method:

Processing Method':
Injection Date/Time:

IV-Mn-56 aft 8 hrs

BD4
Unknown

Bypass (Neg) CH30H (50-1000)
MS Quantitative

30/Jul/18 10:10

1.49
10.00

1.0000
1.0000

|Mass Spectrum

110 Apex Peak #1 Scan: #12 AV: 0.04 - 0.11 min (5) NL: 4.18E+004

%

100

135.08
904

13§25

80+

704

60+

50+

404

304

168.02

21210
21192
21325

370.04

O
OH
| AN
N~
5.126

m/z

1,000

Default MS Report/Peak Analysis

S171

Chromeleon (c) Dionex
Version 7.2.5.9507



Instrument:MSQ_1 Sequence:GJR Students Page 10of 1

Peak Analysis

lInjection Details

Injection Name: IV-MN-03

Vial Number: BD5

Injection Type: Unknown

Calibration Level:

Instrument Method: Bypass CH30H (50-1000)
Processing Method': MS Quantitative

Injection Date/Time: 02/Jul/18 17:13

Run Time (min):  1.50
Injection Volume: 5.00

Dilution Factor: 1.0000
Sample Weight: _ 1.0000

|Mass Spectrum

110 Apex Peak #2 Scan: #23 AV: 0.10 - 0.14 min (5) NL: 5.17E+006
%

- 170.03

90+

80+

N~
5.136

704

102.11

60+

50+

404

304

204

466.03
171.04

104 98P 15790 42920
73.96) i 24230 32519 507.03

396.89
126 l 287861 0p.11) @33 11 51104 59711 garay
Lﬁu L [.J.Jlu.ej'. ﬁ. [V VS Y W 2

=}

m/z
-10

1,000

Chromeleon (c) Dionex
Default MS Report/Peak Analysis Version 7.2.5.9507
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|
o

8.790 H
7.820
7.817
7..805 &
7.803

N

8.800

\NN\\WW/ N N

7.790
7..7987 o
e
7.287 &
7.281
7.270
7.266
7.256
6.867

6.653
6.639
6.624
6.614
6.611
6.605
6.594
6.579
5322
3.724
3.719
3229
B 2oLl
3.199
3176
Blenl-33
3.126
3113
3.104
3.087
3077
3.004
2.99%4
2.979
2..965
2.703
2.692
2.684
2.669
1293
0,109

(+)-6.42

Current Data Parameters

NAME V-Mn-148 i
EXPNO i
PROCNO 1
F2 - Acquisition Parameters
Date_ 20190620
Time 20:::51
INSTRUM spect
PROBHD 5 mm PAQXI 1H/
PULPROG zg30
TD 65536
SOLVENT CDC13
NS 16
DS 2
SWH 10330.578 Hz
FIDRES 0.157632 Hz
AQ 3.1719425 sec
RG 71.8
DW 48.400 usec
DE 6.50 usec
TE 298.2 K
D1 1.00000000 sec
TDO 1
= CHANNEL f1l =
1H
9.50 usec
4.00 dB

12.10000038 W
500.1330885 MHz

F2 - Processing parameters

~—

S173

SI 32768

SF 500.1300000 MHz
WDW EM

SSB 0

LB 0.30 Hz
GB 0

PC 1.00

I



4-Br PC & 2-PyrSO2Na

7

(£)-6.42

I I I I I I I T

160 150 140 130 120 110 100 90

80

T
70

60

T
50

S174

T
40

10

0 ppm

Current Data Parameters

NAME V-Mn-148 i
EXPNO 2
PROCNO 1

F2 - Acquisition Parameters
Date_ 20190621

Time 8::.53
INSTRUM spect
PROBHD 5 mm PAQXI 1H/
PULPROG zgpg30

TD 65536
SOLVENT CDCE13

NS 13712

DS 4

SWH 30030.029 Hz
FIDRES 0.458222 Hz
2O 1.0911744 sec
RG 32768

DW 16.650 usec
DE 6.50 usec
TE 298.2 K

D1 2.00000000 sec
D11 0.03000000 sec
TDO 1
======== CHANNEL fl ========
NUC1 13C

P1 12.00 usec
PL1 -4.00 dB
PL1W 172.88230896 w
SFO1 125.7703643 MHz
======== CHANNEL f2 ========
CPDPRG (2 waltzl6

NUC2 1H
PCPD2 80.00 usec
PL2 4.00 dB
PL12 22.51 dB
PL13 25.00 dB
PL2W 12.10000038 W
PL12W 0.17052394 w
PL13W 0.09611372 W
SFO2 500.1320005 MHz
F2 - Processing parameters
SI 32768

SF 125.7577890 MHz
WDW EM

S5SB 0

LB 1.00 Hz
GB 0

PC 1.40



4-Br PC & 3-PyrSO2Na

I+

(+)-6.52

. J

L ) R P e ) S Y e 0 . B I ) ) [ |

85 80 75 70 65 60 55 50 45 40 35 3.0 25 20 1.5

R

s

S175

<)
BRUKER
(<)

Current Data Parameters

NAME V-Mn-201 i
EXPNO 1
PROCNO 1

F2 - Acquisition Parameters
Date_ 20190825

Time 16.44
INSTRUM spect
PROBHD 5 mm PAQXI 1H/
PULPROG zg30

TD 65536
SOLVENT CDC13

NS 16

DS 2

SWH 10330.578 Hz
FIDRES 0.157632 Hz
AQ 3.1719425 sec
RG 128

DW 48.400 usec
DE 6.50 usec
TE 298.2 K
D1 1.00000000 sec
TDO 1
======== CHANNEL fl ========
NUC1 1H

Pl 9.50 usec
PL1 4.00 dB
PL1IW 12.10000038 W
SFO1 500.1330885 MHz
F2 - Processing parameters
ST 32768

SF 500.1300000 MHz
WDW EM

SSB 0

LB 0.30 Hz
GB 0

PC 1.00



123¢€

4-Br PC & 3-PyrSO2Na

=
™
(+)-6.52
[ I [ I i [ I I I I | [ I
150 140 130 120 110 100 90 80 70 60 50 40 30

S176

o)
BRUKER
(_><)

Current Data Parameters

NAME V-Mn-201 i
EXPNC 2
PROCNO 1
F2 - BAcquisition Parameters
Date_ 20190826
Time 7.08
INSTRUM spect
PROBHD 5 mm PAQXI 1H/
PULPROG zgpg30
D 65536
SOLVENT CDC13
NS 16384
DS 4
SWH 30030.029 Hz
FIDRES 0.458222 Hz
AQ 1.0911744 sec
RG 32768
DW 16.650 usec
DE 6.50 usec
TE 298.2 K
D1 2.00000000 sec
D11 0.03000000 sec
TDO 1
== CHANNEL f1 =
13G
12.00 usec
-4.00 dB

172.88230896 W
125.7703643 MHz

======== CHANNEL f2 ========
CPDPRG[2 waltzl6

NUC2 1H
PCPD2 80.00 usec
PL2 4,00 dB
PL12 22.51 dB
PL13 25.00 dB
PL2W 12.10000038 W
PL12W 0.17052394 w
PL13W 0.09611372 W
SFO2 500.1320005 MHz
F2 - Processing parameters
ST 32768

SF 125.7577890 MHz
WDW EM

SSB 0

1B 1.00 Hz
GB 0

PC 1.40



(+)-6.54

I "h J___%_Jquw

| JJ

Current Data Paramet
NAME V-Mn-222 m
EXPNO
PROCNO

D

iticn Parameters
202003C5
18:33
spect

mm PAQXI 1H/

2 - Acguis
te

INSTRUM
PROBHD
PULPROG
D
SOLVENT
Ng

Ds

sSwH
PIDRES
AQ

RG

DW

DE

5
3

3
3
1

-]

ODORUN®N o WEC

e

N Gy

[ = N
&

@
o

an

1]

[

T T T T
90 85 80 75

T T T T T T T T T T
60 55 50 45 40 35 3.0 25 20

T
15

T T
1.0 05

(=4 N DN 0 2] 0
S S &S S| o |2
N N - - © -
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13C: 4-Br PC & 4-pyrSo2Na pd(OAc)2 20 mol%, Pcy3 80%, K2CO03 (3 eq)

’

\ ) L) ) |
/ § 4

\\| / \\// /

J( \\\1/ f/

=

N
o |

(£)-6.54

CHANNEL £1

usec
dBe
dB
dB
W
PLlZ2W W
PL13W W
SF02 MHz

Processing

160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 ppm I

125

0

S178



4-Br [2.2]PC & 4-pyrSH

<)
BRUKER
(>

S AN Current Data Parameters
NAME V-Mn-155 1i
| EXPNO 1
N PROCNO 1
F2 - Acquisition Parameters
Date_ 20190619
Time 20.53
INSTRUM spect
- PROBHD S mm PAQXI 1H/
(i) 6.55 PULPROG 2g30
D 65536
SOLVENT CDC13
NS 16
DS 2
SWH 10330.578 Hz
FIDRES 0.157632 Hz
AQ 3.1719425 sec
RG 114
DW 48.400 usec
DE 6.50 usec
TE 298.2 K
D1 1.00000000 sec
TDO ak
======== CHANNEL fl ========
NUC1 1H
Pl 9.50 usec
PL1 4.00 dB
PL1W 12.10000038 W
SFO1 500.1330885 MHz
F2 - Processing parameters
ST 32768
SF 500.1300000 MHz
WDW
SSB 0
LB 0.30 Hz
GB 0
J J PC 1.00
i . L

] T ) [ [ . B (B0 0 0 0 00 057 [ . 7 6. S [ 1 R0

85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 05 ppm

g [EaEem gegse 13
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4—B;:3, [ 22 | P Cw 4,‘—“p,‘yLrSH

ks 1: ‘{/15 \ /; U ’/ ?é:;“: ‘ ; IE'

X 7
{ \/ N/ /
Current Data Parameters
NAME V-Mn-155 i
EXPNO 2
PROCNO 1
S X F2 - Acquisition Parameters
Date_ 20190620
| Time 8.35
_N INSTRUM spect
PROBHD 5 mm PAQXI 1H/
PULPROG zgpg30
TD 65536
SOLVENT CDC13
NS 13134
DS 4
(+)-6.55 SuH 30030.029 Hz
FIDRES 0.458222 Hz
AQ 1.0911744 sec
RG 32768
DW 16.650 usec
DE 6.50 usec
TE 298:2 K
D1 2.00000000 sec
D11 0.03000000 sec
TDO 1
======== CHANNEIL fl ========
NUC1 130
P1 12.00 usec
PL1 -4.00 dB
PL1W 172.88230896 W
SFO1 125.7703643 MHz
======== CHANNEL {2 ========
CPDPRG[2 waltz16
NUC2 1H
PCPD2 80.00 usec
PL2 4.00 dB
PL12 22.51 dB
PL13 25.00 dB
PL2W 12.10000038 W
PL12W 0.17052394 W
PL13W 0.09611372 W
SF02 500.1320005 MHz
F2 - Processing parameters
SI 32768
J { SF 125.7577890 MHz
. ks k. o " m._H L L y VDW EM
SSB 0
LB 1.00 Hz
150 140 130 120 110 100 9 80 70 60 50 40 30 20 10 O ppm & ° 4

S180



Pseudoortho dibromo PC & 2-PyrSO2Na (Pd:1) (20:80), K2CO3 (3 eq.)

<)
BRUKER
(>

=
NS
Pd Current Data Parameters
NAME V-Mn-216I1II 2nd fraction
EXPNO 1
PROCHNO 1
\\\ F2 - Acquisition Parameters
| Date_ 20190208
N / Time 18.27
INSTRUM spect
PROBHD 5 mm Multinucl
PULPROG zg30
(+)-6.64 ™ 65536
SOLVENT CDC13
ns 16
DS 2
SWH 8278.146 Hz
FIDRES 0.126314 Hz
A0 3.9583745 sec
RG 1625.5
bW 60.400 usec
DE 6.00 usec
TE 300.0 K
Dl 1.00000000 sec
D0 1

= CHANNEL f1 =

1H
Pl 10.00 usec
PL1 .80 dB
SFO1 400.1324710 MHZ
F2 - Processing parameters
SI 32768
SF 400.1300000 MHZ
WDW EM
SSB [
LB 0.30 Hz
GB 0
PC 1.00

P A - L ) L

e [ [ [ R 0 2 R T [ L R ) [ R I

90 85 80 75 70 65 6.0 55 50 45 40 35 30 25 20 15 1.0 0.5 ppm

g8 Iy meRs -
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V-Mn-216 III 2nd fraction (—-.>(7

Current. Data Paramet

CHANNEL f2 ========
waltzlo

ho

150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 ppm

S182



Pseudoortho dibromo PC & 2-PyrSO2Na

o] )

(Pd:1l) (204:80);

7
x~ _N

AN

w

N
(+)-6.65

S

K2C03

(3 eq.)

e _af
BRUKER
(L ><)

Current Data Parameters

NAME V-Mn-216I1I 2nd fraction
EXPNO 1
PROCHNO 1

F2 - Acquisition Parameters
Date_ 20190208

Time 18.27
INSTRUM spect
PROBHD 5 mm Multinucl
PULPROG zg30

D 65538
SOLVENT CDC13

ns 16

DS 2

SWH 8278.146 Hz
FIDRES 0.126314 Hz
A0 3.9583745 sec
RG 1625.5

bW 60.400 usec
DE 6.00 usec
TE 300.0 K

Dl 1.00000000 sec
D0 1

= CHANNEL f1 =

1H
Pl 10.00 usec
PL1 .80 dB
SFO1 400.1324710 MHZ
F2 - Processing parameters
SI 32768
SF 400.1300000 MHZ
WDW EM
SSB 0
LB 0.30 Hz
GB 0
PC 1.00

o o [ o R T 0L W ) | g B

c%h
|
N|O

4

o R

S183

fm
«
o

3 |

90 85 80 75 70 65 6.0 55 50 45 40 35 3.0 25 20 15

(%]
N

N

-7

o I S

1.0 0.5 ppm



V-Mn-216 III 2nd fraction

\

(+)-6.65

£

96 W

43 MHz

sr 757
WOW EM
SSB ]

LB

GB a
BE 1.40

I T I T I I I I

I T I ! I T I I I I 1

170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 ppm

S184




pseudoparadibromo| & 2-pyrSO2Na : purified again

Current Data Parameters

NAME V-Mn-180 main spot

EXPNO Nl

PROCNO 1

F2 - Acquisition Parameters

Date_ 20190811

Time 20.18

INSTRUM spect
(+)-6.69 PROBED 5 mm Multinucl

PULPROG zg30

TD 65536

SOLVENT CDC13

NS 16

DS 2

SWH 8278.146 Hz

FIDRES 0.126314 Hz

AQ 3.9583745 sec

RG 574.7

DW 60.400 usec

DE 6.00 usec

TE 300.0 K

D1 1.00000000 sec

TDO 1

e CHANNEL £l =y

NUC1l 1H

Pl 10.00 usec

PL1 3.80 dB

SFO1 400.1324710 MHz

F2 - Processing parameters

ST 32768

SF 400.1300000 MHz

WDW EM

SSB 0

__Jt_UuUuUL l b{ | L_JL\A___LEE . SZZ Hz

T (e ) L ML [ | IR e (e [ e [ [ e e o e e R |

90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 ppm

I R e
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13C : Pseudoparadibromo, PC & 2PyrSO2Na
]
NS
N
| X
N
(+)-6.69
R e S T R R T e T T TR ]
160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 ppm

S186

P,
BRUKER
(>

Current Data Parameters

NAME
EXPNO
PROCNO

Desktop
2

i

F2 - Acquisition Parameters

Date_
Time
INSTRUM
PROBHD
PULPROG
TD
SOLVENT
NS

DS

SWH
FIDRES
AQ

RG

DW

DE

CPDPRG[2
NUC2
PCPD2
PL2

PL12
PL13
PL2W
PL12W
PL13W
SFO2

20190919
8.47

spect

5 mm PAQXI 1H/
zgpg30

65536

CDC13

14990

4
30030.029 Hz
0.458222 Hz
1.0911744
32768
16.650 usec
6.50 usec

298.0 K
2.00000000
0.03000000

172.88230896 W
125.7703643 MHz

CHANNEL f2 ========
waltzlé
1H
80.00 usec
4.00 aB
22.51 dB
25.00 dB
12.10000038 W
0.17052394 W
0.09611372 W
500.1320005 MHz

F2 - Processing parameters

SI
SF
WDwW
SSB
LB
GB
PC

32768
125.7577890 MHz
EM
0
1.00 Hz
0
1.40



Pseudoparadirbomo PC & 3-PyrSO2Na (4 eg.) Pd:1 (2:8)

(£)-6.72

(ORI T LV PR i

T T T T T T

7 6 3 2 1 0 ppm
o|o NN [ on|o|m
XS b bl P O|N| |
ey v (] NNl

S187

Current Data Parameters
NAM=Z VI-Mn-44 ii
EXPNC 1
PRCCNO &
F2 - Accuisitiorn Parameters
Date_ 20200127
Time 8.59
INSTRUM spect
PRCBHD 5 mm PAQXI 1H/
PULPROG zg30
D 36
SOLVENT CDC13
NS 6
D8 2
SWH 78 Hz
FIDRES 2 Hz
AQ 5 sec
RG 6
DW 0 use
DE .50 use
TE 298.2 ®
Dl 1.00000000 sec
TDO x
CHANNEL f1
1H
50 usec
00 dB
38w
SFol 85 MHz
B2 eters
SI 7€8
SF 00 MEz
WDW EM
SSB 0
1B 0.30 Hz
GB 9]
PC 1.00




13¢C 3

(£)-6.72

Pseudoparadirbomo PC & 3-PyrSO2Na (4 edg.)

S8

Bd:il

(2:8)

T T
160 150

T
140

T T T T T
130 120 110 100 90

T
80

T
70

T
60

T
50

S188

T
40

30

Current Data Parameters
VI-Mn-44 i1

mm PAQXT

CEANNEL {2 ========

waltzlé




Pseudoorthodibromo & 2-Pyr Pd:L (1:4)

.Br

N~
(+)-6.74

g J ) J 1

L

) e [ R L ) ) ) ) L e e e o e e [ 0y e

85 80 75 7.0 65 60 55 50 45 40 35 3.0 25 20

5 8 [2gs

5o [t
e

|

T R EIE

1.0 0.5 ppm

il
BRUKER
(>

Current Data Parameters

NAME VI-Mn-30 i
EXPNO 1
PROCNO s

F2 - Acquisition Parameters
Date_ 20200123

Time 18.26
INSTRUM spect
PROBHD 5 mm PAQXI 1H/
PULPROG zg30

TD 65536
SOLVENT CDC13

NS 16

D5 2

SWH 10330.578 Hz
FIDRES 0.157632 Hz
2AQ 3.1719425 sec
RG 256

DW 48.400 usec
DE 6.50 usec
TE 298.0 K
D1 1.00000000 sec
TDO 1
======== CHANNEL fl ========
NUC1 1H

B 9.50 usec
PL1 4.00 dB
PL1IW 12.10000038 w
SFO1 500.1330885 MHz
F2 - Processing parameters
ST, 32768

SF 500.1300000 MHz
WDW EM

SSB 0

LB 0.30 Hz
GB 0

PC 1.00



13 &

Pseudoorthodibromo & 2-Pyr Pd:L

(1:4)

.Br
X
N~
(£)-6.74
B i i e T e Bt il e e TR TRl T RS
160 150 140 130 120 110 100 9 80 70 60 50 40 30 20 10 ppm

S190

Current Data Parameters

NAME VI-Mn-30 i
EXPNO 2
PROCNO 1

F2 - Acquisition Parameters
Date_ 20200124

Time 8.38
INSTRUM spect
PROBHD 5 mm PAQOXI 1H/
PULPROG zgpg30

TD 65536
SOLVENT CDC13

NS 16144

DS 4

SWH 30030.029 Hz
FIDRES 0.458222 Hz
AQ 1.0911744 sec
RG 32768

DW 16.650 usec
DE 6.50 usec
TE 298.5 K

D1 2.00000000 sec
D11 0.03000000 sec
TDO 1
======== CHANNEL f]l ========
NUC1 136

Pl 12.00 usec
PL1 -4.00 dB
PL1W 172.88230896 W
SFO1 125.7703643 MHz
======== CHANNEL f2 ========
CPDPRG[2 waltzl6

NUC2 1H
PCPD2 80.00 usec
PL2 4.00 dB
PL12 22.51 dB
PL13 25.00 dB
PL2W 12.10000038 W
PL12W 0.17052394 W
PL13W 0.09611372 W
SFO2 500.1320005 MHz
F2 - Processing parameters
SI 32768

SF 125.7577890 MHz
WDW EM

SSB 0

1B 1.00 Hz
GB 0

Pe 1.40



Current Data Parameters
NAME VI-Mn-30
ZXPNO
.Br PROCNO

i

T2 - Acquisition Parameters
Date 2020¢C123

Time 18.26
INSTRUM spect

X SROBHD 5 mm TAQXI 1H/

| PULPROG zg30

~ D 65536

N SOLVENT cDC13

NS 16

(£)-6.75 2

102330.578 Hz
0.157632 Hz
3.1719425 sec
286
48.400 usec
6.50 usec

298.0 X
D1 1.0C00C00C sec
TDO &
1H
50 usec
J0 dB
38 W
85 MHz
T2 - Processing parameters
SI 32768
SF 500.1300000 MHz
WDW EM
SSB 6]
LB 0.30 Hz
GB )
foie 1.00
| | | U i
L LG UTL | ) - S | R 5= BT
9 8 7 6 5 4 3 2 1 0 ppm
) ™~ ’{W--— N (@] (w0 (@
S o |®|3|e|e|a|n ol |of [=|e|=| (2
- ™N Olr=|vr|v=|v=|v= b oot | INI=leN -



13C : Pseudoorthodibromo & 2-Pyr Pd:L (1:4)

LU AN

) ) /‘J J \ ) ‘ g .3
/// S / '
\N\l ////K/r A% \”'

.Br

\

I+

(+)-6.75

T T T T T T T T T T T T T T T T T
180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20

S192

Current Data Parame

NAMI: VI-Mn

EXPNO

PRCCNO

F2 - Acqui °1tl,h quamo:;lf




o
0]
o
o
Q.
2]
o
55
o)
Q.
e
5
0
=
o}

8.741
8.730
7.606
7.603 o
7.596
7.594
7.287 &
7.156 o
4453
6.756
6.740

6.682 Q

6.648 =

4-PyrS02Na (2 eq.) (1:4)
LLVLVWLVLVVVOVOVNOOWVODOWOVOANNAANANN O DO NN BRUKER
CLVWVWVWVWVLWVWVWWOYOUMNMHMMNMHMNHMOHMOHMMMOHANNNNNNNNNAO

RIS\ TN

L g

Current Data Parameters

NAME VI-Mn=51 ii

EXPNO 1

.Br PROCNO 1
F2 - Acquisition Parameters

Date_ 20200202

Time 17.34

AN INSTRUM spect

| PROBHD 5 mm 2AQXI 1H/

PULPROG 2g30

_N ™D 6553

SOLVENT ¢DCl

OO BN D[ oW oy
m

97 z
.157632 Hz
3.1719425 sec
228.
48.40C usec
.50 usec
298.2 K

1.00000000 sec

o s &J A L lL\, ‘4‘__4, NN L

T T

T T T T T T T T T T T T T T T T T
95 90 85 80 75 7.0 65 6.0 55 50 45 40 35 30 25 20 15 1.0 05 ppm

«©
e %
2

.00

-

0o | =] | 2]
o~ el 2] 2= =
-l ol o e (=]
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13C : Pseudoorthodibromo PC & 4-PyrSO2Na (2 eg.) (1:4)

' BRUKER
] \\J /} L\w}\_(\\\‘ i\\ ‘\ // ) J
1 SN

Current a Paramezers
NAMIL VI-Mn-51 1ii
EXPNN 3

PROCNG

F2 - Acquisition

.Br

(+)-6.76

PL2
PL12
PL13
PL2W
PL12W
PL13W

‘ ; ]
81

Wow
160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 ppm 0 s
PC 1.40
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PseudoparadibromoPC & 2-PyrSO2Na (2 eg.), PD:L (1:4)) :purified again

Current Data Parameters

NAME VI-Mn-34 i
ZXPNO 3
PROCNO 1

- Acquisition Parameters
3 20200604

16.10

INSTRUM spect

PROBHD 5 mm PAQXI 1H/

PULPROG zg30

_N b 65536
SOLVENT CDC13

64

2

(£)-6.71

1033C.578 Hz
0.157632 Hz
3.1719425 sec
512
48.40C usec
sec

F2 - Processing parameters
sI 32768
SF 500.13C0000 MHz
WDW EM
SSB 0
| LB 0.30 Hz
' GB 0
| ‘ ‘ { M M i i =c 1.00
S N (W (€09 L LAY 7 S N Gy WA

T T T T T T T T T T T
9 8 7 6 5 4 3 2 1 0 ppm
(=4 Q- |o|N|®|w | ﬁ\(éromcov
« 1| bt B | ] oo B ] bt | e b
- === r=[ D] ===
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PseudoparadibromoPC & 2-PyrSO2Na (2 eq.),

PD:L (1:4))

T T T T T T T T T
160 150 140 130 120 110 100 90

S196

ppm

Parameters
VI-Mn-34 i
2

00 usec




L

=

Current Data Parameters

NAME VI-Mn-35
EXPNO 1
PROCNO 1
Br F2 - Acquisition Parameters
Date_ 20200122
Time 18.03
\ O INSTRUM spect
| PROBHD 5 mm PAQXI 1H/
bz PULPROG zg30
N TD 65536
SOLVENT CDC13
(+)-6.78 NS 16
DS 2
SWH 10330.578 Hz
FIDRES 0.157632 Hz
AQ 3.1719425 sec
RG 181
DW 48.400 usec
DE 6.50 usec
TE 297.9 K
D1 1.00000000 sec
TDO R 2
======== CHANNEL fl ========
NUC1 1H
Pl 9.50 usec
PL1 4.00 dB
PL1W 12.10000038 w
SFOL 500.1330885 MHz
F2 - Processing parameters
ST 32768
SF 500.1300000 MHz
WDW EM
SSB 0
‘ 1B 0.30 Hz
GB 0
PC 1.00

M
iy | |

R 5 e s T | T [ ] | e e e s T | T ] T s [E | R o IR [t

85 80 75 70 65 6.0 55 50 45 40 35 3.0 25 20 15 1.0 05 ppm

&

3 (88 8

13

3 L
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13C : Pseudopara dibromo & 3-PyrSO2Na Pd:1 (1:4)

S LF
N

Current Data Parameters
NAME VI-Mn-35
EXPNO 2
PROCNO 1
F2 - Acquisition Parameters
Date_ 20200123
Time 8.30
INSTRUM spect
PROBHD 5 mm PAQXI 1H/
PULPROG zgpg30
D 65536
SOLVENT CDC13
NS 16384
DS 4
SWH 30030.029 Hz
FIDRES 0.458222 Hz
AQ 1.0911744 sec
RG 32768
DW 16.650 usec
DE 6.50 usec
TE 29758 K
D1 2.00000000 sec
D11 0.03000000 sec
TDO 1
========: CHANNEL 'f] ========
NUC1 13¢
P1 12.00 usec
PL1 -4.00 dB
PL1W 172.88230896 W
SFO1 125.7703643 MHz
======== CHANNEL {2 ========
CPDPRG[2 waltzl6
NUC2 1H
PCPD2 80.00 usec
PL2 4.00 dB
PL12 22.51 dB
PL13 25.00 dB
PL2W 12.10000038 W
PL12W 0.17052394 w
PL13W 0.09611372 W
SFO2 500.1320005 MHz
F2 - Processing parameters
SI 32768
SF 125.7577890 MHz
WDW EM
SSB 0

e R R e 1.00 Hz

160 150 140 130 120 110 100 9 80 70 60 50 40 30 20 10 ppm @ 0 4
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8.735
8.724
7.413
7.401

74287
T 263

e e\

7.260
7247
7.244

6.658
6.656
6.649
6.634
6.562
6.547
6.526
6523
6..510
3.590

Br

||
A N

jI 3 11

T T T
95 9.0 85

T T T T T T T T T T T T T T T T T
80 75 70 65 6.0 55 50 45 40 35 30 25 20 15 1.0 0.5 ppm

~o 0| D N[O ||
Qe v b bl bl bl Bl IR
N[ NIN Olr=|~|N|=|N

S199

Current Data Parameters
NAME VI-Mn-52 iii
EXPNO 1
PROCNC 1
F2 - Acquisition Paramet

P

PULPRCG
TC
SCLVENT
N&

Ds

SWH
FIDRES
AQ

RG

DW

dB

12.10000038 W
SFOl 500.1330885 MHz

- Processing parameters
SI 22768

SF 5€0.1300000 MHz

2]
a
U=

o

PC 1,00



13C : Pseudoparadibromo PC & 4-PyrSO2Na (2 eq.) (1:4)

(+)-6.79

150 140 130 120 110 100

Current
NAME
EXPNG
PROCNO

CEANNEL fl ========

CHANNKI, f2 ========
waltzlé

80 70 60 50 40 30 20 10 ppm c= 0
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Pseudoparadibromo PC & 4-PyrSO2Na (2 eg.) (1:4)

OANANAN~LOVOIN NN AN NMNMEEOST TN FTMOITODANA~TO OO NXOSLWN P A0 0
OO~ 0ON—HOWVWONWOEVOIAEVMINITNNONCEVDITIMEONANONDS OO ORD
0 O ™~~~ MO MNMOMNOOMOOONNNNNNNHAAO O

(><I

Current Datsa Paremeters
NAME VI-Mn-52 ii
EXPNO 2
PRCCNC 1

Br

FZ2 - Acguisition Parameters
S Date_ 20200608
Time 16.42
INSTRUM spect
PRCE! 5 mre PAQXI 1H/
= PULEROG 30
| ™

\N (+)-6.80 SOLVENT

a o

O on

O unQ
) W

L

NS
s
SWH 10330.
FIDRES 0,457
AQ 35292
RG
Dw 48.
L=

MG N W
FOCUOOCNON®DGWEO

======== CHANNEL £l

=
2 )
=

0

w

o

oL n Ko
GQuwongrHN

'K )

\ iy Y NWAY
A A WAL [ W Smmesgad WRRAT NN \ | P

©
-4}
~
»
(4]
S
o
N -
k]

0 ppm

b= NEIEEE ©
b ] et fonc] o] B o i b
S

SlriclNi~=Io

2.00
2.31
2.27
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13C : Pseudoparadibromo PC & 4-PyrSO2Na (2 eq.) (1:4)

Br
)
/ | SWH
X +)-6.80
N (£)

CHARNEL f1l ========

T T T T T T |
160 150 140 130 120 110 100 90

S202



Pseudogem CO2Me Br (& 2-Pyr

i\ A

L

90 85 80 75 70 65 6.0 55 50 45 40 35 3.0 25 20

8

D[ [N N[N M ] O
st e b B i e e Bk B e
N[N~ O

ELLEE

S203

1.5

1.0 0.5 ppm

o)
BRUKER
(. ><)

Current Data Parameters

NAME V-Mn-297 II
EXPNO 6
PROCNO 1

F2 - Acquisition Parameters
Date_ 20200201

Time 20.39
INSTRUM spect
PROBHD 5 mm PAQXI 1H/
PULPROG zg30

ID 65536
SOLVENT CDC13

NS 64

DS 2

SWH 10330.578 Hz
FIDRES 0.157632 Hz
AQ 3.1719425 sec
RG 256

DW 48.400 usec
DE 6.50 usec
TE 298.2 K
D1 1.00000000 sec
TDO i}
—==s=m== CHANNEL o
NUC1 1H

Pl 9.50 usec
PL1 4.00 dB
PL1W 12.10000038 W
SFO1 500.1330885 MHz
F2 - Processing parameters
ST 32768

SF 500.1300000 MHz
WDW EM

SS5B 0

LB 0.30 Hz
GB 0

PC 1.00



13C : Pseudogem CO2Me Br & 2-Pyr

(£)-6.82

170 160 150 140 130 120 110 100 90

80

70

60

S204

50

40

30

20

10

ppm

Current Data Parameters

NAME V-Mn-297 II
EXPNO 7
PROCNO 1

F2 - Acquisition Parameters
Date_ 20200202

Time 11:02
INSTRUM spect
PROBHD 5 mm PAQXI 1H/
PULPROG zgpg30

D 65536
SOLVENT CDE13

NS 16384

DS 4

SWH 30030.029 Hz
FIDRES 0.458222 Hz
AQ 1.0911744 sec
RG 32768

DW 16.650 usec
DE 6.50 usec
TE 298.2 K

D1 2.00000000 sec
D11 0.03000000 sec
TDO 1
======== CHANNEL f]l ========
NUC1 13C

Pl 12.00 usec
PL1 -4.00 dB
PL1W 172.88230896 W
SFO1 125.7703643 MHz
======== CHANNEL f2 ========
CPDPRG[2 waltzlé

NUC2 1H
PCPD2 80.00 usec
PL2 4.00 dB
PL12 22.51 dB
PL13 25.00 dB
PL2W 12.10000038 W
PL12W 0.17052394 W
PL13W 0.09611372 W
SFO2 500.1320005 MHz
F2 - Processing parameters
SI 32768

SF 125.7577890 MHz
WDW EM

SSB 0

LB 1.00 Hz
GB 0

PC 1.40



Peudoortho Br (0O2Me & 3-PyrSO2Na (Pd:1) (10:40), K2CO3 (1.5 eg.)l,4-dioxane
OMe BRUKER
/& = |
@) S~ N
Current Data Parameters
NAME V-Mn-240 iii
EXPNO 1
PROCNO ils
F2 - Acquisition Parameters
Date_ 20191005
(%)-6.83 Time 20.22
INSTRUM spect
PROBHD 5 mm Multinucl
PULPROG zg30
TD 65536
SOLVENT CDC13
NS 16
DS 2
SWH 8278.146 Hz
FIDRES 0.126314 Hz
AQ 3.9583745 sec
RG 574.7
DW 60.400 usec
DE 6.00 usec
TE 300.0 K
D1 1.00000000 sec
TDO 1
======== CHANNEL fl ========
NUC1 1H
Pl 10.00 usec
PL1 3.10 dB
SFOL 400.1324710 MHz
F2 - Processing parameters
SI 32768
SF 400.1300000 MHz
WDW EM
SSB 0
LB 0.30 Hz
GB 0
N L “ . ) pC 1.00
G e ho ] B T ) o e e e e e e e e B R S Eem e —
85 80 75 70 65 6.0 55 50 45 40 35 3.0 25 20 15 1.0 ppm

B @[ Eese 2 [ERshE
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13C :Pseudo gem CO2Me Br & 3-PyrSO2Na

()Me//
Nl

N

(+)-6.83

160 150 140 130 120 110 100

90

80

70

60

S206

50

T
40

30

\
20

ppm

Current Data Parameters

NAME V-Mn-240 iii
EXPNOC 2
PROCNO 1

F2 - Acquisition Parameters
Date_ 20191007
Time Do,
INSTRUM spect
PROBHD 5 mm PAQXI 1H/
PULPROG zgpg30

TD 65536
SOLVENT cDel3

NS 16384

DS 4

SWH 30030.029 Hz
FIDRES 0.458222 Hz
AQ 1.0911744 sec
RG 32768

DW 16.650 usec
DE 6.50 usec
TE 298.0 K
D1 2.00000000 sec
D11 0.03000000 sec
TDO 1

PL2W 12.10000038 W
PL12W 0.17052394 W
PL13W 0.09611372 W
SFO2 500.1320005 MHz
F2 - Processing parameters
SI 32768

SF 125.7577890 MHz
WDW EM
SSB 0

LB 1.00 Hz
GB 0

BC 1.40



Pseudo ortho NH2 Br| & 2-PyrSO2Na

Juuu 3

NH,

/)

(+)-6.109

9

5

) [0 . I L A ) I

4

Ll

3 2
ﬁé‘dﬁﬁ
berd b b
N|v™|N| ™

S207

1

ppm

<)
BRUKER
(>

Current Data Parameters

NAME VI-Mn-48 ii
EXPNO 2.
PROCNO 1

F2 - Acquisition Parameters
Date_ 20200128

Time 19.01
INSTRUM spect
PROBHD 5 mm PAQXI 1H/
PULPROG zg30

TD 65536
SOLVENT CDC13

NS 64

DS 2

SWH 10330.578 Hz
FIDRES 0.157632 Hz
AQ 3.1719425 sec
RG 256

DW 48.400 usec
DE 6.50 usec
TE 298.2 K
D1 1.00000000 sec
TDO il
======== CHANNEL fl ========
NUC1 1H

Bl 9.50 usec
PL1 4.00 dB
PL1W 12.10000038 W
SFO1 500.1330885 MHz
F2 - Processing parameters
SI 32768

SF 500.1300000 MHz
WDW EM

SSB 0

LB 0.30 Hz
GB 0

PC 1.00



13C : Pseudo ortho NH2 Br & 2-PyrSO2Na

I+

)-6.109

(

IRPPITITNEUIIOD |} W FAS RO

B e e [ R

160 150 140 130 120 110 100 9 80 70 60 50 40 30 20 10 ppm

S208

Current Data Parameters

NAME VI-Mn-48 ii
EXPNC 3
PROCNO 1

F2 - Acquisition Parameters
Date_ 20200129

Time 9:.1.9
INSTRUM spect
PROBHD 5 mm PAQXI 1H/
PULPROG zgpg30

TD 65536
SOLVENT CDC13

NS 16288

DS 4

SWH 30030.029 Hz
FIDRES 0.458222 Hz
RQ 1.0911744 sec
RG 32768

DW 16.650 usec
DE 6.50 usec
TE 298.2 K

D1 2.00000000 sec
D11 0.03000000 sec
TDO 1
======== CHANNEL fl ========
NUCL 13C

P1 12.00 usec
PL1 -4.00 dB
PL1W 172.88230896 W
SFO1 125.7703643 MHz
======== CHANNEL f2 ========
CPDPRG (2 waltzl6

NUC2 1H
PCPD2 80.00 usec
PL2 4.00 dB
PL12 22.51 dB
PL13 25.00 dB
PL2W 12.10000038 W
PL12W 0.17052394 w
PL13W 0.09611372 W
SFO2 500.1320005 MHz
F2 - Processing parameters
SI 32768

SF 125.7577890 MHz
WDW EM

SSB 0

LB 1.00 Hz
GB 0

PC 1.40



H
{2 9}
()
[
K
=y
o]

150
(a1
Q
L)
@)
f<g]
[y
|
Lav)
53
(a1
w
O
N
=z
i}

BRUKER
R T e i ee s (OO

Current Data Pa

9.514
6.760
6.677
6661
6.645
6:562
6.547
6.481
6.465
39861
3.948
8:/937
3.929
3,921
32913
3.340
3..333
34324
332
3.068
3.044
3.024
3.011
25977
2961
2952
2.943
2.935
2..918
2.904
2883
2.872
2852
2.841
2827
2818
1277
0.095

meters

NAM= V-Mn-257 Main
=~ "N
| F2 - Acguisition Parameters
NN Date_ 20200802
Time 17.20
INSTRUM spect
/O PROBHD 5 mm PAQXI 1H/
PULPROG 0
D 6
SOLVENT 3
NS 5
(£)-6.115 s
FIDRES 2
o 5
.5
0
50

WDW EM
SSB 0
1B 0.30 Hz
GB 0

h RO |~4 |A N W PRI | | SRR |- e oaale g o A BG T80

I I I I I I I I I I I
10 9 8 7 6 5 4 3 2 1 0 ppm

[} o« N[O r—]|N]O (= olN|©

e p ] b B b R B B o ] ]

o ~N ~=OICINI~I|O - NI~
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13C : Ortho Br CHO & 4-PyrSO2Na

“Z N
. |
0
(+)-6.115
MHz
" " A\ Lk J. - " - ekl Processing L,,;:zglu\
- ) B si 125,757
e
I I T T I I T T T T T ts;E 0 )
200 180 160 140 120 100 80 60 40 20 0 ppm o ;

1.40
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Ortho NH2 Br & 2-PyrSO2Na

i

(

1+

U

7

)-6.117

NH,

) e U

g

S [ G ) 5

i EE

P B 87 e ) (G [ I A R o

85 80 75 70 65 6.0 55 50 45 40 35 3.0 25 20

g B

aRee

S211

1.5

1.0 0.5 ppm

<)
BRUKER
(<)

Current Data Parameters

NAME VI-Mn-15 1iii
EXPNO 1
PROCNO 1

F2 - Acquisition Parameters
Date_ 20191231

Time 14.05
INSTRUM spect
PROBHD 5 mm PAQXI 1H/
PULPROG zg30

TD 65536
SOLVENT CDC13

NS 64

DS 2

SWH 10330.578 Hz
FIDRES 0.157632 Hz
AQ 3.1719425 sec
RG 128

DW 48.400 usec
DE 6.50 usec
TE 2971 ¥
D1 1.00000000 sec
TDO il
======== CHANNEL fl ========
NUC1 1H

Bl 9.50 usec
PL1 4.00 dB
PL1W 12.10000038 W
SFO1 500.1330885 MHz
F2 - Processing parameters
SI 32768

SF 500.1300000 MHz
WDW EM

SSB 0

LB 0.30 Hz
GB 0

PC 1.00



13C : Ortho NH2 Br & 2-PyrSO2Na

\ﬁ?/ N/

=

|
N
NH>

(£)-6.117
I I I I I I I I I I
180 160 140 120 100 80 60 40 20 ppm

S212

Current Data Parameters

NAME
EXPNO
PROCNO

VI-Mn-15 iii
2z
1

F2 - Acquisition Parameters

Date_
Time
INSTRUM
PROBHD
PULPROG
D
SOLVENT
NS

DS

SWH
FIDRES
AQ

RG

DW

DE

CPDPRG[2
NUC2
PCPD2
PL2

PL12
PL13
PL2W
PL12W
PL13W
SFO2

20200101

4,29

spect

5 mm PAQXI 1H/
zgpg30

65536

CDC13

16384

4
30030.029 Hz
0.458222 Hz
1.0911744 sec
32768
16.650 usec
6.50 usec
298.3 K
2.00000000 sec
0.03000000 sec

172.88230896 W
125.7703643 MHz

CHANNEL f2 ========
waltzl6
1H
80.00 usec
4.00 dB
22.51 dB
25.00 dB
12.10000038 W
0.17052394 W
0.09611372 W
500.1320005 MHz

F2 - Processing parameters

SI
SF
WDwW
SSB
LB
GB
PC

32768
125.7577890 MHz
EM
0
1.00 Hz
0
1.40



Ortho NH2 Br & 3FPyrSO2Na
/ |
. _N

NH,

(+)-6.118

L

Current Data Parameters

NAME VI-Mn-16 ii
EXPNO 2
PROCNO 1
F2 - Acquisition Parameters
Date_ 20191230
Time 15.40
INSTRUM spect
PROBHD 5 mm PAQXI 1H/
PULPROG zg30
TD 65536
SOLVENT CDC13
NS 64
DS 2
SWH 10330.578 Hz
FIDRES 0.157632 Hz
AQ 3.1719425 sec
RG 128
DW 48.400 usec
DE 6.50 usec
TE 296.9 K
D1 1.00000000 sec
TDO 1.
======== CHANNEL fl ========
NUC1 1H
Pl 9.50 usec
PL1 4.00 dB
PL1IW 12.10000038 w
SFO1 500.1330885 MHz
F2 - Processing parameters
SI 32768
SF 500.1300000 MHz
WDW EM
SSB 0
LB 0.30 Hz
GB 0

L.pC 1.00

85 80 75 70 65 60 55 50 45 40 35 3.0 25 20

B e e

ppm



13C : Ortho NH2 Br & 3-PyrSO2Na

7
. _N
NH,
(£)-6.118
| | | [ I I I I I | | I | | I | | I
150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 ppm

S214

Current Data Parameters

NAME VI-Mn-16 ii
EXPNO 3
PROCNO 1

F2 - Acquisition Parameters
Date_ 20191231

Time 6.05
INSTRUM spect
PROBHD 5 mm PAQXI 1H/
PULPROG zgpg30

TD 65536
SOLVENT CDC13

NS 16384

DS 4

SWH 30030.029 Hz
FIDRES 0.458222 Hz
2O 1.0911744 sec
RG 32768

DW 16.650 usec
DE 6.50 usec
TE 296.8 K

D1 2.00000000 sec
D11 0.03000000 sec
TDO 1
se=mm=== GHANNEL £l (sr======
NUC1 13¢C

Pl 12.00 usec
PL1 -4.00 dB
PL1W 172.88230896 W
SFO1 125.7703643 MHz
======== CHANNEL f2 ========
CPDPRG[2 waltzl6

NUC2 1H
PCPD2 80.00 usec
PL2 4,00 dB
PL12 22.51 dB
PL13 25.00 dB
PL2W 12.10000038 W
PL12W 0.17052394 W
PL13W 0.09611372 W
SFO2 500.1320005 MHz
F2 - Processing parameters
SI 32768

SF 125.7577890 MHz
WDW EM

SSB 0

LB 1.00 Hz
GB 0

PC 1.40



