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Abstract

Design and synthesis of novel phosphine ligands is one of the most enduring and
fascinating research areas for chemists. These new designs aim to improve reactions with harsh
conditions or achieve challenging goals in transition metal-catalysed reactions. This thesis
focuses on the utility of newly synthesised phosphine ligands in Pd-catalysed cross-coupling

reactions.

Following a brief introduction to the development of phosphine ligands utilised in palladium
catalysis, Chapter 2 discusses the synthesis of sterically hindered biaryls using an indole-amide-
based phosphine ligand in Pd-catalysed Suzuki—Miyaura cross-coupling reactions. This method
achieves excellent yields in short reaction times, such as 10 minutes, and with extremely low
palladium catalyst loadings down to 50 ppm. As these target compounds serve as the
fundamental framework for materials science and pharmaceutical agents, this more efficient,

milder, and more diverse synthetic route remains alluring.

From Chapter 3 onwards, the thesis explores the unconventional and specific
chemoselectivity exhibited by a series of C2-alkylated indole-based phosphine ligands in Pd-
catalysed borylation. Polyhalogenated aryl triflates, which have multiple reactive sites, were
traditionally believed to follow the reactivity order of C-Br > C-OTf > C-CI. However, this chapter
reports a Pd-catalysed chemoselective borylation reaction with a reactivity order of C-CI > C-OTf.
SelectPhos achieves high reactivity and chemoselectivity through a C-HPd interaction involving
the methine hydrogen of the C2-alkyl group. This interaction may help stabilise the palladium
centre and facilitate the activation of the C-Cl bond. Additionally, the catalyst can perform a one-
pot two-step sequence of chemoselective borylation followed by intermolecular Suzuki-Miyaura
coupling to synthesise asymmetric biaryls containing triflate moieties, paving the way for the

synthesis of complicated terphenyls.

The properties of these ligands form the basis for Chapter 4, where 2-alkylated indole-
based phosphine ligands are applied to achieve a reactivity order of C-Br > C-CI| > C-OTf in
Suzuki-Miyaura cross-coupling reactions with polyhalogenated aryl triflates. Various
bromo(hetero)aryl triflates were successfully coupled with (hetero)arylboronic acids, achieving
excellent reactivity and chemoselectivity. This catalyst is active at a remarkably low palladium
loading of 0.02 mol%. This system demonstrates a sequential dual functionalisation of

bromochloroaryl triflates, laying the groundwork for synthesising triphenyl and its derivatives.
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1. Chapter 1: Introduction 1

1.1 Background

Phosphine ligands have emerged as one of the most extensively utilised in catalysis,
primarily due to their ability to activate metal centres and achieve desired reactivity. When
coordinated to metal centres, these ligands significantly enhance catalytic performance

compared to the use of metals alone.

The design and synthesis of novel phosphine ligands is a compelling area of chemistry
research, driven by the need to enhance the efficiency, selectivity, and versatility of transition
metal-catalysed reactions.®? Phosphine ligands, owing to their tunable steric and electronic
properties, play a pivotal role in the modulation of catalytic activity and selectivity in a wide range
of chemical transformations. This thesis explores the utility of newly synthesised phosphine
ligands in Pd-catalysed cross-coupling reactions, focusing on achieving high reactivity and
chemoselectivity.

The field of Pd-catalysed coupling reactions has been an area of intense scientific
investigation for several decades. Researchers have dedicated considerable efforts to exploring
and advancing the mechanistic underpinnings of these essential organic transformations. Three
fundamental steps are at the core of Pd-catalysed coupling reactions: oxidative addition,

transmetallation, and reductive elimination (Scheme 1.1).2

—X

oxidative

—R Pd° addition

reductive "
elimination _ﬁ’d
X
—pg! &Y
|'Q transmetallation

X=-Y

Scheme 1.1 General catalytic cycle of Pd-catalysed coupling reactions

The process begins with an oxidative addition step, wherein an electrophilic species, typically
a halide or pseudohalide, binds to the zerovalent and unsaturated palladium(0) catalyst. This
results in the generation of an intermediate palladium(Il) complex. In the subsequent step, a base,
such as an alkoxide or hydroxide, substitutes the halide ligand in the palladium(ll) intermediate.
Later on, a nucleophilic organometallic species, often an organoboron anion, associates with the

palladium(ll) complex, forming a new palladium(ll) species in a transmetallation step. The final
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step in the catalytic cycle involves the reductive elimination of the palladium(ll) complex, which
releases the desired coupling product and regenerates the active palladium(0) catalyst,

completing the cyclic process.?

In this thesis, we aim to design and synthesize phosphine ligands to expand the scope and
optimize the application of Pd-catalysed transformations, as well as to gain mechanistic insight

to elucidate the origins of the ligands.
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1.2 The Development of Suzuki—Miyaura Cross-Coupling Reaction

The Suzuki—-Miyaura cross-coupling reaction has emerged as one of the most widely utilised
tools for carbon-carbon bond formation. This Pd-catalysed transformation offers several distinct
advantages compared to other cross-coupling methodologies. Firstly, the starting materials and
byproducts associated with Suzuki-Miyaura reactions typically exhibit low toxicity profiles,
making them more environmentally friendly. Additionally, milder reaction conditions allow for
higher functional group tolerance. Furthermore, organoboron species are commonly employed
as coupling partners, both thermally stable and insensitive to oxygen and water, thus enhancing
the practical utility of this reaction.* As a result of these appealing features, the Suzuki-Miyaura
cross-coupling has been the subject of extensive research and development, leading to a vast

body of published literature with in-depth investigations into various aspects of the reaction.

The Suzuki—Miyaura cross-coupling reaction was first reported in 1979 by the research team
of Suzuki, Miyaura, and Yamada.® They demonstrated the successful coupling of alkenyl boranes
with alkenyl bromides as their pioneering work, resulting in the formation of coupled products in
good yields (Scheme 1.2). A notable feature of the Suzuki—Miyaura cross-coupling reaction is its
ability to deliver highly stereospecific and regiospecific coupling products.

Suzuki, 1979 (selected examples)
n-Bu @) n—Buv\
¢ ]@ ; %
O
80%

1 mol% Pd(PPhs), n-BU N

n-Bu 0 .
—\\—B/ . 2 equiv. NaOEt
\O THF

65°C,2h

\ 4

80%

n-Bu @)
_\\—B/ +
\O n-Bu\/\

81%

Scheme 1.2 Suzuki-Miyaura cross-coupling of 1-alkenyl boranes and bromides in1979

In 1981, Suzuki and co-workers reported the first examples of coupling reactions involving
boronic acids and organic halides. In these pioneering studies, they demonstrated successful
coupling reactions between phenylboronic acid and aryl iodides or bromides (Scheme 1.3).°
These initial findings revealed the potential for broader substrate scope in Suzuki—-Miyaura cross-
coupling reactions with the ability to readily prepare a diverse range of arylboronic acids, which
exhibit stability and tolerance towards a variety of functional groups as well as air stability,

opening up new avenues for the development and application of this powerful synthetic method.
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Suzuki, 1981

(selected examples)

3 mol% Pd(PPh3),
2 equiv. NaOH (aq.)'

benzene, reflux, 6 h 62%
3 mol% Pd(PPh3),

2 equiv. Na,CO3

benzene, reflux, 6 h 94%

3 mol% Pd(PPh3),
2 equiv. Na,CO3 "
toluene, reflux, 17 h

80%

Scheme 1.3 Suzuki-Miyaura cross-coupling of boronic acids and aryl halides in 1981

In 1998, Fu et al. developed a general method for the Suzuki—Miyaura cross-coupling of aryl
chlorides and arylboronic acids. Their catalyst system, Pd.(dba)s/P(t-Bu)s, efficiently coupled a
wide range of substrates, providing the desired biaryl products in excellent yields and leveraging
the accessibility of aryl chlorides and the benign nature of organoboron byproducts, was expected

to find widespread use in synthetic organic chemistry (Scheme 1.4).”

Fu, 1998

(selected examples)

-

89%
1.5 mol% Pd,(dba)s

3 mol% P(t-Bu);
1.2 equiv. Cs,CO3

dioxane, 80-90 °C 92%

-

90%

Scheme 1.4 Suzuki-Miyaura cross-coupling using P(t-Bu)s as the ligand

In 1999, Buchwald et al. developed a highly active catalyst system for Suzuki-Miyaura cross-
coupling of aryl bromides and chlorides using easily prepared CyJohnPhos and t-BuJohnPhos
(Scheme 1.5). While t-BuJohnPhos generally provided faster rates, CyJohnPhos was more
effective for hindered substrates and lower catalyst loadings. One example demonstrated the low
catalyst loading down to 0.000001 mol% Pd to couple with aryl bromides using t-BuJohnPhos
(Scheme 1.5). The electron-rich nature of ligands can enhance the oxidative addition rate and

hold the palladium in solution, and the steric bulk enhances the reductive elimination rate and
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stabilises the palladium centre. The presence of an o-biphenyl moiety of these ligands leads to
the success of the catalysis by increasing the stability with Pd—arene interactions.®

Buchwald, 1999 (selected examples)
OMe 0.5 mol% Pd(OAc), OMe
N 1 mol% t-BuJohnPhos _
500 3 equiv. KF g
(OH), THF, rt, 25h 86%
Ve 1 mol% Pd(OAc), Me
N 4 mol% CyJohnPhos _
2 equiv. K;PO, "

B(OH
(OH), toluene, 80 °C, 15 h

0.000001 mol% Pd(OAc), 96%

B(OH), + 0.000002 mol% t-BuJohnPhos
2 2 equiv. K3PO, g

toluene, 100 °C, 24 h

0,
PCy, P(t-Bu), 9%
CyJohnPhos t-BuJohnPhos

Scheme 1.5 Suzuki-Miyaura cross-coupling using CyJohnPhos and t-BuJohnPhos as ligands

In 2003, Molander et al. demonstrated the advantages of organotrifluoroborates for Suzuki
couplings using PdCl.(dppf)-CH2Cl, as the catalyst or under ligandless conditions (Scheme 1.6).
Trifluoroborates are more robust, easily purified, and less prone to protodeboronation against
boronic acids or esters used in the reaction. Their protocols enabled the coupling of diverse
electron-rich and -poor groups, proving more reactive than their boronic counterparts. Lower
catalyst loadings, milder conditions, and open-air reactions yielded results comparable to those
of prior boronic acid methods. A key advantage was the ability to use electron-deficient arylborons,

though facile protodeboronation of some heteroaryltrifluoroborates was a potential limitation.®

Molander, 2003 (selected examples)
1 mol% Pd(OAc),

©_ 3 eqUiV. KzCOS @
MeOH, reflux, 5 h 70%

BEK + 0.5 mol% Pd(OAc),
3 3 equiv. K,COg4
H,0, 65°C,6 h 67%

BF;K +

Y

Y

BF,K
1 mol% PdCl,(dppf)-CH,Cl,

. O
Oe 3 equiv. K,CO; O
EtOH, reflux, 9 h

91%

Scheme 1.6 Suzuki-Miyaura cross-coupling using PdClx(dppf)-CH-CI. or under ligandless

conditions
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In 2007, Sajiki and co-workers developed a ligand-free, heterogeneous palladium on carbon
(Pd/C) catalysed Suzuki—Miyaura cross-coupling methodology. This approach utilised aryl
neopentyl or pinacol boronic esters in combination with aryl bromides or triflates. It could achieve
good to high yields under mild reaction conditions at room temperature (Scheme 1.7).1°

Sajiki, 2007 (selected examples)
5 . 1 mol% Pd/C
_—
(neop) Ar, rt, 3 h @—
N32CO3, 50% EtOH
91%
1 mol% Pd/C
B + _—
Na,CO3, 50% EtOH 93%
0,
AcHN Bpin + 2 mol% Pd/C _ s cHN
Ar,rt., 72 h
NaszPOy, 50% IPA 92%

Scheme 1.7 Suzuki-Miyaura cross-coupling of arylboronic esters and (pseudo)halides

In 2007, Wu and co-workers reported on a Pd-catalysed Suzuki-Miyaura cross-coupling
methodology that utilised aryl tosylates and potassium aryl trifluoroborates as coupling partners
(Scheme 1.8).1! In a series of reports on employing Buchwald-type dialkylbiarylphosphine ligands
in numerous Pd-catalysed cross-coupling reactions, the scope of substrates amenable to
Suzuki-Miyaura cross-coupling using these ligands was broad, encompassing aryl bromides, aryl
triflates, unactivated aryl chlorides, aryl tosylates, and a range of heteroaryl systems, including

hindered substrate combinations and could be carried out at room temperature with low catalyst

loadings.*?
Wu, 2007 (selected examples)
BF3;K 2 mol% Pd(OAc),
. 4 mol% L1 _ @_
3 equiv. KOH
MeOH, 60 °C, 0.5-6 h 94% O
BF;K PC
2 mol% Pd(OAc), Y2
4 mol% L1 _ MeO OMe
+ - > Me
3 equiv. EtzN O
EtOH, 80 °C, 5 h 37%
e 2 mol% Pd(OA OMe
BF4K mol% Pd(OAc),

. 4 mol% L1 R E\>_ L1
7S 3 equiv. EtsN
= EtOH, 80 °C, 5 h 7%

Scheme 1.8 Suzuki—-Miyaura cross-coupling of aryl tosylates and potassium aryl
trifluoroborates
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In 2009, Kwong and co-workers reported the first successful Suzuki-Miyaura cross-coupling
reactions of unactivated aryl mesylates (Scheme 1.9). The Pd/CM-Phos catalyst system was
active with various mesylate substrates containing some common functional groups. Furthermore,
the scope of the organoboron nucleophiles has extended beyond boronic acids to include aryl
trifluoroborate salts and boronate esters. They highlighted the simplicity of the ligand synthesis
and the ease of modifying the ligand skeleton, which might contribute to further enhancements in

the reactivity and versatility of this ligand series in future studies.®

Kwong, 2009 (selected examples)

B(OH), 0.5 mol% Pd(OAc),
2.0 mol% CM-Phos:

3 equiv. K3PO4 ©/
tBuOH, 110 °C, 24 h 88% ©

Me
Mo  B(OH), 2 mol% Pd(OAc), neY

+ 8 mol% CM-Phos Me~n"'
Me 3 equiv. K3PO,
t-BuOH, 110 °C, 3 h Me g39, O

B(OH), 4 mol% Pd(OAc), CMPhos

N 16 mol% CM-Phos
3 equiv. K3PO, (j/
t-BuOH, 110 °C, 8 h 89%

Scheme 1.9 Suzuki-Miyaura cross-coupling of aryl mesylates and arylboronic acids

In 2010, Ackermann and co-workers described the utilisation of a heteroatom-substituted
phosphine ligand for Pd-catalysed Suzuki—-Miyaura cross-coupling reactions involving sterically
hindered substrates. Specifically, they reported that a palladium complex derived from a
diaminochlorophosphine ligand enabled the synthesis of challenging tetra-ortho-substituted
biaryls, among other transformations (Scheme 1.10).*

Ackermann, 2010 (selected examples)
Me, B(OH) 4 mol% Pd,(dba)s Me
Me + 16 mol% L2 > e i-Pr
3 equiv. CsF .
i-Pr
Mé dioxane, 80 °C, 20 h Me N,
95% P—CI

N
4 mol% Pd,(dba)s Me -Pr
) i-Pr
Me + 16m<?I/oL2 > McO
3 equiv. CsF

MeO dioxane, 110 °C, 24 h Me L2

Scheme 1.10 Suzuki-Miyaura cross-coupling of di-ortho-substituted aryl halides and

arylboronic acids
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In 2017, Houk and Newman reported a novel NHC-based palladium catalyst system that
enabled Suzuki—Miyaura cross-coupling reactions using aryl esters as the electrophilic coupling
partners (Scheme 1.11).*® This approach allowed the synthesis of various ketone-containing
products, contrasted with the known nickel-catalysed reactions of similar esters that typically
provided biaryls via C-O bond cleavage. They proposed that the Pd(IPr)(cinammyl)CI facilitated
kinetically feasible oxidative addition onto the C(acyl)-O bond while preventing the formation of
a 5-membered transition state that may have favoured C(aryl)-O cleavage. Additionally, the bulky

IPr ligand was suggested to suppress decarbonylation of the acyl-Pd intermediate, ultimately

enabling the desired direct cross-coupling process.*®

Houk and Newman, 2017 (selected examples)
B(OH), 3 mol% Pd(IPr)(cinammyl)ClI
+ 1.5 equiv. K;PO,
2.5 equiv. H,O, THF, 90 °C, 2 h
P
i-Pr /_\ i-Pr. 7

he

(/YB(OH)z lPr / Pr
I +
5 \ el

Ph
Pd(IPr)(cinammyl)CI

Scheme 1.11 Suzuki-Miyaura cross-coupling reactions of aryl esters and arylboronic acids

In 2019, Lipshutz and co-workers reported a new palladacycle precatalyst that enabled
efficient Suzuki-Miyaura couplings in water at just 300 ppm Pd (Scheme 1.12). A key feature was
the placement of isopropyl groups on the biaryl skeleton, a substitution pattern not previously
explored in such precatalysts. This palladacycle, combined with HandaPhos, was well-suited for
the aqueous micellar conditions, allowing valued Suzuki—Miyaura reactions under mild conditions
with minimal palladium loading.®

Lipshutz, 2019 (selected examples)

BMIDA
0.03-0.05 mol% Pd precatalyst i-Pr

O + 2 equiv. EtaN S
2 wt%TPGS-750- M/HQO o)
45 °C, 3-30h 91% i-Pr i-Pr
M

e
B(OH), . : O
Ciam
* MsO-Pd-NH, OMe

HandaPhos
Me Pd precatalyst MeO

80% HandaPhos

Scheme 1.12 Suzuki-Miyaura cross-coupling reactions using palldacycle prescatalyst
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In 2020, Tang et al. developed a general, practical, and efficient method for asymmetric
Suzuki—Miyaura aryl-aryl cross-coupling. It enabled synthesising a wide range of axially chiral
tetra-ortho-substituted biaryls in high yields and enantioselectivities (Scheme 1.13). The key was
the design of a sterically bulky P-chiral monophosphorus ligand, BaryPhos, which addressed
reactivity issues and facilitated a new catalysis mode involving noncovalent interactions to
achieve excellent enantioselectivities. Demonstrating a practical example of the enantioselective
synthesis of the antitumor agent gossypol can show the potential of broad applications in
synthesising chiral ligands, catalysts, materials, natural products and therapeutics (Scheme
1.14).Y7

Tang, 2020 (selected examples)
OMe 0.5 mol% Pd,(dba);
BFsK 1.5 mol% (S,S)-BaryPhos _ §HO
3 equiv. K3POy,
CHO toluene: H,O (5: 1)

60 °C, 15 h OMe

(S,S)-BaryPhos 92%,

Scheme 1.13 Suzuki-Miyaura cross-coupling reactions using BaryPhos

Tang, 2020
Q OTMS
OMe Br
+ Z “OMe
OMe M ch,
O
l (-)-gossypol  i-Pr
(10 steps, overall 3%)
Br CHO

MeO

MeO

OTMB szinz, K3PO4, DCE

@ O 2.5 mol% Pd,(dba)s
Q 5 mol% (R,R)-BaryPhos

- === -——

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

Scheme 1.14 A synthetic route of antitumor agent gossypol
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In short, scientists continue to develop more facile, cost-effective, and environmentally
benign Suzuki-Miyaura cross-coupling protocols, including identifying economical green
catalysts and solvents, minimising transition metal loadings, and expanding the functional group
tolerance to accommodate diverse and less reactive coupling partners. These advancements
may further expand the synthetic utility and improve the sustainability of these carbon-carbon

bond-forming reactions across various scientific and industrial applications.
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1.3 The Development of Miyaura Borylation

Organoboron compounds are widely used as coupling partners in Suzuki-Miyaura cross-

coupling reactions, serving as an essential reagent for many synthetic and catalytic

transformations.'® While boronic acids are the most common organoboron species employed in

these cross-coupling reactions due to their high atom economy and commercial availability, they

can be susceptible to protodeboronation if they contain certain functional groups such as vinyl,

cyclopropyl, electron-rich heterocycles, or electron-deficient moieties.’® However, these

organoboron compounds are essential structural motifs in many pharmaceutical drugs,*®

including Crizotinib, Etoricoxib, Losartan, Pantoprazole, Roflumilast, and Valsartan (Figure

1.1).20-23 Consequently, there is a need to develop alternative boron-protecting or boron-masking

strategies to enable the effective use of these sensitive organoboron coupling partners in cross-

coupling reactions (Figure 1.2).°

F Cl B Me HN"\\‘\N
N N SN
Cl S0 i S Z O N OH -
e W N S‘<
"S\Me n-Bu
NH O

Crizotinib Etoricoxib Losartan

| LN
0 HN™ N
|\ 0

Y _<: N 07 F n-Bu—{

Pantoprazole Roflumilast Valsartan

Figure 1.1 Examples of drugs featuring diverse organic structural motifs

Me

@) @) 0
M Me
CCO O O=L
@] o) e 0O Me
Me
catechol boronic ester neopentyl boronic ester pinacol boronic ester
Me
\
N
B BF 3K D_B' 1
" e @)
@)
9-BBN borane organotrifluoroborate MIDA boronate

Figure 1.2 Examples of common boron-masking agents

Om
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One of the most used classes of organoboron reagents is boronic esters. Boronic esters
featuring 6-membered cyclic structures tend to be more thermodynamically stable against their
5-membered ring analogues. Furthermore, methylation of the a-carbon of the diol component can
provide additional stabilisation, resulting in comparable stability between neopentyl and pinacol
boronic esters.?* Consequently, boronic esters, particularly pinacol boronic esters, are often
preferred over boronic acids in medicinal chemistry and natural product synthesis applications

due to their enhanced chemical stability, especially under alkaline reaction conditions.®

There are multiple established methods available for the synthesis of boronic esters. One of
the most widely employed approaches is the Miyaura borylation, a Pd-catalysed reaction that
converts organic halides into pinacol boronic esters.?* This transformation offers several main
advantages. First, it exhibits excellent tolerance of a wide range of functional groups. Second,
the required starting materials are readily accessible or even commercially available. Finally, the
synthetic procedure and product purification are generally straightforward. As a result, the
Miyaura borylation has become a dominant strategy for the facile preparation of pinacol boronic

ester building blocks.

The Miyaura borylation, a Pd-catalysed cross-coupling reaction, was first discovered and
reported in 1995. This transformation enables the direct preparation of pinacol boronic esters via
the coupling of organic halides with bis(pinacolato)diboron.?® It provided chemists with a
convenient method to access organoboron nucleophiles for subsequent use in Suzuki-Miyaura

cross-coupling reactions.

The mechanism of the Miyaura borylation is analogous to that of the Suzuki—Miyaura cross-
coupling process. However, a potential challenge can arise during the latter stages of the Miyaura
borylation, when the concentration of the formed boronic ester product is high. Under these
conditions, there is competition between the desired borylation and the competing
Suzuki-Miyaura cross-coupling reaction. Fortunately, this issue can be successfully mitigated by
carefully selecting a relatively hard Lewis base, which helps to suppress the unwanted side

reaction.?

In 2000, Masuda et al. reported an efficient method for the direct borylation of aryl halides or
aryl triflates. This transformation involved the coupling of pinacolborane with the aryl
(psuedo)halides in the presence of PdCl,(dppf) along with a base (Scheme 1.15). The choice of
base was found to have a significant impact on the product distribution, particularly triethylamine,
being particularly effective for selectively promoting the desired boron-carbon bond formation.
Importantly, the mild reaction conditions enabled the preparation of arylboronates bearing a
diverse array of functional groups, including carbonyl, cyano, and nitro moieties, showcasing the

broad functional group tolerance of this direct borylation protocol.?’
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Masuda, 2000 (selected examples)

3 mol% PdCl,(dppf) Me
HBpin . _B,OiMe
3 equiv. Et3N \O Me
dioxane, 80 °C, 4 h 84% Me
3 mol% PdCIy(PPhs), Me
HBpin . _B,O:tvle
3 equiv. EtzN \O Me
dioxane, 100 °C, 18 h 43% Me
3 mol% PdCl,(dppf) o M:ﬂ
HBpin - — :t ©
3 equiv. Et3N " ko) Me
dioxane, 100 °C, 6 h 73% Me

Scheme 1.15 Miyaura borylation of aryl halides or triflates using PdClz(dppf)

In 2002, Ishiyama and Miyaura reported a Pd-catalysed cross-coupling method for the
synthesis of 1-alkenylboronic acid pinacol esters. It involved the reaction of
bis(pinacolato)diboron with 1-alkenyl halides or triflates in toluene at 50 °C, using potassium
phenoxide and a PdCl»(PPhs)2/PPh; catalyst system (Scheme 1.16). The borylation was broadly
applicable to acyclic and cyclic 1-alkenyl electrophiles, providing the desired products in high
yields with complete retention of the alkene geometry. Additionally, the method was utilised in

one-pot procedures for the synthesis of unsymmetrical 1,3-dienes.?®

Ishiyama and Miyaura, 2002 (selected examples)
3 mol% PdCIy(PPh3),-2PPhy
B.bi
2PNy > —Bpin

1.5 equiv. KOPh

toluene, 50 °C, 2 h

3 mol% PdCl,(PPhs),~2PPh; 94%
Bapin,
1.5 equiv. KOPh “Bpin
toluene, 50 °C, 5 h 85%

3 mol% PdCl,(PPhs),~2PPhj
B,pin,

1.5 equiv. KOPh “Bpin
toluene, 50 °C, 1 h 93%

\ ]

\ ]

Schemel.16 Miyaura borylation of 1-alkenyl halides or triflates using PdCl,(PPhz)2/PPhs

In 2007, Buchwald and co-workers developed a Pd-catalysed borylation protocol that allowed
symmetrical and unsymmetrical biaryl compound synthesis from aryl chlorides (Scheme 1.17).%
However, this methodology was not suitable for substrates bearing ketone functionalities, as it

led to undesired a-arylation under the reported conditions.
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Building on this work, they reported a more general Pd-catalysed borylation using
pinacolborane as the boron source in 2008. This approach featured relatively low catalyst
loadings and shorter reaction times. It could apply to a broader scope of (hetero)aryl iodides,
bromides, and even some (hetero)aryl chlorides, providing the desired borylated products in good
yields (Scheme 1.17).%°

Buchwald, 2007

Pd,dbay/SPhos R'\</:\>_C| T'
B,pin,, KOAc > —Bpin — > 7N
dioxane, 110 °C, 3 h K3PO,, dioxane/H,0 =
110 °C, 15 h 65-95%
Buchwald, 2008

PdCl,(CH3CN),/SPhos OMe O

HBpin =

EtsN - ==Bpin O PC

y
dioxane, 110 °C OMe™"?
X =Cl, Br, | 59-97% SPhos

Scheme 1.17 Miyaura borylation of (hetero)aryl halides by Buchwald et al.

In 2011, Tang reported the development of a novel biaryl monophosphorus ligand, AntPhos,
for Pd-catalysed Miyaura borylation (Scheme 1.18). When AntPhos combined with the Bedford
palladium precursor, this ligand system enabled the borylation of sterically hindered aryl bromides
with diverse functional groups, even at low catalyst loadings. Remarkably, a turnover number was
achieved up to 9000, highlighting the potential for practical applications. Additionally, the BI-DIME

ligand was efficient for the borylation of aryl chlorides.?!

Tang, 2011 (selected examples)

1 mol% Pd precursor Bpin t-Bu

2 mol% AntPhos 1 t =]0]
szln.z . -
3 equiv. KOAc \

Bu

—p Pd CI O

y

DMAc, 100 °C, 12 h

54% O Cl Pd t-Bu
0.005 mol% Pd precursor Bpin t-Bu
0.01 mol% AntPhos 1 t-Bu
t-Bu t-Bu

Bopin,

3 equiv. KOAG > Bedford Pd precursor
DMAc, 100 °C, 12 h o) o)

o > >
4 mol% Pd,(dba), _Bpin R . R
16 mol% BI-DIME tBu 1e0 oMe
it s co e
3 equiv. KOAc "
DMAc, 100 °C, 12 h 82% AntPhos BI-DIME

Scheme 1.18 Miyaura borylation of sterically hindered aryl bromides using AntPhos
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The synthesis of certain boronic acid derivatives can be streamlined by generating the
organoboron species in situ, followed by a Suzuki-Miyaura cross-coupling reaction to furnish the
desired coupling product. Along these lines, in 2011, Zhang and co-workers reported a one-pot
Pd-catalysed strategy that combined borylation and subsequent Suzuki—Miyaura coupling to
prepare 8-arylquinolines (Scheme 1.19).%2 This approach offered increased efficiency and

simplicity compared to traditional methods for the synthesis of quinolines bearing (hetero)arene

substituents.
Zhang, 2011
RI
I R'
1 mol % Pd,(dba)s @_Br -|=
3 mol % CataCXium®A =—Bpin = —<\___/>
- > e
B,pin, 4 equiv. K,CO3 P
2.3 equiv.KOAc 90 °C, 1-3 h
DMAc, 90 °C, 1-10 h
73-98%
X =Br. Cl -
R =F, MeO, CO,Me, Me, or C=0OR CataCXium®A

Scheme 1.19 One-pot Pd-catalysed borylation/Suzuki coupling for the preparation of

8-arylquinolines

Heteroaryl and vinyl organoborons are valuable synthetic intermediates for pharmaceuticals,
natural products, and functional materials. In 2017, Zou et al. reported a Pd-catalysed Miyaura
borylation to prepare pyrazine boronic esters, providing a facile approach to access these
important building blocks. (Scheme 1.20).%

Zou, Wu, and Wu, 2017 (selected examples)

\B .
2 mol % Pd(OAc), pin
0,
4 mol % PCys . 82%

B,pin,, 2.5 equiv.KOAc "
dioxane, 110 °C, 10 min

\Bpin
70%

Scheme 1.20 Pd-catalysed Miyaura borylation of pyrazine boronic esters

The one-pot approach to the synthesis of unsymmetrical bi- and triaryls holds significant
appeal, as it circumvents the need for expensive, unstable, and commercially unavailable boronic
acid starting materials. In this vein, in 2018, Ji and co-workers reported a one-pot, two-step Pd-
catalysed protocol involving Miyaura borylation followed by Suzuki-Miyaura coupling of aryl
chlorides, which was conducted at room temperature (Scheme 1.21).%*
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Ji, 2018

. R CN
Bpin | R
1 mol % XPhos-Pd-G2 | | @_CI > _Pd-NH
1 mol % XPhos = — - cl )|<Phos
B,pin,, K3PO4-7H,0 K3P0O,4-7H,0 (aq.) XPhos-Pd-G2

EtOH, rt., 2 h r.t.

67-90% PCy,

i-Pr
XPhos

Scheme 1.21 Pd-catalysed borylation/Suzuki-Miyaura coupling of aryl chlorides

Advancements in catalyst design and reaction conditions have enabled the borylation
methodology to be more widely adopted in the synthesis of complex natural products (Scheme
1.22),% pharmaceutical compounds (Scheme 1.23),% and polycyclic materials (Scheme 1.24).3"
Many research groups have successfully demonstrated the utility of borylation reactions in the
construction of these important molecular targets, highlighting the growing practical applications

of this versatile transformation.
Hsieh, 2016

o NH
L= O
Bpin O
¢

Ed(qppf)Clz Crinasiadine
2PN, > amaryllidaceae alkaloids

dioxane, KOAc

80°C,36h

.Cl

Fe Pd
H / Cl N —>, MeO O
&S Fph, Bpin

Me-pN
Pd(dppf)Cl, 95%

MeO
@—P\th O OH

Lycosinine A
amaryllidaceae alkaloids

Scheme 1.22 Two examples of borylation application in the synthesis of alkaloids
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Boger, 2020

OMe  PdClL,APhos, | MeO_-~._OMe
B,eg,

KOAC > CF3 UOH
\\‘k/OH OAN

\\\N ‘ J];
\
A\Q H2N

iNb NHMe
H
e

Vancomycm aglycon

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

Cl OH ;

OMe XPhos—-Pd-G2 OMe:

B,eg, >

: ci  KOAc, H,0, ~ BocHN OH !

CO,H E CO,Me CO,Me
94%, ;

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

Scheme 1.23 An example of borylation application in the synthesis of medicines

Jakle, 2019
Br Bpin\
O Pd(dppf)Cl,
2 B,pin
—_— 2 2 >
‘ KOAc

C

Br

BN LP-modified PAHs
fluorescent materials in optoelectronics

Pd(dppf)Cl,

Scheme 1.24 An example of borylation application in the synthesis of materials

In 2022, Kwong and co-workers developed the first general Miyaura borylation of highly
sterically hindered aryl chlorides using a homogeneous palladium catalyst system (Scheme 1.25).
The key was a strategically designed phosphine ligand with a smaller phosphine head and larger
remote steric bulk, in contrast to typical localised steric hindrance. This allowed borylation of even
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extremely congested 2,6-diisopropyl aryl chlorides, as well as sterically crowded heteroaryl
chlorides, with excellent functional group tolerance and only 0.5 mol% Pd.* The success provides
a model for designing catalysts for other demanding cross-couplings.

Kwong, 2022 (selected examples)
0.5 mol% Pdy(dba);
4 mol% L3 . _B/O:><Me
B,neop, \O Me
3 equiv. CsOAc
dioxane, 110 °C, 24 h 80% O
0.05 mol% Pd(acac),
0.2 mol% L3 R 5 (neop) Me=N<Z ~PPh,
Bzneop, EtO OEt
3 equiv. K,CO4 O
dioxane, 130 °C, 24 h 81%
0.5 mol% Pd(acac), B(neop) L3
2 mol% L3 - 1
B,neop, g
3 equiv. CsOAc
dioxane, 110 °C, 20 h 64%

Scheme 1.25 Miyaura borylation of sterically hindered aryl chlorides

In 2024, Zani and Dessi reported the first Pd-catalysed Miyaura borylation of
(hetero)aromatic halides and pseudohalides using bis(pinacolato)diboron, conducted in
environmentally friendly deep eutectic solvents (DESs). The reactions proceeded smoothly in 1
hour under air, tolerating a range of halides and functional groups, using a Pd.dbas/XPhos
catalyst system. To avoid purification, they also developed a telescopic
borylation/Suzuki—-Miyaura coupling for direct bi(hetero)aryl synthesis in DES. Eco-factor and
Eco-scale analysis indicated these DES-based protocols offered improvements over traditional
volatile organic solvent methods, advantageous for applications in electronics and photovoltaics
(Scheme 1.26).%°

Zani and Dessi, 2024 (selected examples)

3 mol% Pdy(dba);

6 mol% XPhos
B,pin,, 2 equiv. KOAc
ChCl/Gly (1: 2), 110 °C, 1 h 68%

3 mol% Pd2(dba)3 NC_QBT'
6 mol% XPhos . _ _@_CN
B,pin,, 2 equiv. KOAc ChCI/Gly (1: 2)

ChCI/Gly (1:2), 110 °C,1h  80°C,24 h 55%

Scheme 1.26 Miyaura borylation of (hetero)aryl halides in deep eutectic solvents
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While many boronic acids and esters are commercially available, they often require
preparation from arenes or aryl/vinyl halides. Nonetheless, the Pd-catalysed Miyaura borylation
of such substrates remains the most popular route to organoboron compounds. Over time,
various Miyaura protocols have been developed, employing different palladium catalysts and
bases to efficiently convert a range of aromatic halides into boronic esters.

Moreover, the synergy between Miyaura borylation and Suzuki—Miyaura cross-coupling has
led researchers to devise one-pot, telescopic procedures. These avoid the need to isolate boronic
ester intermediates, providing a more streamlined and sustainable path to the desired

(hetero)biaryl products compared to traditional multistep sequences.
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1.4 The Development of Chemoselective Cross-Coupling Reactions

Chemoselectivity refers to the selective reaction of one substrate bearing multiple potential
reaction sites. There has been renewed interest in developing chemodivergent coupling reactions
that can achieve site-selectivity, reacting at a specific site while leaving other sites intact.

The use of multifunctionalised substrates is a widely adopted strategy for synthesising
complex molecules. However, this approach can present challenges in separating product

mixtures or carrying out subsequent steps, especially when achieving clean selectivity is difficult.

Despite these challenges, there is potential for conducting sequential synthesis by exploiting
different substrate reactivities. This can streamline the synthetic pathway and eliminate the need
for further functionalisation. Such an approach holds promise for efficient, economical, and
environmentally friendly reactions (Scheme 1.27), particularly if a multifunctionalised substrate is

utilised in the first step to reduce overall steps.

The ideal scenario involves the substrate reacting selectively at a specific site in a stepwise
manner, yielding the desired product without laborious separation. However, accomplishing the

chemoselectivity of substrates with multiple electrophilic sites remains a significant challenge.

os TN
Q\/.’ Conventional stepwise pathway *\(
7899 09 pa0ir MF

Chemoselective synthetic pathway'

® WL

Non—chemoselective\\‘ #_ . undesired
pathway * #ﬁ 7.°"  by-products

________

Scheme 1.27 Pathways in synthesising a particular molecule

Palladium-catalysed cross-couplings commonly employ poly(pseudo)halogenated arenes
(e.g., I, Br, CI, OTf) as electrophiles for synthesising complex molecules in iterative or sequential
cross-coupling strategies.“°*! Early studies in the 1970s, such as work by Fitton and Rick,
revealed the reactivity sequence of aryl(pseudo)halides in catalyst systems follows the order Ar—I
> Ar-Br > Ar—Cl. This suggested the rate-determining step is carbon-halogen bond cleavage,

enabling exploration of chemoselectivity between electrophiles.*? The oxidative addition rates and
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bond dissociation energies predominantly determine aryl(pseudo)halide reactivity. Aryl sulfonates
exhibit a similar trend, with Ar-OTf > Ar-OTs > Ar—-OMs. Depending on the system, Ar—Br
reactivity can be comparable to Ar-OTf.*® Overall, a general chemoselective sequence has been
established: Ar-1 > Ar-Br = Ar-OTf > Ar-OFs > Ar-Cl > Ar-OTs > Ar-OMs, evolving with new
aryl sulfonates and studies (Scheme 1.28).4348

catalyst A
~— —_—
condition 1 condition 2
@

BDE/ OA Rate

I > (Br = > > > >
Conventional Reactivity Order

Scheme 1.28 Chemoselective coupling reactions and the reactivity sequence

Appropriate ligand selection is critical for controlling chemoselectivity in coupling reactions.
Several studies have reported successful sequential chemoselective couplings exploiting this

principle.

For example, Kim et al. recently demonstrated an effective sequential Suzuki-Miyaura
coupling using bromo-2-sulfonyloxypyridines.*® The C—-Br site underwent selective reaction first,
yielding monoarylpyridines. Subsequent coupling then allowed reaction with the remaining
sulfonate group, producing unsymmetrical diarylpyridines. This approach proved effective in
synthesising the anti-inflammatory drug Etoricoxib (Scheme 1.29). This example highlights
catalysts’ ability to regulate chemoselectivity and the efficiency of chemoselective cross-coupling
procedures. Judicious ligand selection is a crucial tool for achieving desired chemoselectivity, as

evidenced by these and other reports of successful sequential chemoselective couplings.

Kim, 2020 (selected examples of bioactive compounds synthesis)
57 2.0 mol% Pd(OAc), Sa" 4.0 mol% Pd(OAc),
(:1 2.4 mol% cataCXium®A (\/?\l 5.0 mol% SPhos C\|
2N Ar=B(OH), T NA
K,COg3, toluene/ H,O K,COg3, toluene/ H,O
25 °C, 20 min—-20 h upto 99% 100 °C, 10 min-10h  up to 99%
(24 entries) (12 entries)
SN
HO OH
MPBI Etorlcoxm
(antibacterial agent) topmsomerase |nh|b|tor) (anti-inflammatory drug)
80% 86% 49%

Scheme 1.29 Sequential Suzuki-Miyaura coupling and its applications
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In 2016, Sigman et al. investigated the mechanistic properties of phosphine ligands in
Suzuki-Miyaura couplings, providing insights into their potential applications.>® Developing this
concept further, Neufeldt et al. published a 2021 mini-review highlighting examples of
chemodivergent couplings between electrophiles, offering valuable insights into factors governing
chemoselectivity.>* More recently, researchers have reported a reversal of the conventional
chemoselectivity order in Pd-catalysed couplings of (poly)halogenated aryl triflates. This suggests
a need to more thoroughly review ligand design principles and the rationale behind observed
ligand activities.®?%° These studies underscore the importance of understanding ligand properties
and their impact on reaction outcomes. Continued investigation of ligand structure-mechanism-

selectivity relationships will be crucial for advancing cross-coupling transformations.

In addition to catalysts, solvents, and additives, the intrinsic electronic properties of
polyhalogenated heteroarenes can also affect chemoselectivity.®>-%° This section will focus on
chemoselective Pd-catalysed couplings of the most common aryl (pseudo)halides: bromides,

triflates, and chlorides.

Drawing from a recent mini-review, selected examples will highlight the impacts of ligand
properties on chemoselectivity in these transformations.®® Understanding the impact of ligand
properties is crucial for designing efficient and selective Pd-catalysed couplings. The discussed

examples will provide valuable insights to guide future advancements in this area.
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1.4.1 Triaryl phosphines

Triphenylphosphine (PPhs) is a widely used ligand in Pd-catalysed reactions due to its low
cost, easy handling, and stability. The Pd/PPh; system generally exhibits a bias towards
activating aryl triflates, enabling either bromo- or O-triflyl-selective products, though selectivity

may be poor in some cases.

For example, Petrakis found the Pd/PPhs; system gave a 3: 1 mixture favouring the O-triflyl
product with 3-bromophenyl triflate.’* Blum also observed a preference for O-triflyl-selective
methylation.®? However, the bromo-selectivity of Pd/PPhs can be tuned by adjusting conditions
like nucleophile, solvent, and additives (Scheme 1.30).5*%* These modifications can shift the
chemoselectivity to favour the desired bromo-selective product. So, while the Pd/PPh; system
shows an intrinsic bias towards O-triflyl selectivity, its selectivity can be modulated through careful

optimisation.

Petrakis, 1987 (C-P coupling (OTf > Br))
3 mol% Pd(PPhs),
oTf
Br HP(O)(OEY), . 2(EtO)(O)P. OTf . Br P(O)(OEt),
i-ProNEt, MeCN
75%

70°C,6h

(mixture with ratio = 1:3)

Blum, 2001 (Methylation (OTf > Br))

2 mol% PdCI,(PPhs),
Al methylating agent

/©/0Tf
Br

Hayashi, 1997

/©/0Tf
Br

Hayashi, 1998

benzene, 80 °C, 20 h

- AT

43%

5 mol% PdCI,(PPhs),
PhMgBr
Et,0, 20 °C, 2 h

10 mol% PdCl,(PPhs),

o
Br

79%
(Kumada coupling (Br > OTf))

pogveg

9% 11%
(Sonogashira coupling (Br > OTf))

0,
OTf 10 mol/o Cul
/©/ Ph——
. Et:N, THF
40°C,12h

73% 8% 8%

Scheme 1.30 Chemoselective couplings of bromophenyl triflates using PPhs

Building on previous work, Brown’s group found the choice of nucleophile significantly
impacted the chemoselectivity of the Pd/PPh; system with aryl bromides versus triflates.® Using
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a boronic acid nucleophile could invert the inherent O-triflyl selectivity to favour the bromo-
selective product instead. Brown proposed the boronic acid’s strong affinity for the bromide anion
facilitated activation of the aryl bromide, enabling the Pd/PPhs catalyst to preferentially form the
bromo-selective product (Scheme 1.31).%5%° These examples demonstrate how the nucleophile
can modulate the chemoselectivity of Pd-catalysed couplings of aryl halides and triflates, in
contrast to the typical O-triflyl selectivity bias of the Pd/PPh; system.

Snieckus, 1990 (Suzuki coupling (Br > OTf))
oTf 5 mol% Pd(PPh3),
Br PhB(OH), Ph
DME Na2CO3
EtOH, toluene
reflux, 8-12 h 33% 20%
Brown, 2007 (Suzuki coupling (Br > OTf))
OTf 7.5 mol% PdCl,(PPhs),
K3POy,, £ LiBr 89%
F‘C}’Br R R OMe 88%
R B(OH)
F O ? F
toluene, reflux, 22 h
Zhang and Sharpless, 2016 (Suzuki coupling (Br > OTf))
1 1% Pd(PPh
f 0 mol% d( 3)4 OTf
N PhB(OH), -~ NTR . N
l = KF, toluene - h I = I
reflux, 6 h 52% 38%
Xiao and Fu, 2016 (Suzuki coupling (Br > OTf))

. 5 mol% Pd(OAc),

oT OTf CH,Bpin
/©/ 10 mol% PPh, R O . /@’ 2=P!
BpinCH,Bpin -
Br pint25p BpinH,C Br

TBAOH, dioxane/HZO 48% 5%
r.t., overnight
Miyaura and Suzuki, 1993 (Suzuki coupling (Br > OTf))
0,
OTf 2.5 mol% Pd(PPh3), 9-(CgH47)-9-BBN CeHir
/@/ 9-((CH,)3CMe,CO,Me)-9-BBN _ 85 °C, 5 h /@’
Br g;fg“’sd:xa”e MeO,CMe,C( HZC
; 76%

Scheme 1.31 Chemoselective Suzuki—Miyaura coupling of bromoary! triflates using PPhs

The Pd/PPhs catalyst strongly prefers activating aryl triflates over aryl chlorides. For instance,
Huth’® and Fu® found only aryl triflates reacted successfully (Scheme 1.32). This may be because
the Pd/PPhs system lacks the activity to effectively activate aryl chlorides, resulting in exclusive
O-triflyl-selectivity. Multiple studies demonstrate this inherent bias.6'-%271"78 |n short, the Pd/PPhs

catalyst heavily favours aryl triflates over the less reactive aryl chlorides.
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Reported reactions including:
- Alkynylation—oxidation’®
- Carbonylative amination”®

Tf R' )
TN © [Pd] + PPh4 _ (ﬁ/ -C-P couplmg.61 -
K,/\’ coupling partner(s) l'\,/\z - Decarboxylative coupling
R e.g. R—Y R - Methylation%272
12 literatures - Negishi coupling”"

(OTf selective) 74,75

- Organobismuth coupling
- Organoindium coupling”’
- Suzuki coupling®®70

Scheme 1.32 Chemoselective Suzuki—-Miyaura coupling of chloroaryl triflates using PPhs

Solvents and additives can significantly impact chemoselectivity in Pd-catalysed couplings,
beyond just substrate effects. Stille reported in 1987 that the Pd/PPh; catalyst showed high O-
triflyl-selectivity for coupling 4-bromophenyl triflate with an organotin in dioxane.” However, using
DMF with LiCl enhanced both yield and selectivity.”® Switching to dioxane instead inverted the

selectivity to favour the bromo-product (Table 1.1).7°

Soderberg et al. later reconfirmed these solvent effects, though with lower conversions.
They proposed polar, strongly coordinating solvents like DMF with LiCl at room temperature
promote aryl bromide activation, while polar, weakly coordinating solvents at higher temperatures

favour aryl triflates (Table 1.1).8°

Table 1.1 Stille coupling of bromophenyl triflates with ethenyl tributyltin using PPhs

OTf ~CH;
X 2 mol% [Pd], PPh3 . X .
| H,C=CHSnBuj |
’\Br optimzed condition ’\/Br
A
Reference Br [Pd] Solvent Additive Temp. Time Yield A:B
Stille, 19877° 4-Br Pd(PPhj3), dioxane LiCl 98 °C 7h 75% 1:6
4-Br PdCl,(PPhs), DMF LiCl 24 °C 18h 77% 100: 0
4-Br  Pd(PPhj3), dioxane --- 98°C 25h 77% 1: 33
Soderberg, 20188°  4-Br  Pd(PPhs), dioxane reflux 24h nd. 1:>30
4-Br Pd(dba), dioxane - reflux 24h  30% 1:>30
3-Br Pd(dba), dioxane - reflux 24h  34% 1: 30
2-Br Pd(dba), dioxane - reflux 24 h 5% 1: >30
4-Br PdCly(PPhs), DMF LiCl 24°C  24h nd. 6.7: 1
3-Br PdCI,(PPh3), DMF LiCl 24°C 24h - 6.3: 1
2-Br PdCIy(PPh3), DMF LiCl 24°C  24h nd. 5.9:1
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Limited examples using other triarylphosphines like P(o-tolyl)s and P(p-tolyl)s have also been
reported, showing bromo-selectivity with Pd/P(o-tolyl)s and O-triflyl-selectivity with Pd/P(p-tolyl)s
(Scheme 1.33).81"8

Marsais, 2005 (Heck coupling (Br > OTf))
5 mol% [n3-C3H4)Pd(u-Ch)],

oTf
| x0T . 2~co 10 mol% P(o-tolyl)z g | D
D H,C 2Me N20Ac i NS
R N Br

R” N CO,M
toluene/DMA (3: 1) 2Ve

o R = Me, 61%
115 °C,5h R=H, 9%
Cho, 2019 (Negishi coupling (Br > OTf))
OTf 1 mol% Pdy(dba)s OTf
/@/ . ZnBrLiBr o mojo, P(o-tolyl)s . Bon
Br Bpin Bpin THF, 60 °C, 3 h
Bpin
74%
Goofen, 2009 (decarboxylative coupling (OTf > Cl))

NO, 2 mol% Pdl,
+

©/0Tf CO,K 6 mol% P(p-tolyl)s R l OzN.
5 mol% Cu,0O O O
1,10-phenanthroline
NMP, 130 °C, 1 h 91%

\

Scheme 1.33 Chemoselective coupling reactions using P(o-tolyl)s or P(p-tolyl);
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1.4.2 Trialkyl phosphines

Examples using PCys in chemoselective cross-coupling are less common than those with
PPhs; and P(t-Bu)s. However, some key findings have been reported. In 2000, Fu described the
first chemoselective Pd/PCys-catalysed Suzuki—Miyaura coupling, noting the PCys ligand is less
electron-rich and bulky than the more commonly used P(t-Bu)s.8* Interestingly, 4-chlorophenyl
triflate gave an O-triflyl-selective product with Pd/PCys, contrasting the outcome with Pd/P(t-Bu)s.

This suggests ligand substituents might be feasible to alter chemoselectivity.

Progressing from this basis, Molander et al. in 2005 also observed chemoselective Pd/PCys-
catalysed couplings.®> With 4-bromophenyl triflate, a bromo-selective product formed, but 4-
chlorophenyl triflate gave the O-triflyl-selective product — aligning with the typical Br > OTf > Cl
reactivity trend (Scheme 1.34).8°

Molander, 2005 (Suzuki coupling (Br > OTf))
5 mol% Pd(OAc),

OTf OTf
/@/ . BFaK 10 mol% PCy; /@/
Br CSzCO3, THF/ H20 Ph

reflux, 48 h 439

(Suzuki coupling (OTf > Cl))
5 mol% Pd(OAc),

OTf Ph
. BFaK  tomolw PCy, =
CSzCO3, THF/ HQO

reflux, 24 h 82%

Fu, 2000 (Suzuki coupling (OTf > Cl))
0, 0,
OTf 1.5 mol% Pd,(dba); OTf 3 mol% Pd(OAc), o-tolyl
3 mol% P(t-Bu); 6 mol% PCy; =
o-tolylIB(OH), o-tolylB(OH),
95% KF, THF KF, THF 87%
rt, 24 h rt., 48 h

Scheme 1.34 Chemoselective Suzuki—Miyaura coupling of haloaryl triflates using PCys

Littke and Fu reported a general Pd/P(t-Bu)s-catalysed approach to chemoselective
Suzuki-Miyaura couplings in 2000, presenting the first chloro-selective coupling with chloroaryl
triflates.®* Their investigations revealed the chemoselectivity order: | > Br > Cl > OTf.# This
selectivity trend (e.g., Br > OTf) has been corroborated across diverse coupling reactions like
Suzuki-Miyaura,®® Heck,®® and carbonylative amination (Table 1.2).8” The ability to tune
chemoselectivity by catalyst and conditions has been a key focus, enabling more selective and
efficient cross-couplings. The work by Littke, Fu, and others has laid important groundwork in this

area.
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Table 1.2 Various chemoselective coupling reactions with bromophenyl triflates using P(t-Bu)s
— . X
E:];Hi(t E;U);—4 o R D : %
Br T T oTf
R‘—@—B(OH)2

Reference Br [Pd] P(t-Bu); R’ Yield

Fu, 200084 4-Br 0.5 mol% Pd,(dba)s 1.2 mol% H 98%

Brown, 2007%° 3-Br 1.5 mol% Pd(dba), 3.6 mol% H 80%
3-Br 0.5 mol% Pd(dba), 1.2 mol% OMe 76%

Fu, 2001 (Heck coupling (Br > OTf))

0.5 mol% Pd,(dba),

< > 1.0 mol% P(t-B
Br OTf ol% P(tBu)s > OoTf
CH» /
MeO,C

Me CO,Me, Cy,NMe Me
dioxane, r.t., 19 h 64% (with 7% terminal olefin)
Jiao and Wu, 2017 (carbonylative amination (Br > OTf))
oTf 2 mol% Pd(OAc), OTf
6 mol% P(t-Bu);-HBF, R
B R'—Y
' CO, i-Pr,NEt ol
solvent, 90 °C, 24 h intramolecular competition
Entry Solvent R'—Y Ratio (react at Br: OTf) Isolated Yield
1 toluene morpholine >99: 1 89%
2 DMSO morpholine >99: 1 40%
3 toluene 4-BrPhNH, - 38%
R 2 mol% Pd(OAc), O/\ R
6 mol% P(t-Bu);-HBF, l\/N
B PhOTf, morpholine -
' CO, i-Pr,NEt 0
toluene, 90 °C, 24 h intermolecular competition
Entry R Ratio (react at Br: OTf) Isolated Yield
4 Me >99: 1 85%
5 Cl >99: 1 94%

In 2010, Schoenebeck and Houk’s DFT study provided insights into the chemoselectivity of
Pd-catalysed cross-couplings.® Their calculations suggested the ligation state of the palladium
catalyst (mono- versus bisligated) was pivotal. For monoligated [Pd(L)] complexes, transition
states favoured C—-Cl bond activation. However, this contradicted Fu’s earlier finding that Pd/PCy3

selectively coupled at C-OTf.8

Further DFT analysis revealed that for bisligated [Pd(PCys).] complexes, the transition state

for C-OTf insertion became more accessible, especially accounting for Pd(L). dissociation.® In
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contrast, the [Pd(P(t-Bu)s).] transition state could not be located (Scheme 1.35). Based on these
results, Schoenebeck and Houk proposed a "ligation state hypothesis" — monoligated Pd(L)
preferentially reacts at C-Cl, while bisligated Pd(L). favours C-OTf.8 This provided key
mechanistic insights into the chemoselectivity of these cross-couplings.

Schoenebeck and Houk, 2010
L L

Sy . PdL AAGH (B-A)
@' P monoligated I:3d"§3—OTf
o PdPC 36
0--S-CF, Y3
A O B PdP(t-Bu), 5.8
L y PdL AAGH(B'-A'
@’P'é - bisligated L?d‘@—ow - .
‘O\S,,o Isfigate Pd(PCys), +4.7
7,
0" CF, Pd(P(t-Bu)s), n.d.
A’ B'

Scheme 1.35 DFT studies on monoligated/ bisligated Pd species

In 2016, Sigman et al. parameterised phosphine ligands to probe mechanistic pathways and
predict chemoselectivity in Pd-catalysed Suzuki-Miyaura couplings.®® Computational results
showed the reaction-product ratios aligned with the parameterised model. Only 6 ligands
preferred C-Cl over C-OTf activation, with tert-butyl or 1-adamantyl groups being important
features (Scheme 1.36).%° However, t-BuJohnPhos showed selectivity for triflates, explained by
a hemilabile Pd-arene interaction in the bisligated complex.!? Overall, the site-selectivity of
oxidative addition depended on the phosphine. Sterically bulky ligands favouring monoligated Pd
promote C-ClI activation, while other phosphines stabilising bisligated Pd prefer C-OTf coupling.

Sigman, 2016
1.5 mol% Pd,(dba);

oTf OTf o-tolyl
3.0 mol% L o +
o-tolyIB(OH),, KF

THF, r.t., 24 h A B
Ligand AAGE .4 Ligand AAG .4 Ligand AAGH (g.a)
(kcal/mol) (kcal/mol) (kcal/mol)
P(t-Bu); -2.72 P(i-Pr)3 1.02 t-BuJohnPhos 2.91
P(t-Bu),(p-CF5Ph) -1.46 P(o-tolyl)s 1.42 P(m-tolyl)3 3.12
P(n-Bu)(1-Ad), -1.43 PCy; 1.94 CyJohnPhos 3.32
PBn(1-Ad), -1.35 PPhCy, 2.08 PPh,Et 3.57
P(t-Bu)(i-Pr), -0.31 PPhyt-Bu 2.36 PPh,Me 3.70
P(t-Bu),Ph -0.26 P(n-Bu); 2.40 PEt; 3.75
P(cyclopentyl)s 0.59 PPh3 2.64 PPhMe, 4.00

negative AAG* :reaction at C-Cl is favoured.

positive AAG* :reaction at C-OTf is favoured.

Scheme 1.36 Comparison of measured chemoselectivities using different ligands
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In 2011, Schoenebeck et al. studied the unusual selectivity in Pd/P(t-Bu)s-catalysed
Suzuki-Miyaura couplings in polar solvents like DMF.® They proposed that DMF coordination to
Pd promotes C-OTf oxidative addition in a bisligated Pd(P(t-Bu)s)(DMF) complex, favouring
activation at triflates over chlorides (Table 1.3). This helped explain the contradictory selectivity
outcomes observed in these reactions, underscoring the importance of considering ligand-solvent

interactions in Pd-catalysed cross-couplings.

Table 1.3 Chemoselective Suzuki—-Miyaura coupling chlorophenyl triflates using
P(t-Bu)s

1.5 mol% sz(dba)g,

oTf oTf toly
3.0 mol% P(t-Bu)s . o-oly
o-tolyIB(OH),, KF

\/

solvent, temp., time A B

Reference Solvent Temp. Time A B
Fu, 20008 THF r.t. 24 h 95%
Schoenebeck, 20119 toluene 70 °C 48 h 70% 0%
MeCN r.t. 24 h 3% 74%
DMF r.t. 48 h 3% 22%

In 2020, Neufeldt et al. further explored the effect of solvents on the Pd/P(t-Bu)s-catalysed
Suzuki-Miyaura coupling selectivity.>® Non-polar solvents like toluene and THF favoured C-Cl
activation, while some polar solvents like DMSO and MeCN reversed this preference to C-OTf.
However, not all polar solvents followed this trend — acetone and IPA still showed chloride
selectivity despite their polarity (Table 1.4 and Table 1.5).%® Neufeldt et al. concluded that the
reversal of chloride/triflate selectivity is not solely determined by solvent polarity, but rather the
specific coordinating ability of the polar solvents towards the palladium catalyst. Their work
highlighted the complex interplay between ligands, solvents, and site-selectivity in Pd-catalysed

cross-couplings.
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Table 1.4 Chemoselective Suzuki—Miyaura coupling in various solvents

Neufeldt, 2020; Neufeldt, 2022

©/0Tf

3 mol% P(t-Bu);-Pd-G4

o-tolylB(OH),, KF, H,O
solvent, r.t., 24 h

OTf o-tolyl
o T

A B
Entry Solvent A B Entry Solvent A B Entry Solvent A B
1 dioxane 22% n.d. 8 acetone 83% 2% 15 (CH,)4S0;, 44% 11%
2  toluene 76% n.d. 9 EtOH 71% n.d. 16 CH,FCN 4% 10%
3 CHCI; 1% nd. 10 MeOH 55% 2% 17 PhCN 9% 62%
4 THF  95% n.d. 11 MeNO, 84% 2% 18 NMP 9% 37%
5 DCM 65% nd. 12 CF3;CH,OH 82% 1% 19 MeCN 2% 77%
6 PhCF3; 42% nd. 13 PC 71% 11% 20 DMF 9% 45%
7 IPA 94% nd. 14 H,0 59% n.d. 21 DMSO 1% 45%

Neufeldt et al. conducted a detailed study on the parameters affecting Cl versus OTf

selectivity in Pd-catalysed Suzuki—Miyaura couplings in 2022.%8 They found that weakening the

solvent’s coordinating ability could erode triflate selectivity. For example, changing from strongly
coordinating MeCN (1: 39 Cl: OTf) to weakly coordinating CH2FCN (1: 2.5 ClI: OTf) (Table 1.4).%8

DFT calculations reconfirmed that DMF coordination to Pd/P(t-Bu)s promoted O-triflyl selectivity,

as observed experimentally. Interestingly, raising the temperature from room temperature to 100

°C inverted the selectivity from triflate-favoured to chloride-favoured. The authors attributed this

to changes in both entropic factors and potential transformation of the catalytic intermediate at

elevated temperatures (Table 1.5).%8
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Table 1.5 Chemoselective Suzuki—Miyaura coupling under various conditions using

Neufeldt, 2020
0.75 mol%
P(t-Bu);-Pd-G4
ArB(OH),, KF, H,O

(ﬁ’O‘Tf
e
R MeOH, IPA, or THF

up to 99% (14 entries) rt., 24 h
Neufeldt, 2022

3 mol% [Pd] + P(-Bu)s
o-tolylB(OH),

P(t-Bu)s
f0.75 mol% Ar
X P(t-Bu)s-Pd-G4 (ﬁ’
e ArB(OH),, KF, H,0 e
R MecN R
rt., 24 h up to 93% (7 entries)

©/0Tf

KF, H,0
DMF, temp., 24 h

\/

OTf o-tolyl
o - O

A B
Entry [Pd] + L Temp. A B
1 3 mol% P(t-Bu);—-Pd-G4 r.t. 10% 60%
2 3 mol% P(t-Bu);-Pd-G4 100 °C 21% 30%
3 0.75 mol% Pd,(dba); + 1.5 mol% Pd(P(t-Bu)s), r.t. 1% 67%
4 0.75 mol% Pd,(dba)s + 1.5 mol% Pd(P(t-Bu)s), 100 °C 33% 23%
OTf 3 mol% [Pd] + P({-Bu)s OTf o-toly
©/ o-tolyIB(OH), R ©/ . ©’
KF, H,0, additive
solvent, r.t., 24 h A B
Entry Solvent Additive A B Entry Solvent Additive A B
5 THF 74% <1% 11 PC 71% 5%
6 THF  18-Crown-6 1% 76% 12 PC 18-Crown-6 1% 1%
7 THF n-BuyNF <1% 13% 13 IPA 87% 1%
8 THF n-BuyNCI 4% 69% 14 IPA~ 18-Crown-6 0% 3%
9 THF n-BuyNBr 2% 91% 15 DMF 10% 61%
10 THF  n-BuyNOTf 70% 3% 16 DMF 18-Crown-6 0% 47%

This comprehensive mechanistic study continued to elucidate the complex interplay of

solvents, ligands, and conditions governing

solvent effects, Neufeldt et al. found that anionic additives could also impact CI/OTf selectivity

(Table 1.5).%8

Previous studies had shown oxidative

ammonium halides. DFT suggested [Pd(P(t-

in some cases.® Neufeldt's team discovered that increasing availability of free fluoride, via

additives like crown ethers or quaternary am

attributed to a mechanism involving the [Pd(P(t-Bu)s)(X)]” intermediate, where higher "naked"

anion concentrations promoted triflate reactivity.>® This work provided new evidence for the critical

site-selectivity in Pd cross-couplings. In addition to

addition of PhOTf at [Pd(L)(X)]” with quaternary

monium salts, facilitated triflate activation. This was

role of solvent-ligand interactions in determining site-selectivity in Pd cross-couplings.
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Bu)s)(X)]” complexes may govern triflate selectivity
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In 2002, Littke and Fu reported the use of a palladium/P(t-Bu)s ligand system as a general
catalyst system for Stille coupling reactions.®® They showed this system could achieve excellent
yields under mild conditions, including the selective formation of chloro-substituted products using
4-chlorophenyl triflate (Table 1.6). Extending this idea, in 2011, a study by Schoenebeck
proposed that using KF or CsF as the base would promote the formation of an anionic palladium
intermediate, leading to enhanced selectivity for triflates in the Pd/P(t-Bu)s system (Table 1.6).%°
A similar trend was observed, though the reactions with chlorides exhibited higher reactivity upon

heating.%®

Table 1.6 Chemoselective Stille coupling with various conditions using P(t-Bu)s

Fu, 2002
0.75 mol% Pd,(dba);

oTf oTf
1.50 mol% Pd(P(t-Bu)3),
n-BusSnPh, CsF

dioxane, r.t., 72 h 93%

Schoenebeck, 2011
1.5 mol% Pd,(dba);

OTf
3.0 mol%P(t-Bu);
n-BuzSnPh, base

\ 4
o
—
—h
+
?
S
=

DMF, temp., time A B

Entry Base Temp. Time A B
1 KPFg r.t. 38h 47% 8%
28 KPFg 100 °C 7 days 88% 9%
3 KF r.t. 38h 30% 51%
4b CsF r.t. 38 h 21% 79%

40.75 mol% Pd,(dba); and 1.5 mol% P(t-Bu); were used. °“Me;SnPh was used.
Neufeldt, 2022

OTf OTf R
Pd,(dba); + Pd(P(t-Bu)s3), R .
(S Me;SnPh, KPFg o N
AN DMF, temp., 24 h SN Uies
AorA’ B or B’
(A:R=Ph; A"R=Me) (B:R=Ph;B":R=Me)
Entry Pd,(dba); Pd(P(t-Bu);), Skeleton Temp. A A’ B B’
5 0.75mol%  1.50 mol% benzene r.t. 2% 2% 4% 3%
6 0.75 mol% 1.50 mol% benzene 100 °C 39% 20% 3% 4%
7 1.5 mol% 3.0 mol% naphthalene r.t. 1% 3% 9% 42%
8 1.5 mol% 3.0 mol% naphthalene 100 °C 13% 33% 4% 12%

Previous work had also examined the reactivity of Pd(0)(P(i-Pr)(t-Bu).)2 in Suzuki-Miyaura
couplings (Table 1.7), finding P(i-Pr)(t-Bu). favoured a monoligated Pd(0) species as the active
catalyst, similar to P(t-Bu)s.°? Modulating the ligand equivalents allowed tuning the reactivity, with
P(i-Pr)(t-Bu). mimicking the behaviour of both PCys; and P(t-Bu)s in these cross-coupling reactions.
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Table 1.7 Chemoselective Suzuki—Miyaura coupling with various amounts of ligands

Schoenebeck, 2014
[Pd] + P(i-Pr)(t-Bu), or P({-Bu);

oTf -tolyl
o-tolyIB(OH), R . ooy
KF, THF -

r.t., time A B
Entry [Pd] +L Time A B
1 1.5 mol% Pd(P(i-Pr)(t-Bu)s)» 125 h 15%
2 1.5 mol% Pd,(dba); + 3 mol% P(i-Pr)(-Bu), 24 h 86% ---
3 3 mol% Pd(P(i-Pr)(t-Bu),), + 30 mol% P(i-Pr)(t-Bu), 125 h 10%
4 1.5 mol% Pdy(dba); + 3 mol% P(t-Bu)s 169 h 5%

In 2024, Qiu et al. reported the successful development of a chemoselective C—-N coupling

chemoselectivities.®?

Qiu, 2024

o O
S

M NH 9
OTf e 2 5 mol% PdCl, 10
+ 20 mol% P(t-Bu); =
5 mol% NaBAr,

Me 1 equiv. KzPOy,
dioxane, 100 °C,4 h

65%

Scheme 1.37 Chemoselective C—N amination of chloroaryl triflates using P(t-Bu)s

1.4 The Development of Chemoselective Cross-Coupling Reactions

reaction involving poly(pseudo)halogenated aromatic hydrocarbons and amines (Scheme 1.37).
Using a PdCl/P(t-Bu)s/NaBAr; catalyst system, the conventional reactivity sequence (Ar-Br =
Ar-OTf= Ar-OTs > Ar—Cl) was reversed, yielding the order Ar—-Br > Ar—-Cl > Ar—-OTf/OTs. Under

the optimized conditions, 29 coupling reactions were established, demonstrating excellent
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1.4.3 Pd(l) dimers

Moore et al. reported using Pda(u-2-methylallyl)(u-Cl)(P(t-Bu)s). as the catalyst for
Sonogashira reactions, which selectively yielded bromo-substituted products over aryl triflates,
regardless of the steric and electronic properties of the substrates (Scheme 1.38).%* This selective
reactivity was observed across a range of tested substrates, consistently favouring the C-Br bond
over other functional groups. Notably, the methodology maintained its effectiveness even when

scaled up to the gram scale.

Moore, 2009 (Sonogashira coupling (Br > OTf))
OTf OTf Ll
1 mol% catalyst t-Bu);P-Pd—Pd-P(t-B
N o y > N (t-Bu)z o (t-Bu);
Br—r Ph————H Ph———= s
2 ZnCl,, HN(-Pr), Z
THF, r.t., 30 min 4-Br 92% LS
3-Br, 93% catalyst

Scheme 1.38 Chemoselective Sonogashira coupling of bromoaryl triflates

Schoenebeck et al. reported an improved Pd(l) dimer catalyst system in 2017 that exhibited
chemoselective reactivity.®*° The catalyst, featuring a Pd-1-Pd bridge and a P(t-Bu)s ligand,
was selectively effective for Negishi and Kumada couplings of aryl bromides over aryl triflates
(Scheme 1.39). Computational studies supported the preference for oxidative addition at the
C-Br site.

The same group later applied this catalyst to chemoselective alkylation and arylation of aryl
triflates, rather than aryl chlorides, in a manner independent of substrate electronics or sterics.®’
The air/moisture-stable Pd(l) dimer enabled rapid, highly selective functionalisation of the three
coupling sites in the order C-Br > C-OTf > C-CI, with excellent yields (Scheme 1.39). This
technology provides precise control over selectivity, potentially enabling automated approaches

to rapidly access molecular complexity.

Schoenebeck et al. also developed a chemoselective C-S bond formation method using this
dinuclear Pd(l) dimer catalyst, [Pd(u-1)P(t-Bu)s]2, that avoided generating toxic Pd complexes.®
This approach enabled thiolations of a wide range of polyhalogenated arenes, even selectively
in the presence of C-Br, C-OTf, and C-CI groups (Scheme 1.39) — a level of chemoselectivity
not previously reported. Importantly, this air- and moisture-stable catalyst could be recovered and
recycled while retaining high performance. Such chemoselective strategies are valuable for
synthesising densely functionalised or complex molecules relevant to pharmaceuticals and

materials.
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Schoenebeck’s Pd(l) dimer catalyst system was also applied to the preparation of vinyl
cyclopropanes via Negishi cross-coupling, showcasing its broad chemoselectivity.®® The
installation of cyclopropyl groups can be challenging, but the Pd(l) dimer catalyst selectively
activated triflates over chlorides in these transformations (Scheme 1.39).

Schoenebeck, 2017 (Kumada/Negishi coupling (Br > OTf/CI))

2.5 mol% [Pd(u-1)P(t-Bu)sl, R |

R OTf 7\
ﬁ\/ﬁ/ R'—MgX/ ZnX - ﬁ\/ﬁ/OTf (t-Bu)sP-Pd—Pd-P(t-Bu);
< toluene/THF S 24 !

Br [Pd(u-)P(t-Bu);],

r.t., 5 min, open flask
up to 98% (6 entries)

Schoenebeck, 2018 (C-S coupling (Br > OTf/Cl))
5 mol% [Pd(u-1)P(t-Bu)s]

R OTf 312 R

ﬁ\’ﬁ/ R'—SNa . ﬁ\/ﬁ/OTf

2 toluene - o

Br 40-60 °C, open flask SR
up to 92% (4 entries)
Schoenebeck, 2023 (Negishi coupling (Br > OTf/Cl))
‘ 2.5 mol% [Pd(u-1)P(t-Bu)s], c OTf

toluene, r.t., 10 min -~ |H2

Br” : HZCVAZnCI

(slow addition over 15 min) 61%
Schoenebeck, 2018 (Negishi coupling (Br > OTf > Cl))
- - R "
R OTf 2.5 mol% [Pd(u-1)P(t-Bu)sl» N R
ﬁ\/ﬁ/ R'—ZnCl| ~ R"'—ZnCl _ - d /ﬁ’
l\//<B THF, 5 min NMP, 10 min NMP, 25 min '\’/\'R,
r °
r.t. r.t. r.t. or 80 °C 57-77% (3 entries)

Scheme 1.39 Chemoselectivity of haloaryl triflates in various reactions using [Pd(u-1)P(t-Bu)s].

In addition to the Kumada,®® Negishi,®®%" Heck,'® and C-S bond coupling reactions®
reported earlier, Schoenebeck’s group subsequently developed a method for a-arylation of esters
and ketones using their bench-stable Pd(l) dimer catalyst, [Pd(u-)P(t-Bu)s]2, in 2018.1°* This
approach utilised a bulky lithium base in toluene and exhibited a chemoselectivity order of | > Br
> OTf > Cl (Scheme 1.40).

Building upon this foundation, in 2020, the same group developed a method to couple
sterically hindered bromo-adamantyl arenes using the Pd(l) dimer catalyst, selectively favouring
the activation of aryl bromides over triflates (Scheme 1.40).1%2 Computational analysis suggested
attractive dispersion interactions between the adamantyl and tert-butyl groups could offset the

steric effects, enabling the desired reactivity.
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Schoenebeck, 2017
2.5 mol% [Pd(u-1)P(t-Bu)s],

oTf
X R'—MgX/ ZnX
R > R
e toluene/ THF
Br

r.t., 5 min, open flask

up to 99% (24 entries)

Schoenebeck, 2017

H,CZ ~CO,t-Bu

0.75 mol% [Pd(u-1)P(t-Bu)s]»

(Kumada/Negishi coupling (Br > OTf))

OTf 7'\
(ﬁ/ (+Bu)sP-Pd—Pd-P(t-Bu);
T = |
\9\

R’ [Pd(p-1)P(t-Bu)s],

(Heck coupling (Br > OTf))

/©/0Tf
Br

Schoenebeck, 2018

i-ProNEt, toluene
100 °C, 15 h

5 mol% [Pd(u-1)P(t-Bu)s],

o>_//—©fow

-B
t-BuO 92%

(C-S coupling (Br > OTf))

OTf
R N R'—SNa
=< toluene
Br

40-60 °C, open flask

Schoenebeck, 2018

N OTf
T T
SR

up to 94% (4 entries)
(a-arylation (Br > OTf))

oTf o 5 mol% [Pd(u-1)P(t-Bu)s], o OTf
Me LiTMP
+ >
OMe toluene MeO
Br
Me rt, 24 h Me Me
68%
Schoenebeck, 2020 (Negishi coupling (Br > OTf))
MeO OTf 5-10 mol% [Pd(u-1)P(t-Bu)sl, MeO OTf
R'—ZnX:-LiCl -~
Br toluene/ THF R'
1-Ad rt.=50 °C, 5-12 min 1-Ad

Schoenebeck, 2018
OTf 2-5mol% [Pd(u-1)P(t-Bu)s],

up to 90% (7 entries)
(sequential Negishi coupling (Br > OTf))

R"
N R'—ZnCl JR—=znCl _./*f
e, THF NMP N
' rt., 5 min r.t., 10 min

Schoenebeck, 2018

2.5 mol% [Pd(u-1)P(t-Bu)s],
NMP, r.t., 10 min

66-72% (2 entries)
(Negishi coupling (OTf > CI))

(ﬁ/OTf . TR
'\/,\' * )\

R R" ZnCl oPen flask

2.5 mol% [Pd(u-1)P(t-Bu)s],

> /\\)\R"'
®
I\/,\’
R
up to 96% (42 entries)
(sequential Negishi coupling (OTf > ClI))

oTf
T R'—2ZnClI _ R"—ZnCl -
X NMP NMP, r.t. or 80 °C
R rt., 10 min 25 min

Scheme 1.40 Coupling reactions with hal

./ﬁfR'
\’/<R
61-80% (3 entries)

oaryl triflates using [Pd(u-1)P(t-Bu)s]2
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Schoenebeck’s group developed a new Pd(l) dimer catalyst, [Pd(u-1)PCy2(t-Bu)]2, featuring
a PCy,(t-Bu) ligand.'® This catalyst was applied to olefin migration reactions, enabling the
synthesis of styrenes and enamines with similar effectiveness and chemoselectivity as the earlier

[Pd(u-I)P(t-Bu)s]2 system (Scheme 1.41).

Schoenebeck, 2020 (Negishi coupling (OTf > CI))
OTf 2.5 mol% [Pd(u-1)PCy,(t-Bu)l, R’ |
) 7'\
R'—ZnCl > (t—BuCyz)P—Pd\—/Pd-P(Cyzt—Bu)
NMP, r.t., 10 min |
R open flask R [Pd(u-1)PCy,(t-Bu)],
75-95%

(4 entries)

(sequential Negishi coupling (Br > OTf > CI))
2.5 mol% [Pd(u-1)PCy,(t-Bu)]»
N 2-thiophene—2ZnCl

Z THF, 5 min, r.t.
Br n-Amyl—2ZnCl

r.t., open flask - >
NMP, 10 min 5 5 mo1% [Pd(u-1)PCy,(t-Bu)l,

r.t., open flask _ N n-Amyl
- N
NMP, 25 min |
80 °C, Ar ANS
|
60%

Scheme 1.41 Chemoselective Negishi coupling of haloaryl triflates using
[Pd(u-1)PCy.(t-Bu)]2

They also showed that air-stable [Pd(u-I)PCy.(t-Bu)]. enabled site-selective alkylation of
polyhalogenated arenes. Within 10 minutes at room temperature, it selectively activated triflates
over other halides, providing excellent branched-to-linear selectivity and up to 94% isolated yields
(Scheme 1.42).1% This rapid chain-walking reactivity was consistent with [Pd(u-1)PCya(t-Bu)]z’s
efficacy in olefin migration.’®® The authors highlighted that subtle ligand modifications can

significantly impact the reaction outcome while retaining benefits like air stability and speed.

Schoenebeck, 2022 (Negishi coupling (OTf > CI))

oTf 2.5 mol% [Pd(u-1)PCy,(t-Bu)ly I
NMP, r.t., 10 mi VN
A r, - min (+BuCy,)P-Pd—Pd-P(Cy,t-Bu)

¢ X o > |
= R'—: nZnCI '\//\/
= [Pd(u-1)PCy,(t-Bu)],

up to 94%
(14 entries)

Scheme 1.42 Chemoselective Negishi coupling of chloroaryl triflates using
[Pd(u-1)PCya(t-Bu)]-
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1.4.4 Buchwald-type phosphines

Traditionally, aryl triflates have exhibited higher reactivity than aryl chlorides, with some
exceptions. Many reports have shown that Buchwald-type ligands display greater selectivity
towards triflates over chlorides and bromides. Buchwald-type ortho-biaryl phosphine ligands can
be modified at the 2,4,6-positions to fine-tune their steric and electronic properties. The bottom
aryl ring can also coordinate to the palladium centre via Tr-interactions, facilitating formation of
the active 12e~ Pd(L) catalyst.!?

It has been proposed that Buchwald-type ligands generate Pd(L) species,'® but these
systems predominantly exhibit selectivity for the triflate group. This deviates from computational
predictions favouring C-Cl reactivity,®® as Sigman et al. suggested the ortho-aryl substituent can
obstruct a second coordination site.1% This leads to selectivities similar to smaller phosphines,

regardless of ligand concentration.5°

Scheme 1.43 demonstrates the clear O-triflyl selectivity of palladium-Buchwald systems,

which appears highly dominant and independent of solvents, temperatures, or nucleophiles.107-125

oTf R'
T [Pd] + Buchwald-type L (ﬁ’
| . o |
\,,\’R coupling partner(s) \,,\’R
e.g. R—Y .
19 literatures
OMe (OTf selective)

P(1-Ad),

n-Bu Reported reactions including:
- a-Arylation %8
_ Amination115,116, 124,125

i-Pr - Arylation-Nef reaction'4

QRIS - Barluenga coupling™®
R! Ri Rl RV - Carboalkoxylation'"®
OMe OMe H H - Carboamination'18:120.123

XPhos cy iPr iPr iPr H - Carbonylative amination'%®
PhXPhos Ph  iPr  iPr  iPr  H - Carbonylative Suzuki coupling’®”
BrettPhos Cy iPr iPr iPr OMe - Carboxylation'"?113

t-BuBrettPhos tBu iPr iPr i-Pr OMe - C-H arylation™"”

DavePhos Cy NMe, H H H - Desulfitative coupling™"!
MePhos Cy Me H H H - Organotitanium coupling’?!

CPhos Cy NMe, NMe, H H - Suzuki coupling'?2

RuPhos Cy OiPr Oi-Pr H H

Scheme 1.43 Chloroaryl triflate couplings using Buchwald-type ligands

Chemoselectivity in cross-coupling of aryl bromides and triflates using Buchwald-type
phosphines is rarely reported. However, a few exceptions exist — Chang'®’ and Jana!'? used

Pd/SPhos and Pd/DavePhos systems to achieve O-triflyl-selective carbonylative arylation and
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carboxylation (Scheme 1.44). Interestingly, Pospech and Taeufer*?® applied a Pd.(dba)s/XPhos
catalyst system to synthesise N,N-dimethylanilines from triflates via Buchwald—Hartwig amination.
They induced an intramolecular competition using 4-bromoaryl triflate, generating a bromo-
activated product unlike prior studies with the same system (Scheme 1.44). These limited
examples suggest Buchwald-type ligands typically exhibit high triflate selectivity, but specific
cases may tune reactivity to favour alternative pathways, like aryl bromide activation. Further

investigation is needed to fully understand chemoselectivity in these systems.

Chang, 2016 (carbonylative coupllng (OTf > Br))
oTf mol% Pd(TFA),
10 mol% SPhos
5 PhB(OH), PCy,
' CO, MTBE, 80 °C, 6 h Ui
92% SPhos
Jana, 2019 (carboxylative coupling (OTf > Br))
Br, 5 mol% Pd(OAc),
10 mol% DavePhos
2 mol% Ir(ppy),(dtbpy)PFg | _H30 MezN
O CO,, i-Pr,NEt PCy,
CSch3, DMSO
OTf rt, 425 nmhy, 36 h COOH DavePhos
65%
Pospech, 2020 (amination (Br > OTf))
OTf 2.5 mol% sz(dba)3 i-Pr
/©/ 7.5 mol% XPhos O/
HNMe, O
MesN
o KsPO, THF i -Pr i-Pr CV2
80 °C, 16 h 72% XPhos

Scheme 1.44 Bromoaryl triflate couplings using Buchwald-type ligands
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1.4.5. Bidentate phosphines

In addition to Buchwald-type phosphines, various bidentate phosphine ligands have been
explored in palladium cross-coupling, including monophosphines, binaphthyls, ferrocenyls, and
others (Figure 1.3). These chelating ligands generate 14e”~ Pd(L). catalysts with similar

chemoselectivity as the Buchwald systems.*?

Monophosphine ligands Binaphthyl diphosphines

O SOWEeS
Me OMe PR, ©O PPh,
)\/Pphz PPh PR’ PPh
SO O <y
0
h

BINAP, R=R'=P
alaphos meo-mop Segphos
Tol-BINAP, R = R' = p-tolyl

Eerrocenyl ligands Other diphosphine ligands
Me  Me
PR
T QO CCC
e . )
) dippf, R = i-Pr o
= PR PPh,  PPh, ©
PPh, PPh,
Q<Ph DPEPhos XantPhos
R,HP = DMM-Ma.ndyPhos, PPh,
Q Xyl-MandyPhos, = e
Phs PHR2 R =3,5-diMePh dppbz dppp, n =3
NMe; dppb,n=4

Figure 1.3 Examples of bidentate phosphine ligands
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The bidentate phosphine-palladium platform has proven versatile for cross-coupling. 15
examples®3-66:87.98.1277135 demonstrate selectivity for bromoaryl triflates (Scheme 1.45), and over
40 examples!?"129131-173 show remarkable O-triflyl selectivity with chloroaryl triflates (Scheme
1.46). Despite substrate/condition variations, the general trend favours triflate reactivity: C-OTf
> C-Br > C-ClI.

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

.

' Reported reactions including:
OTf ] R
| N [Pd] + bidentate L - @’ - Amination®®
XBr coupling partner(s) XBr - Borocarbonylation134

e.g. R=Y - Carbonylative amination®’
- Carbonylative Heck coupling'?’

- i i 1128
Related P, P-ligands and P, N-ligands: Carbonylat!ve Stille C.OUplqu 87
- Carbonylative Suzuki coupling

OMe + - Carboxylation??
N + - C-S coupling®
;

15 literatures
(OTf selective)

63-65

~—N HN—</ \N - Distal cross-coupling'®?
N=( 0
PPh, 0 PPh,  PPh,
0]
L4

- Heck coupling®®
DPEPhos

- Kumada coupling
2
] PPh,
PPh, Fe MeN

- Methylation®?
|
PPh2 @'—PRZ alaphos
OO dppf, R = Ph Ph,P—y PPh2

- Negishi couplin965,135

- Reductive carbonylation
- Stille coupling®®
- Suzuki coupling'3°

131,133

e e e e e e e e O

dippf, R = j-Pr d i 3
PPP, n =
BINAP dppb. n = 4

Scheme 1.45 Bromoaryl triflate couplings preferring activation at triflates using bidentate

ligands
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R

OoTf
TN [Pd] + bidentate L - i
O~ coupling partner(s) '

e.g. R'—=Y .
45 literatures

(OTf selective)
Related P, P-ligands, P, N-ligands, and catalysts:

C

,, g Me" - Negishi coupling
Oe / - : - Reductive carbonylation31:133.160
z :s : - Suzuki coupling1%%1%6
Z ' ;
- Xyl) Me 0
OO XyI )P PO XyI ... (Xyl) Me, < Ve Me
Xyl-SDP(O)
: O PPh,
BINAP, Z=27'=PPh, PPh,
BINAP(O), Z=P(O)Phy, R' = PPh, 0 PPh; o
Tol-BINAP, Z = Z' = P(p-tolyl), <
L8, Z = Z' = P(p-(O-CH,-C/F15)Ph), PPh, © PPh; PPh;
L9, Z = O(2-Naph), Z' = PCy, dppbz Segphos XantPhos
L10, Z = O(3-NH(i-Pr)Ph), Z' = PCy, oh
L1, Z = OCH,-3,5-diFPh, Z' = PCy, RzPQ( OMM-MandyPhos
L&S—PR, dppf R = ' NMe, R = 3,5-diMe-4-OMePh
Ph.R = - 2 LRI ﬂ Xyl-MandyPhos,
N2 Fe d'np‘;*S:qP,\z . P PR, R=Xyl
dppp @_PRz pT, =1-Nap NMez

Reported reactions including:

- Alkyne arylation64

- Alkynyl Heck coupling'43

- Amination'46

- Arylation140-142144,145,147 148,151,152
- Borocarbonylation'3*

- Carbonylative Heck coupling
- Carbonylative Sonogashira coupling
- Carboxylation'?®

- Carboxylative Stille coupling’®®

- C-H arylation"?

- Conjuctive coupling'®3

- C—P coupling®®

- C=S coupling™®

- Cyanation'%3.157

- Cyclo-carbonylation'
- Decarboxylative coupling
- Dicarbonylation'®’

- Dienylation'®”

- Distal cross-coupling'?
- Double carbonylation'®°
- Germylation'38

- Heck coupling136.162.173

- Kumada coupling'®®
135,154,171

127,165
170

69
137,150,168

Scheme 1.46 Chloroaryl triflate couplings using bidentate ligands or catalysts

While bidentate phosphine-palladium catalysts generally favour aryl triflates, a few
exceptions have been reported. Examples using Pd/BINAP are scarce, but Blum et al. achieved
selective triflate substitution in a methylation reaction (Scheme 1.45).%2 Similarly, the Pd/dppf
system favours triflates in carbonylative couplings (Scheme 1.45).87:128-131 However, rare cases
show selective bromide activation. Hayashi’'s Pd/(meo-mop) system exhibited 31: 1 (Br: OTf)

selectivity in Kumada couplings (Scheme 1.47).%% Molander'® and Brown® also reported
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bromoaryl triflate examples where the boronate coupling partner preferentially activated the
bromide (Scheme 1.47). These exceptions indicate bidentate phosphine ligand structure and
coupling partners can sometimes override the typical triflate selectivity of these palladium

catalysts.
R R
/:" [Pd] + L : A
\ / OTf - » R \
Brow coupling partner(s) =
OTf
e.g. R—Y
Reference L Br R'—Y Reaction Type Yield
Hayashi, 199863 meo-mop 4-Br PhMgBr Kumada 62%°2
68%"
Molander, 2001'%° dppf 4-Br PhCH,BF3K Suzuki 70%
Brown, 2007°° dppp 3-Br p-OMePhB(OH), Suzuki 52%
2-Br (4,5-diF) PhB(OH), Suzuki 78%
Jiao and Wu, 2017%” XantPhos 3-Br morpholine + CO carbonylative ~ 89%
2-Br amination 82%
6-Br (2-OTf naphthyl) 91%
4-Br RNH, + CO 47-92%
(5 entries)

aThe triflate-substituted product was 2% of the yield. ?No addition of LiBr,

@ - o'y
PPh
OMe ! 2 PhyPa~_PPh; O O

Fe
PPh2 | PPh2 0
PPh, PPh,

meo-mop dppf dppp XantPhos

Scheme 1.47 Bromoary! triflate couplings preferring activation at bromides using bidentate

ligands

Prior work has shown that reaction conditions can impact the selectivity between aryl triflates
and bromides in palladium catalysis. Ortar et al. found that higher temperatures promoted
conversion of 4-bromoaryl triflates, eroding the typical triflate preference (Table 1.8).17* Jiao and
Wu further explored the solvent effect using the Pd/dppf catalyst. Polar DMSO gave high triflate
selectivity, while less polar dioxane and toluene drastically reduced it (Table 1.8).8" Interestingly,
with the Pd/XantPhos catalyst, the trend reversed, with toluene exhibiting >99: 1 selectivity for
the aryl bromide.®” Mixing polar and non-polar solvents or using highly coordinating DMSO or
DMF eliminated selectivity (Table 1.8). These results align with Neufeldt’s observation that
coordinating solvents can promote triflate activation over chlorides in Suzuki couplings.®®
Controlling temperature and solvent properties appears crucial for optimising chemoselectivity in

these transformations.
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Table 1.8 Chemoselective couplings of bromoaryl triflates under various conditions using

bidentate ligands

Ortar, 1986 (carbonylation (OTf > Br))
0]
OTf 3 mol% Pd(OAc), 0]
6 mol% dppf OMe + OMe
B CO, MeOH MeO
' DMF, temp., time Br
A O B
Entry Temp. Time A B
1 60 °C 1h 45% 27%
2 40 °C 3.5h 42% 6%
3 40 °C 20 h 50% 10%
Jiao and Wu, 2017 (carbonylative amination (OTf > Br))
9 0]
OTf 2 mol% Pd(OAc), @\
2 mol% dppf _ N/\ . PPh,
Br morpholine K/O F|e BPh
CO, i-Pr,NEt TfO = ¢
solvent, temp., 24 h dppf
Entry Solvent Temp. Ratio (react at Br: OTf) Isolated Yield
4 DMSO 90 °C <1:99 81%
5 DMSO 110 °C <1:99 84%
6 DMF 90 °C <1:99 77%
7 NMP 90 °C <1:99
8 toluene/DMSO (1: 1) 90 °C <1:99 68%
9 toluene 90 °C 45: 55 -
10 dioxane 90 °C 31: 69 -
(carbonylative amination (Br > OTf))
o 2 mol% Pd(OAc), o/\ oTf hikz, bk
2 mol% XantPhos_ I\/N
Br morpholine o
CO, i-ProNEt @) PPh PPh
| p., 24 h 2 2
solvent, temp., XantPhos
Entry Solvent Temp. Ratio (react at Br: OTf) Isolated Yield
11 toluene 90 °C >99: 1 84%
12 toluene 110 °C >99: 1 86%
13 DMSO 90 °C 50: 50
14 DMF 90 °C 58: 42
15  toluene/DMSO (1: 1) 90 °C 67: 33 68%
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1.4.6 CataCXium® phosphine ligands

CataCXium® phosphine ligands are known for their bulky, electron-rich properties that make
them useful in coupling reactions.!” Ligands like CataCXium® A (n-BuP(1-Ad).) and CataCXium®

ABnN (BnP(1-Ad).) have two adamantyl groups and an alkyl substituent on the phosphorus. Jiao
and Wu found the Pd/n-BuP(1-Ad). catalyst exhibited excellent selectivity for aryl bromides over

triflates in carbonylative amination and Suzuki—-Miyaura reactions, with no difference between

toluene and polar DMSO solvents.®” This bromo-selectivity persisted even with (chloro)aryl

bromides and phenyl triflates (Table 1.9).

Table 1.9 Chemoselective carbonylative coupling of bromoaryl triflates using CataCXium® A

Jiao and Wu, 2017

2 mol% Pd(OAc),

OTf 2
/©/ 6 mol% CataCXium® A
Br R—=Y

CO, i-PryNEt
solvent, 90 °C, 24 h

> R’

(carbonylative amination (Br > OTf))

/|7-Bu
CataCXium® A
intramolecular competition

Entry Solvent R'—Y Ratio (react at Br: OTf) Isolated Yield
1 toluene morpholine >99: 1 80%
2 DMSO morpholine >99: 1 7%
3 toluene 4-BrPhNH, -- 44%
4 toluene PhB(OH), - 75%

2 mol% Pd(OAc),

R O
6 mol% CataCXium®A _ O
Br PhOTf, morpholine

N

CO, i-ProNEt @)
toluene, 90 °C, 24 h intermolecular competition
Entry R Ratio (react at Br: OTf) Isolated Yield
5 Me >99: 1 82%
6 Cl 95:5

Other studies report similar selectivity for aryl bromides using CataCXium® ligands. Langer

et al. showed Pd/CataCXium® A gave higher reactivity and selectivity than Pd/PCys in Suzuki

couplings of 4-bromo-3-O-triflyl-estrones.'’® Hartwig also observed bromide preference with a

Pd/CataCXium® PICy catalyst (Scheme 1.48).17” The ability of bulky, electron-rich CataCXium®

phosphines to promote selective activation of aryl bromides makes them valuable for

chemoselective cross-coupling.
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Langer, 2018 (Suzuki coupling (Br > OTf))

5 mol% Pd(OAc),
10 mol% CataCXium® A

ArB(OH),
K3PQy,, toluene
100 °C,20 h
up to 98% Me
(8 entries) CataCXium®A
Hartwig, 2021 (gem-difluoroallylation (Br > OTY))
Br
Bpin 0.1 Mol% Pda(dba); TfO ( P
N H 0.4 mol% CataCXium®PICy PCy,
| K,COg3, toulene -
CF2 100°c,48h ®
OTf ; CataCX|um PICy
66% (24: 1)

Scheme 1.48 Chemoselective coupling using CataCXium® ligands
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1.4.7 Alkyl-based phosphine ligands

In 2021, a research group led by So et al. investigated the effect of the ligand-controlled
chemoselectivity in palladium-catalysed Suzuki-Miyaura reactions.>® They discovered a rare
chloro-selective reactivity using the Pd/SelectPhos catalyst system (Scheme 1.49). SelectPhos
features an indolyl backbone, a phosphine group at the C3 position, and a cyclohexyl ring at the
C2 position.The Pd/SelectPhos catalyst system exhibited broad substrate scope, tolerating
various boronic acids including electron-rich, electron-poor, functionalised, heteroaromatic,
alkenyl, alkyl, and sterically hindered derivatives. It remained highly active even at low loadings
of 10 ppm. Additionally, a clear chemoselectivity order was established: Br > Cl > OTf in

sequential Suzuki-Miyaura couplings (Scheme 1.49).%3178

So, 2021
oTf 0-001-3 mol% Pd(OAc), OTf P(i-Pr),
TN 0.002-6 mol% SelectPhos (ﬁ/
¢ Ar/AlkylB(OH), ANSX N
R KF, toluene/t-BuOH . 990/R N
up to (V]
110 °C, 0.5-18 h . Me
(60 entries) SelectPhos
So, 2021; So, 2024 (Suzuki coupling (Br > Cl > OTf))

- 0,
R os 0-02-1 mol% Pd(OAc),

o C i 0.04-2 mol% SelectPhos , . Fé\/ﬁ/ow
e Ar'B(OH), (&
Br KF, -BuOH or toluene Ar
60-110 °C, 2-18 h
(sequential Suzuki coupling (Br > Cl > OTf))
0.5 mol% Pd(OAc),

up to 99% (36 entries)

TN ot 1.0 mol% SelectPhos _ (ﬁ/OTf
e Ar'B(OH), ~ ArB(OH), e
B" K, toluene 110 °C, 16 h A
110 °C, 2 h up to 93% (11 entries)

Scheme 1.49 Chemoselective Suzuki-Miyaura coupling of haloaryl triflates using SelectPhos

Crystallographic analysis of the Pd/SelectPhos oxidative addition complex revealed a
chloride-bridged dimeric Pd(Il) structure with a 1: 1 (Pd: L) ratio. Importantly, a unique interaction
was observed between the cyclohexyl methine hydrogen and the palladium centre. DFT
calculations showed that, despite the existence of a C-H---Pd interaction, the monoligated
Pd/SelectPhos complex still favoured C—Cl bond cleavage over C-O ftriflate cleavage, in contrast
to previous triflate-selective arene hemilabile T-interactions (Scheme 1.50).5® These results
highlighted the importance of ligand design, with the unique C-H---Pd interaction involving

SelectPhos’ cyclohexyl methine group playing a critical role.
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So, 2021
Oxidative addition prefers C-Cl bond

OTf_|¢ E:

TfO,

- ,/ \O

% (i-Pr) P/P"d\ =%
H 2 H © (’)’\CFs

N A\
N N

N OTf Me Me

N A B

\Me 0.0 kcalmol™! +5.8 kcalmol™

L (PP

calculated transition structures of

Pd/SelectPhos complex oxidative addition step for Pd/SelectPhos

Scheme 1.50 The structure of Pd/SelectPhos and its calculated transition structures

Taking this as a starting point, the same researchers later demonstrated chemoselective
borylation of haloaryl triflates using SelectPhos, producing only chloride-coupled products without
undesired diborylated products (Scheme 1.51).1° Importantly, the Pd/SelectPhos catalyst
effectively suppressed self-coupling byproducts. The method could be applied to heteroaromatic
and electron-deficient substrates, delivering coupled products in up to 95% yield (Scheme 1.51).
This catalyst demonstrated high chemoselectivity in intramolecular competition reactions with
bromochloroaryl triflates, selectively reacting at the bromide site. Also, it was further applied to
chemoselective borylation and Suzuki—-Miyaura coupling of chloroaryl triflates in a one-pot, two-
step process without requiring additional palladium or ligand, showcasing the versatility of

SelectPhos.'”® More details on this will be provided in the subsequent section.

So, 2022
oTf 1-5 mol% Pd(OAc),

OTf
TN 2-10 mol% SelectPhos _ “/ﬁ/

1 ” . gl 0 -
\/,\R B,pin,, KOAc, CPME \;\R

. o P(i-Pr),
110 °C, 15 min=1 h up to 95% (16 entries)
(borylation (Br > Cl > OT)) \
oTf 5 mol% Pd(OAc), O N
:/ﬁ/ 10 mol% SelectPhos : Sel M(taPh
\»xB B,pin,, KOAc, CPME \9\’Bpin electPhos
r o
110°C,1h 68-84% (3 entries)
N OTf 1-5 mol% Pd(OAC)z N OTf
. 2-10 mol% SelectPhos . _ArClI _ -/T
U » ) > > .
\f,\R B,pin,, KOAc, CPME KsPO, ”\”\R

110 °C, 15 min-1 h 110 °C, 1h up to 86% (12 entries)

Scheme 1.51 Chemoselective borylation of haloaryl triflates using SelectPhos
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So et al. later developed a method for a-arylation of carbonyl compounds using
chemoselective cross-coupling with chloroaryl triflates, employing either Pd/SelectPhos or Pd/t-
BuPhSelectPhos catalysts. These systems were able to invert the chemoselectivity, favouring
the Ar—Cl bond over the triflate and delivering the desired chloride-substituted products in
excellent yields. The scope encompassed a wide range of chloroaryl triflates coupled with
oxindoles or other ketones, tolerating both electron-rich and electron-poor substituents (Scheme
1.52).180

So, 2022
2 mol% [Pd(1r-cinnamyl)Cl],
8 mol% SelectPhos or
X oTt ' °
1 R'—=r O t-BuPhSelectPhos OTf
1 - + / N > ' \
\,,\ \ K3POy, toluene T
R R" 110 °C, 16 h e
PRR'
up to 93%
\ R = R' = j-Pr = SelectPhos (28 entries)
N R = t-Bu, R' = Ph, = t-BuPhSelectPhos
\
Me
OTf 2 mol% [Pd(1T-cinnamyl)Cl], X OTf
TN . 8 mol% t-BuPhSelectPhos :/j/
K’/\'.R K3POy, toluene \’/\R
110 °C, 16 h
up to 81%

(16 entries)

Scheme 1.52 Chemoselective a-arylation of chloroaryl triflates using SelectPhos or
t-BuPhSelectPhos

The same researchers investigated the effects of the —PR, module and the C2-alkyl group of
alkyl-indolyl-based phosphine ligands on chemoselectivity. They found that the ~PR> moiety with
an alkyl group exhibited selectivity towards the Ar-Cl bond, while the -PPh, ligand
(PhSelectPhos) chemoselectively reacted with the Ar—OTf bond. To understand the influence of
the —PPh group, the authors performed a DFT study on the oxidative addition process for the
bisligated Pd(PhSelectPhos), complex. The synthetic utility of this catalyst system was
demonstrated through the synthesis of the NSAID flurbiprofen from 4-chloro-2-fluorophenyl
triflates (Scheme 1.53), highlighting the practical applications of the chemoselective coupling

strategies.8°
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So, 2022

4 mol% Pd(dba), OTMS .
F 8 mol% SelectPhos N
©: B ZnF,, THF %\Ot-BU ©:
oTf 110 °C, 18 h Me oTf
70% '
4 mol% Pd(dba), PR
8 mol% PhSelectPhos A\ R = R' = i-Pr = SelectPhos
K3POy,, dioxane N R = R'=Ph = PhSelectPhos
110 °C,6 h l‘\/le
TfOH, DCM
0 °C-r.t.
F
7% 88%

Flurbiprofen (NSAID)

Scheme 1.53 Synthesis of Flubiprofen in a chemoselective approach

So et al. reported an inversion of conventional chemoselectivity in the Sonogashira reaction,
with the order of reactivity as C-Br > C-Cl| > C-OTf. Systematic screening of indolyl ligands
showed that the substituent on the phosphine group directly affects the reactivity and
chemoselectivity, and the ligand t-BuPhSelectPhos exhibited excellent C—Cl chemoselectivity.8!
The chemoselective Sonogashira coupling was applicable to a broad range of chloroaryl triflates
and TMS-arylalkynes, coupling the C—Cl bonds at various positions relative to the C-OTf bonds.
The method tolerated sterically congested substrates, as well as a variety of electronic and

functional group substitutions. The researchers also successfully applied the protocol to

polyhalogenated aryl triflates, obtaining excellent C—Br selective products (Scheme 1.54).18!

So, 2022
0,
oTf 4 MoI% Pd(OAC), oTf P(t-Bu)Ph
TN 8 mol% t-BuPhSelectPhos (ﬁ/ N\
'\%R Ar TMS AT
KF, dioxane up to 96% NI‘VI
. . e
10°C,20h (42 entries) t-BuPhSelectPhos
(Sonogashira coupling (Br > Cl > OTf))
oTf 4 mol% Pd(OAc), OTf
TN 8 mol% t-BuPhSelectPhos n\/
U - =
e, Ph T™MS \
r KF, dioxane
110 °C, 20 h 46-69% ( entrles)

Scheme 1.54 Chemoselective Sonogashira coupling of haloaryl triflates using
t-BuPhSelectPhos
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The synthetic utility of the chemoselective Sonogashira coupling was further demonstrated
through its use in the synthesis of polycyclic aromatic hydrocarbons, natural product analogues,
and other valuable organic motifs, contributing to the construction of diverse molecular libraries

for drug discovery (Scheme 1.55).18

So, 2022
4
OTf 4 mol% Pd(OAc), 1.5 mol% Pd,(dba)s |
A N 8 mol% t-BuPhSelectPhos | 4.5 mol% SPhos Z A
L Ar—=—TMS " R'—PhB(OH), RG_
KF, dioxane K3POy4
110 °C, 20 h 110 °C,2h L .
P(t-Bu)P C&VI TfOH DCM
,12h
\ R
N 2% |
\
Me MeO
t-BuPhSelectPhos SPhos | N
\
48-67% (4 entries)
OMe 4 mol% Pd(OAc), OMe
8 mol% t-BuPhSelectPhos Q
MeO—@%TMS
TfO Me TfO Me
KF, dioxane 94%
110 °C, 20 h
OMe 1.5 mol% Pd,(dba)s
4.5 mol% SPhos
O MeO—O—B(OH>2
Me K3POy, toluene
O 89% 90 °C, 8h
trimethyl-selaginellin L
MeO (overall, 84%)
TfO TfO
lS! 4 mol% Pd(OAc), @ BBr5, DCM @
@ 8 mol% t-BuPhSelectPhos 78 °C-rt, 4h

——TMS

OMe
KF, dioxane
110 °C, 20 h 67% 80%
(overall, 54%)

Scheme 1.55 Applications of chemoselective Sonogashira coupling using t-BuPhSelectPhos
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The desulfinative cross-coupling of aryl sulfinates has emerged as a promising palladium-
catalysed C-C bond formation strategy due to its advantages, such as low cost, stability, and
broad substrate applicability. However, controlling chemoselectivity between C-Cl and C-OTf
sites is challenging, as this reaction typically requires harsh conditions. The same research group
found that the t-BuPhSelectPhos’ methine hydrogen can interact with the palladium centre,
stabilizing it and preventing catalyst deactivation at high temperatures and poisoning from SO-
release. This allows better control over palladium ligation, inverting the typical chemoselectivity
order (Scheme 1.56). The substrate scope was explored, revealing a wide range of chloroaryl
triflates and p-toluenesulfonic acid derivatives with various substituents can be utilized in this

chemoselective desulfinative cross-coupling reaction. 82

So, 2022
O 8 mol% Pd(OAc), ~OTf P(t-Bu)Ph

i 16 mol% t-BuPhSelectPhos ./j/
| P = ' o~ \
e ArSO,Na A<

R KF, toluene 0 99% (3'; tries) N‘

° up to (] entries Me
150°C, 3h t-BuPhSelectPhos

(desulfinative coupling (Br > Cl > OTf))
oTf 8 mol% Pd(OAc),

OTf
TN 16 mol% t-BuPhSelectPhos TN
R or T > R or v
e ArSO,Na \,,\A
]

KF, toluene
150 °C, 2 h

up to 92% (8 entries)

Scheme 1.56 Chemoselective desulfinative coupling of haloaryl triflates using
t-BuPhSelectPhos

So et al. have developed a chemoselective deuterodehalogenation for halogenated aryl
triflates, using isopropanol-ds as the deuterium source. This method exhibited an unconventional
selectivity order of C-Br > C-Cl > C-OTf, and demonstrated a broad substrate scope, tolerating
a wide range of functional groups. The team also successfully applied this catalytic system to
achieve excellent C-Cl selectivity over C-OTf in the hydrodehalogenation of chloroaryl triflates
(Scheme 1.57).18
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So, 2023

N OTf 4 mol% Pd(OAC)2 N OTf P(t—BU)Ph
(T 8 mol% t-BuPhSelectPhos n./j/
! -~ . o ! - \
\r,\ isopropanol-dg '\»,\
T KePOS THF to 89% (2F; tries) \
° up to (s} entries Me
10 °C, 4h t-BuPhSelectPhos
(deuterodehalogenation coupling (Br > Cl > OTY))
N oTf 4 mol% Pd(OAc), OTf
1 8 mol% t-BuPhSelectPhos TN
H or e ; > Hor T
\,/\ isopropanol-dg \,,\D
Bl kPO, THF 02% (3 ont
110 °C, 4 h up to o (3 entries)

Scheme 1.57 Chemoselective deuterodehalogenation of haloaryl triflates using
t-BuPhSelectPhos

Additionally, researchers from So’s group have recently reported a chemoselective
phosphorylation reaction utilizing the Pd/SelectPhos system. This method was able to selectively
transform a wide range of chloroaryl and bromoaryl triflates into their corresponding aryl
phosphonate products (Scheme 1.58).184

So, 2024
oT¢ 4 mol% Pd(OAc),

oTf )
TN 8 mol% SelectPhos (ﬁ/ P(i-Pr),
! 7, .. . Ll 1
'\9\R diisopropyl phosphite &

/<R \
dioxane/t-AmylOH (1: 4)

up to 83% (12 entries) N
NagPOy, 110 °C, 1-16 h 2
(phosphorylation (Br > Cl > OTf)) SelectPhos
gr 4 mol% Pd(OAc), O '
TO or P 8 mol% SelectPhos N P(Oi-Pr),
A< diisopropyl phosphite  TfO or x
R dioxane/t-AmylOH (1: 4) e

NaszPOy,, 110 °C, 3-16 h  up to 80% (7 entries)

4 mol% Pd(OAc),

8 mol% SelectPhos _ o-tolylB(OH),
@ diisopropyl phosphite /@ DMF @
TfO dioxane/t-AmylOH (1: 4) | 1¢o 110 °C, 4 h o-tolyl
K3PO4, 110 °C, 1h without isolation 72%

Scheme 1.58 Chemoselective phosphorylation of haloaryl triflates using SelectPhos

In 2024, So et al. explored a novel approach for regio- and chemoselective C—H arylation of
heterocycles, using innovative pyrazole-alkyl phosphine ligands. These ligands enabled additive-

free arylation of various heterocycles under mild conditions, with the key being the different

1.4 The Development of Chemoselective Cross-Coupling Reactions 54



cycloalkyl ring sizes in the ligand structure (Scheme 1.59).1® Notable findings included the
achieved o/f selectivity and unique chemoselective arylation of C-Cl over C-OTf, facilitating
efficient hetero-biaryl synthesis. Experimental and computational evidence suggested the
optimally sized ligands may lower the energy barrier in C—H activation, offering potential benefits
for sustainable organic synthesis.

In a later study, the same researchers designed new alkyl-pyrazole phosphine ligands,
enabling the first palladium-catalysed chemoselective amination of chloro(hetero)aryl triflates in
the C-Cl bond (Scheme 1.59).1%¢ The Pd/BirdPhos system produced new compounds with
excellent yield and chemoselectivity, opening possibilities for complex molecules synthesis and

providing insights for catalyst design in chemoselective cross-coupling.

So, 2024
4 mol% Pd(dba)
OTf Hg 2
A (l‘?\]f\S* 8 mol% L12 Kﬁ/OTf
: s ReALCYCE LTSNS
¢ ' | Hq KOAC e N=
Lo 2X
R o X dioxane N R /l\'l // —PCy,
X=N,0,S 110 °C. 8 h up to 92% Me
' (30 entries)
L12
So, 2024

ot 4 mol% Pd(dbal, oTt P(i-Pr),
(ﬁ/ 8 mol% BirdPhos ./ﬁ/ A
¢ HNR'R", K3PO,4-H,0 '\,,\'R \

N—

dioxane or toluene to 87% (83 entries) NMe
° up to 97% entries

1ore.2n BirdPhos

Scheme 1.59 Chemoselective couplings of chloroaryl triflates using alkyl-pyrazole-based
phosphine ligands
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1.4.8. Ylide-based phosphine ligands

YPhos is a class of ylide-functionalised phosphine ligands developed by Gessner’s group.
These ligands have been successfully used in palladium- and gold-catalysed reactions, including
amination, a-arylation, Negishi coupling, and Suzuki-Miyaura coupling.'®-'8 The structure of
YPhos consists of a phosphonium group, an ylide group, and an R’ substituent. The phosphonium
group provides steric demand and secondary interactions with the binding metal, while the ylide
group stabilizes electron-deficient, low-valent main-group carbon to enhance the phosphine
donor strength. The R’ substituent fine-tunes the electronic properties and flexibility of the ligand

structure.

Two studies by Gessner and Gool3en investigated the chemoselectivity of YPhos in
activating aryl (pseudo)halides in palladium-catalysed cross-coupling reactions. In 2021, the
authors developed a method using Pd:(dba)s and pinkYPhos for the Negishi coupling of
Reformatsky reagents.’®® The study found that the Pd/pinkYPhos system preferentially activates

aryl bromides over aryl triflates, and aryl chlorides over aryl triflates (Table 1.10).

Table 1.10 Chemoselective Negishi coupling with Reformatsky reagents using pinkYPhos

Gessner and GoofRen, 2021 (intermolecular competitive Negishi coupling (Br > OTf))
1 mol% Pd,(dba)s

R' R
/©/Br ' /©/0Tf : m0|%—pinkYPhos " O ' /O
R'ZnX, additi
7 7 nx, aaditve 7 7

THF, temp., 16 h.

V4 z A B

Entry Z z' R'ZnX Additive Temp. A B
1 Me H EtO,CCH,ZnBr LiCl 0°C 82% 2%
2 Me H i-PrCH,ZnCl ZnBr, 0°C 96% n.d.
3 t-Bu Me PhZnBr - r.t. 82% 2%
@

Cyspﬁ)/PCYz
o-tolyl
pinkYPhos

1 mol% Pd,(dba)s

Rl
/© + /©/0Tf2mol% pinkYPhos © . /©z
R'ZnX, additi
7 2 nX, additive . -

THF, temp., 16 h.

z z A B
Entry Y4 Z' R'ZnX Additive Temp. A B
4 Me H EtO,CCH,ZnBr LiCl r.t. 60% 14%
5 Me H i-PrCH»ZnCl 0°C 83% 18%
6 t-Bu Me PhZnBr r.t. 11% 67%

Gessner’'s group has continued to explore the versatility of YPhos ligands in palladium-

catalysed cross-coupling. In 2022, a study found the Pd/keYPhos or Pd/prYPhos catalyst systems
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exhibited high reactivity and selectivity towards aryl chlorides.>* These catalyst systems enabled
the coupling of both electron-rich and electron-deficient chloroaryl triflates with electron-rich and

electron-deficient arylboronic acids, achieving yields of up to 95% (Scheme 1.60).

Gessner and Goofen, 2022

2 mol% Pd,(dba);

©)
/@ 6 mol% keYPhos /@ Cy3p‘?PCy2
Tio n-BuB(OH)Z, KQCO3 TiO Me

toluene/H,0O (5: 1), 60 °C, 12 h 98% keYPhos
1 mol% Pdy(dba);

TfO—“/ﬁ 2 mol% keYPhos or prYPhos TfO—'/ﬁ Cy3P@ P(i-Pr),
¢ ArB(OH),, K,COj4 ¢ f
R toluene/H,O (4: 1), 60 °C, 12 h R Me

up to 95% YPh
(10 examples) Pr 0s

\/

\

Scheme 1.60 Chemoselective Suzuki—-Miyaura coupling of chloroaryl triflates using YPhos

Gessner's group also investigated the chemoselectivity of YPhos in intermolecular
competition reactions involving electron-rich and electron-deficient aryl halides and arylboronic
acids. Their findings showed that electron-rich arylboronic acids exhibited a selectivity ratio of 4:

1 over electron-deficient arylboronic acids, and a selectivity ratio of 6: 1 for electron-deficient aryl

chlorides.>*

These results underscore the potential of YPhos ligands as valuable tools for the
chemoselective activation of chloroaryl triflates in a variety of catalytic transformations. The
ligands’ ability to discriminate between different electronic profiles of the reactants demonstrates

their versatility and utility in selective cross-coupling reactions.
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1.4.9. N-Heterocyclic carbene catalysts

N-Heterocyclic carbenes (NHCs) represent another class of ligands commonly employed to
form metal complexes in transition metal-catalysed reactions. Organ et al. developed a
chemoselective Kumada coupling with Pd-PEPPSI-IPent®, which exhibited the selectivity order
Ar-Br > Ar-OTf or Ar-CL.1®! They further expanded this to a low-temperature, efficient method
for chemoselective Kumada coupling of poly(pseudo)haloalkanes (Scheme 1.61). This method
exploited the preference for Ar—-Br over Ar—-OTf or Ar—Cl, enabling one-pot sequential Kumada
and Negishi couplings. The authors attributed the observed chemoselectivity between Ar-Br and
Ar—Cl to differences in oxidative addition barriers but did not comment on the selectivity between
Ar-OTf and Ar-CI.1%1

Organ, 2019 (Kumada coupling (Br > OTf))
oTf Tfo
2 mol% Pd-PEPPSI-IPent®!
ArPhMgX -~
toluene -
0 °C, 15 min

Br

Pd-PEPPSI-IPent®!
(sequential Kumada/Negishi coupling (Br > OTf))

oTf CN
5 mol% Pd-PEPPSI-IPent®!
oTf
toluene O PhznClor Ph

0 °C, 30 min - n-BuzZnCl 44%
60 °C, 18 h CN
MgX
: C o’
NC CN
62%

Scheme 1.61 Chemoselective Kumada coupling of bromoaryl triflates using Pd-PEPPSI-IPent®

Neufeldt and co-workers introduced a chemoselective Suzuki-Miyaura coupling of chloroaryl
triflates using Pd/NHC catalysts. Pd-SIPr complex favoured reaction at the chloride, while Pd-
SIMes complex preferred the triflate, giving <5% minor/diarylated products.>? This versatile
method addressed limitations of previous Pd/PCys catalyst system, which were ineffective for

electron-rich and -deficient arylboronic acids.®’

In a separate study, Jiang and Shi reported the first palladium-catalysed C(sp?)-C(sp®) cross-
coupling of aryl chlorides and alkyl zirconium reagents, using [Pd(i-Pr)(cin)Cl].1%2 One example
showed the triflate group was well-tolerated, with the chloride selectively reacting to give the
desired product in 40% yield (Scheme 1.62).
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Neufeldt, 2019 (Suzuki coupling (OTf > Cl))

OTf 3 mol% Pd-SIPr complex OTf 3 mol% Pd-SIMes complex  Ar
N - ArB(OH), N ArB(OH), > N
Ry . KF, H,O R KF, H,O RT
\" toluene or dioxane Z THF or DMF \’
up to 93% 25-80°C, 4-12h 25-60 °C, 4-12h up to 94%
(17 entries) (20 entries)

NVN\Q
i-P T/ Pr

.— ‘ ‘ .—
&P i Nfi@
i—PrTi—Pr
,Pd

Cl

t-Bu

“7

Ph

Pd-SIMes complex Pd(IPr)(cin)CI

Pd-SIPr complex

Shi, 2022

/@ 2 mol% Pd(IPr)(cin)Cl /©
THF, rt., 24 h -
TfO

ZrCp,Cl TfO
Ph? NN\ ATP2 40%

Scheme 1.62 Chemoselective coupling of chloroaryl triflates using NHC catalysts

In summary, the various ligands used in chemoselective palladium catalysis are categorised
into 9 groups. By reorganising the reported entries into 7 types of reactions based on their
reactivity (Br versus OTf and OTf versus Cl), we can summarize the observed chemoselectivity

trends as follows (Table 1.11):

Trialkyl phosphines, Pd(l) dimers, CataCXium series, alkylated heterocyclic based
phosphine ligands (SelectPhos and BirdPhos series), Ylide-based phosphines, and NHC
catalysts prefer the bromo-site over the OTf-site in all reported palladium catalysis.

In contrast, triaryl phosphines, Buchwald-type phosphines, and bidentate ligands show the

opposite preference in some conditions, where the OTf-site is more reactive than the Br-site.

For the chemoselective coupling between OTf-site and Cl-site, the OTf-site is generally more
preferred than the ClI-site across all the reactions, except for tri-tert-butylphosphine and some
newly discovered ligands like CataCXium series, alkylated heterocyclic based phosphine ligands

(SelectPhos and BirdPhos series), Ylide-based phosphines, and NHC catalysts.

This comprehensive overview provides valuable insights into the chemoselectivity profiles of
various ligand systems, which can inform the rational design and selection of appropriate
catalysts for targeted transformations.
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Table 1.11 Summary of aforementioned Pd-catalysed chemoselective coupling reactions

Summary of reported selectivity of aforementioned entries

Br BN OoTf Cl NN N/A

Suzuki coupling C-Het bond
- with C-MX - - a-arylation | formation
coupling agent coupling coupling and others

Triaryl
phosphines

Trialkyl
phosphines

Pd(l) dimers

Buchwald-
type ligands

Bidentate
phosphines

CataCXium®
series

Alkyl-based
phosphine
ligands
Ylide-based
phosphine
ligands

NHC
catalysts

M = Mg, Zn, Ti, Bi, In, or Zr; Het = heteroatom
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1.5 Research Purpose

Although some ligand architectures appear to be privileged, no single ligand or class of
ligands has demonstrated superiority across all applications. Therefore, the development and
exploration of ligands for transition metal catalysis remain in high demand. As members of a
research group dedicated to synthesizing phosphine ligands, our objective is to rationally design,
develop, and synthesize new series of simple and highly effective phosphine ligands with high
diversity to address challenging substrate transformations. By strategically introducing novel
components into the ligand structure, the reactivity of established catalytic reactions can be
enhanced. An improved catalyst has the potential to reduce production costs and conserve
materials by enabling the use of less expensive catalysts under milder conditions. This
advancement would not only be economically beneficial but also promote environmental

sustainability.

The Suzuki—Miyaura cross-coupling reaction, renowned for its utility in synthesising new
pharmaceuticals and functional materials, has been extensively studied for several decades.
Progress has been made significantly in developing mild, environmentally friendly conditions and
tolerance to a wide range of substrates. However, the coupling of sterically hindered aryl halides,
particularly ortho-substituted substrates, remains a formidable challenge due to spatial hindrance.
This steric hindrance restricts the choice of conditions, catalysts, and substrate candidates.
Consequently, there is potential for improvement in identifying an effective catalyst for Suzuki

coupling of sterically hindered partners while maintaining a broad substrate scope.

In addition to reactivity, selectivity remains a crucial focus for chemists. If a substrate contains
multiple reaction sites, it exhibits different selectivity patterns. Three types of selectivity are
present: regioselectivity, enantioselectivity, and chemoselectivity. The presence of multi-reactive
sites in a substrate can lead to variations in reactivity, which is a leverage in sequential synthesis.
However, achieving consistent selectivity is often challenging. Frequently, undesired byproducts
with unreacted or multi-site activated components complicate isolation processes and reduce
overall product yield. Thus, there is a pressing need to design catalysts that ensure clean
selectivity in sequential synthesis. Published examples demonstrate that chemoselectivity can be

controlled effectively through careful catalyst design.

Typically, the reactivity follows the order C-I > C-Br ~ C-OTf > C-CI. However, this order is
not absolute when choosing different reaction types, ligands, bases, or solvents. The underlying
mechanisms influencing these changes remain under investigation. Further research is needed

to develop more reliable methods for achieving chemoselective coupling of different partners.
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A C2-alkylated indole-based phosphine ligand, SelectPhos, has been recently synthesised
by our research group. Unexpectedly, the methine hydrogen in the C2-cyclohexyl group on the
indole ring of the phosphine ligand interacts with the palladium centre, favouring oxidative addition
at the C-Cl site over the C-OTf site. This interaction leads to the unusual reactivity order of C-ClI
> C-OTf, leaving the typically more reactive OTf moiety in the final product. This thesis
demonstrated the chemoselectivity of this ligand in both the Suzuki—Miyaura cross-coupling and
borylation. Remarkably, the ligand exhibits an uncommon reactivity order of C-Br > C-CI| >

C-OTf with low catalyst loading, enabling sequential transformations in these coupling reactions.
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1.6 Organisation of Thesis

The thesis consists of 6 chapters. Chapter 1 covers the background of the research and
reviews the development of Suzuki—Miyaura cross-coupling reaction, Miyaura borylation, and Pd-
catalysed chemoselective cross-coupling reactions of aryl (pseudo)halides. Chapters 2 and 3
discuss the results of Pd-catalysed Suzuki—-Miyaura cross-coupling reactions and Pd-catalysed
chemoselective borylation, respectively. Chapter 2 focuses on employing an indole-amide-based
phosphine ligand to generate tri-ortho-substituted biaryls. Next, Chapter 3 discusses the utility of
a C2-alkylated indole-based phosphine ligand, SelectPhos, to achieve an inverted reactivity order
in borylation at the C-CI site over the C-OTf site. Chapter 4 continues to explore the use of
SelectPhos in another coupling reaction. Specifically, it demonstrates an unconventional
reactivity order: C-Br > C-Cl| > C-OTf in the Pd-catalysed Suzuki-Miyaura cross-coupling
reaction of bromo(chloro)(hetero)aryl triflates. Chapter 5 concludes the thesis, and Chapter 6 is

the appendix of NMR and HRMS spectra for all new compounds mentioned in the thesis.
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2. Chapter 2: An Indole-Amide-Derived Phosphine Ligand
Enabling a General Palladium-Catalysed Sterically

Hindered Suzuki-Miyaura Cross-Coupling Reaction

2.1 Introduction

The synthesis of biaryl compounds in organic electroluminescent materials, natural products,
and bioactive substances often relies on the Suzuki—Miyaura cross-coupling reaction — a widely
employed and versatile transformation. These ortho-substituted biaryl motifs have practical
applications in materials science!™? and the pharmaceutical industry,®* such as blue-emitting
materials, diospyrol, mastigophorene A, and korupensamine A (Figure 2.1).°7! Nonetheless, their
preparation can be problematic, especially when utilising relatively inexpensive yet sterically
hindered and unreactive aryl chlorides as building blocks.

OH OMe
C :
OC . 0y
sodin ¢ o oY
O NH

OH Me
OOO Korupensamine A
90 @

Na-AP-Na
Blue emitting materials Mastigophorene A

Diospyrol

Figure 2.1 Showcasing ortho-substituted biaryl frameworks in functional materials, natural

products and bioactive compounds

Employing low palladium catalyst loading is appealing to promote cost-effectiveness and
reduce toxicity in industrial applications.'? Catalyst loading can reach up to parts per million levels
in the Suzuki coupling of non-sterically hindered aryl chlorides.'*'” In contrast, constructing tri-
ortho-substituted biaryls by sterically hindered aryl chlorides remains a significant challenge,
requiring high palladium catalyst loading and prolonged reaction times, which might be due to the
steric bulk introduced by the substrates, which obstructs their approach to the palladium metal
centre.'®8"24 Recently, Hoshi et al.?® reported notable progress in this area, achieving the coupling
of aryl chlorides bearing two-ortho-substituents and ortho-substituted arylboronic acids using only
0.025-0.05 mol% Pd(dba). associated with CyR-Phos, within 1-17 hours. Developing effective
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ligands from the facile preparation of inexpensive and commercially available starting materials
is still highly desired to get high-performance catalysts.

Mixed-donor chelating ligands,?® with both soft and hard donor atoms, have been
successfully applied in transition metal catalysis owing to their hemilabile properties.?’” In
palladium catalysis, ancillary hard donors (O-/N-donors) can stabilise metal centres through weak
coordination with soft palladium centres.?® P,O-ligands have been designed with ancillary acetal,
sulfonyl, and amido moieties as a class of hemilabile ligands for cross-coupling reactions?® and
related asymmetric transformations.?*=! Among these P,O-ligands, and amido-ligands have
received significant attention, possibly due to the coordinating properties of amides and the ease
of introducing phosphine motifs based on amide scaffolds.®? Furthermore, the steric effect
provided by ancillary amide groups has been adopted in ligand design for catalysis (e.g., the
design of Xing-Phos).237** We envisioned that the utilisation of dynamic steric hindrance, offered
by rotatable aromatic tertiary amides, could also facilitate the substrate coordination and reductive
elimination process in cross-coupling reactions. Consequently, amido-phosphine ligands
demonstrated high efficiency in cross-coupling reactions.®%° Therefore, the hemilability and
nonrigidity of aromatic amide-derived phosphine ligands prompted us to explore their potential

application in Pd-catalysed cross-coupling reactions.

Numerous structures be alternative skeletons for constructing hemilabile ligands with
different steric arrangements of P,O-donors, which are suitable for specific transformations.?® For
instance, benzamide-derived phosphine ligands reported by Dai and Kwong were active in

Buchwald-Hartwig amination and Suzuki-Miyaura cross-coupling reactions (Scheme 2.1).3>38

| = Benzamide-derived ligands

Z effective for Pd-catalysed

Y C-C and C-N bond

RSN O coupling process 0
m | \ \
>' R™
N 1
N Indolyl phosphines I‘? NR’2
R"‘wR' effective for Pd-catalysed indol ide-based
Z N C-C and C-B bond indole-amide-base
h-- coupling process _/ phosphines

Scheme 2.1 Constructing phosphine ligands based on indole-amide scaffolds

We opted for indole as the skeleton in our design because the electronic-biased heterocyclic
core and its bicyclic structure may have a distinct electronic and steric influence on the reaction.**
49 Furthermore, this indole-based ligand presents the following benefits in modular synthetic
processes: (1) readily available indoles and indole carboxylic acids can serve as versatile ligand

precursors.; (2) the substituents on the nitrogen atom and the aromatic ring offer additional
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electronic tunability; (3) the acidic hydrogen at the C2-position enables facile installation of the
amide group through direct deprotonation; and (4) incorporating phosphine motifs at the electron-
donating C3-position could enhance the electron density of the phosphine motifs and promote
the oxidative process (Scheme 2.2). A series of phosphine ligands with indole-amide-based
backbones were prepared and tested in Pd-catalysed cross-coupling reactions (Scheme 2.2),

starting with commercially available N-substituted indoles or indole-2-carboxylic acids.

Modular Synthetic Process

o) Indole skeleton: elec.tro.n-richn.ess
J]\ « facile synthesis steric fine-tuning
R—1 NN RLN™ Cl « electronic fine-tuning
|

= N\ : N \ O
R > Rlll_l / '
N NR,
AN\ NHRy Li-Ltg R
R—./ Amide group:
N OH

\ e hemilability
R e dynamic steric hindrance

Scheme 2.2 Synthetic routes to indole-amide-based phosphine ligands and their features
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2.2 Result and Discussion

2.2.1 Initial screening of ligands

The sterically hindered Suzuki—Miyaura cross-coupling of 2-chlorotoluene l1la and (2,6-
dimethylphenyl)boronic acid 2a was chosen as the model reaction to evaluate the efficacy of the
new indole-amide-based phosphine ligands. The investigation began with ligand screening
(Table 2.1), where the newly synthesised indolyl-amide phosphine ligands were tested in this
reaction. The steric hindrance offered by the amide group had a significant influence on the
catalytic activity (L1-L5). Pd/L1 was found to be the most effective catalyst, providing a product
yield of 88%. Notably, the product yield dropped significantly when smaller —NMe; (L2),
morpholine (L3), and —NPh; (L4) motifs were used to replace the —N(i-Pr). (L1). Furthermore,
bearing a small -NMe; group, the derivatives of L2 did not yield better results by replacing the
-PCy. group with other phosphine groups (L8 and L9). A similar observation was made for L3
and L10. Interestingly, attempts to enhance the product yield by further increasing the steric bulk
of the amide group (L1 versus L5) and replacing the N-substituent of the indole backbone (L1
versus L6; L5 versus L7) were unsuccessful. Based on these results, the indole-amide-based
phosphine ligand with the electron-donating phosphine motif, the N-alkyl amide group, and
moderate steric bulk substituent appears to be the most optimal ligand candidate for facilitating

the sterically hindered cross-coupling reaction.

A series of previously identified remarkable phosphine ligands were investigated for their
efficiency in this reaction. Surprisingly, PPhs (L12), MorDalPhos (L23), and other diphosphine
ligands (L24-L27) were found to be ineffective under these conditions. Similarly, PCys (L11), Pt-
Bus-HBF, (L13), CataCXium®A (L14), and CataCXium®PInCy (L15) did not exhibit enhanced
reactivity. Furthermore, Buchwald-type biaryl phosphine ligands (SPhos L16, XPhos L17,
BrettPhos L18, and CyJohnPhos L19), 2-arylindole phosphine ligands (Andole-Phos L20, WK-
Phos L21), and PhenCar-Phos (L22) were also employed in this reaction; however, at most, only
moderate yields were obtained within a short time frame. These results emphasize the advantage
of the indole-amide-based ligand skeleton in facilitating the sterically hindered Suzuki—Miyaura

cross-coupling reaction.
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Table 2.1 Screening of ligands for Pd-catalysed Suzuki—Miyaura cross-coupling reaction of 2-
chlorotoluene 1a and (2,6-dimethylphenyl)boronic acid 2a*

Me 0.5 mol% Pdy(dba)s Me
4 mol% Ligand
* (HO),B KsPO,, dioxane
Me 110 °C, 10 min Me
1a 2a 3a
’ L1 L2 L3 L4 L5 L6 L7 L8 L9 L10 L11 L12 L13 L14 L15 L16 L17 L18 L19 L20 L2141 L22 L23 L24 L25 L26 L27
Ligand
Code Ligands Yield of 3a (%) |Code Ligands Yield of 3a (%)
PCy, PCy,
o) o)
L1 ©j\$—« 88 L2 ©f\$—( 12
N\ N(i—Pr)2 N‘ NMez
Me Me
PCY2O PCy2
A\ 0
L3 12 L4 N 35
N N
\ N  NPh,
Me I‘\/Ie
0
PCy, PCy,
o) o)
L5 ©f\$—( 58 L6 ©f\$—( 43
N  NCy, N N(-Pr);
Me i-Pr
PCyz P(i-Pr),
o) o)
L7 Cf\g—( 45 L8 ©j\$—( 11
N NCy, N NMe,
i-Pr Me
PPh, F’F’hzo
O A\
L9 N 9 L10 NERN 3
N NMe, \ _>
I‘\/Ie Me
0
L11 PCys 41 L12 PPhs; 0
L13 Pt-Bus-HBF4 6 L14 ; Fl’ : 7
n-Bu
CataCXium®A
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e e
N OMe
L15 7 L16 12
o)
CataCXium®PinCy SPhos
-Pr O I-Pr
L17 o O 11 L18 MeO O 17
P
st i-Pr
i-Pr
XPhos
L19 ! 2 L20 10
PCy2
CyJohnPhos
L21 37 L22 25
WK-Phos
P(1-Ad), OO
—\ PPh,
L23 N O 0 L24° PPh, 0
—/
MorDalPhos Oe
rac-BINAP
Me Me
L25° ; o ; 0 L26° O O 0
PPh, PPh, ()
DPEPhos PPh, PPh,
XantPhos
= PPh;
b Fe
L27 H 0
L —pe,
dppf

#Reaction conditions: 2-chlorotoluene 1a (0.50 mmol), (2,6-dimethylphenyl)boronic acid 2a (1.0
mmol), Pdz(dba)s (0.50 mol%), ligand (Pd: L = 1: 4), KzsPOs4 (1.5 mmol), and dioxane (1.5 mL)
were stirred under Nz at 110 °C for 10 minutes. Calibrated GC yields were reported using

dodecane as the internal standard. 2.0 mol% Ligand (Pd: P = 1: 4) was used instead.
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2.2.2 Optimisation of reaction conditions

Subsequently, L1 was selected as the ligand for further optimisation of the reaction

conditions (Table 2.2). An evaluation of the palladium sources revealed that Pd.dbas; was the

most suitable palladium precursor for this coupling reaction (Table 2.2, entries 1-4). Additionally,

a screening of commonly used inorganic bases was conducted (Table 2.2, entries 1 and 5-7),

with KsPO4 proving to be the superior choice. Regarding the solvent screening, toluene provided

better results, achieving a 95% vyield, compared to dioxane (Table 2.2, entries 1 and 8-10). In

contrast, the use of hexane, a non-polar solvent, led to a low yield (Table 2.2, entry 10).

Table 2.2 Optimisation of reaction conditions for Pd-catalysed Suzuki—Miyaura cross-coupling

reaction of 2-chlorotoluene 1a with (2,6-dimethylphenyl)boronic acid 2a?

Me 1 mol% Pd source Me
* (HO)2B:© ?)arzz,l /sooll_v1ent Me=SN Py
Me 110 °C, 10 min Me  FPING-q
1a 2a 3a ;'-Pr L1
Entry Pd source Base Solvent Yield (%)°

1 Pd.(dba)s K3PO4 dioxane 88
2 Pd(OAc): K3PO4 dioxane 31
3 Pd(dba). K3POg4 dioxane 23
4 PdCl>(MeCN); K3POg4 dioxane 26
5 Pd»(dba)s K3PO4'H0 dioxane 41
6 Pd»(dba)s K2COs dioxane 4
7 Pd.(dba)s Cs2CO3 dioxane 62
8 Pd,(dba)s K3POg4 toluene 95
9 Pd,(dba)s KsPO, THF 75
10 Pd.(dba)s KsPOa4 hexane 13

#Reaction conditions: 2-chlorotoluene 1a (0.50 mmol), (2,6-dimethylphenyl)boronic acid 2a (1.0

mmol), Pd source (1.0 mol% Pd), L1 (4.0 mol%), base (1.5 mmol), and solvent (1.5 mL) were

stirred under N at 110 °C for 10 minutes. "Calibrated GC yields were reported using dodecane

as the internal standard.
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2.2.3 Palladium-catalysed Suzuki—-Miyaura coupling of mono-ortho-substituted aryl chlorides with

di-ortho-substituted arylboronic acids

The promising results from the initial investigation prompted us to further explore the
substrate scope of the reaction (Table 2.3). For the model reaction, the Pd catalyst loading was
reduced to just 0.025 mol%, yet a remarkable quantitative product yield was still achieved (Table
2.3, 3a). During the reaction condition optimisation, the use of dioxane was found to promote the
model reaction; however, when other mono-ortho-substituted aryl chlorides and di-ortho-
substituted arylboronic acids were employed, this led to an undesirable increase in the
protodeboronated byproducts (e.g., m-xylene and mesitylene). To mitigate this issue, we
replaced the solvent with a relatively non-polar toluene-hexane mixture (1: 1 ratio) and extended
the reaction time to 2 hours, which generally afforded the desired coupling products in up to 99%
yields at catalyst loadings of 0.050-0.10 mol% (Table 2.3).

The substrate scope investigation demonstrated the versatility of this optimised protocol.
Mono-ortho-substituted aryl chlorides bearing a range of electron-rich/-deficient groups, such as
methyl (Table 2.3, 3a and 3c), methoxy (Table 2.3, 3b, 3f, and 3j), amino (Table 2.3, 3g), and
fluoro (Table 2.3, 3d and 3e) groups, were successfully transformed into the corresponding
coupling products. Importantly, the reaction also tolerated various functional groups, including
ester (Table 2.3, 3i), aldehyde (Table 2.3, 3k), and coordinative heterocyclic substrates (Table
2.3, 3h). Additionally, the arylboronic acid containing a methoxy group was able to couple with 2-
chlorotoluene, affording the desired product in good yield (Table 2.3, 3I). However, the coupling
of the more sterically hindered 2-chloromesitylene with 2,6-dimethylphenylboronic acid (5 equiv.)
at 110 °C for 2 hours, with an increased catalyst loading of 1.0 mol% Pd, only yielded the tetra-
ortho-substituted biaryl compound in a modest 22% yield.
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Table 2.3 Pd-catalysed Suzuki—Miyaura coupling of mono-ortho-substituted aryl chlorides with

di-ortho-substituted arylboronic acids®

R 0.025-0.05 mol% Pd,(dba); R
. 0.20-0.40 mol% L1 Me~N<Z~Pcy,
(HO),B toluene/hexane (1: 1) i-Pr
R"  K3PO,, 110 °C N™ 0
1 2 3 -Pr L1
Me
Me Me Me@
Me
Me Me Me
Me
3a, 99%® 3b, 92% 3c, 96% 3d, 98%
0.025 mol% [Pd], 1h  0.025 mol% [Pd], 2 h 0.05 mol% [Pd], 2 h 0.025 mol% [Pd], 2 h
" Me
€ Me Me
y Me
° Me Me
Me
3e, 87% 3f, 77% 39, 93% 3h, 94%

0.025 mol% [Pd], 2 h

Me

3i, 99%
0.05 mol% [Pd], 2 h

0.05 mol% [Pd], 2 h

Me

Me

3j, 88%
0.05 mol% [Pd], 2 h

0.05 mol% [Pd], 2 h

Me

3k, 71%

0.025 mol% [Pd], 2 h

0.05 mol% [Pd], 2 h

OMe
Me

31, 73%
0.05 mol% [Pd], 2 h

#Reaction conditions: mono-ortho-substituted aryl chloride (0.50 mmol), di-ortho-substituted
boronic acid (1.0 mmol), Pd>(dba)s (0.025-0.05 mol%), L1 (0.20-0.40 mol%), Pd: L (1: 4), KsPO4

(1.5 mmol), and toluene/hexane (1: 1, 1.5 mL in total) were stirred under N» at 110 °C for 1-2

hours. [Pd] was in respect to Pd,(dba)s. Isolated yields were reported. "Dioxane was used instead.
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2.2.4 Palladium-catalysed Suzuki—Miyaura coupling of di-ortho-substituted aryl chlorides with

mono-ortho-substituted arylboronic acids

The reaction time for the coupling between di-ortho-substituted aryl chlorides and mono-
ortho-substituted arylboronic acids can be further shortened to 30 to 60 minutes, resulting in the
same isolated products and excellent yields (Table 2.4, 3a—-3c). Good yields were achieved in
the conversion of electron-deficient arylboronic acids bearing fluoro or trifluoromethyl group at
the ortho- or para- position (Table 2.4, 3d, 3e, and 3m). This cross-coupling process
demonstrated tolerance not only of methyl, methoxy, and fluoro substituents (Table 2.4, 3o, 3p,
3q, 3u, and 3v), but also of functional groups such as cyano (Table 2.4, 3s) and sulfamate (Table
2.4, 3w) groups. More sterically congested electrophiles were also found to be applicable (Table
2.4, 3t). Substrates with extended conjugated T-systems were successfully converted into
coupled products (Table 2.4, 3q, 3r, and 3x—3af). Remarkably, 9-chloroanthracene coupled with
2-tolylboronic acid at a remarkably low 0.05 mol% Pd catalyst loading within just 10 minutes,

achieving a record-high turnover frequency (TOF) of 11880 (Table 2.4, 3ab).
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Table 2.4 Pd-catalysed Suzuki—Miyaura coupling of di-ortho-substituted aryl chlorides with
mono-ortho-substituted arylboronic acids®

0.025-0.05 mol% Pda(dba)s
' 0.20-0.40 mol% L1 - Me~N<A~pcy,
(HO).B K3POy,, dioxane - .
R 110°C R PR
3 L1

I}l (@]
4 S -Pr
Me OMe Me F
3a, 99% 3b, 99% 3¢, 96% 3d, 91%
0.025 mol%[ Pd], 30 min 0.05 mol%[ Pd], 60 min 0.025 mol% [Pd], 30 min 0.025 mol% [Pd], 30 min
TOF = 3960 TOF =990 TOF = 3840 TOF = 3640
Me
; F ; _CF3 :
F F : Ph
Me
3e, 86%"” 3m, 85%°? 3n, 92% 30, 96%
0.025 mol% [Pd], 30 min 0.05 mol%][ Pd], 60 min 0.025 mol% [Pd], 30 min 0.05 mol% [Pd], 60 min
TOF = 3440 TOF = 850 TOF = 3680 TOF = 960
Me Me Me
3p, 99% 3q, 82% 3r, 90% 3s, 71%
0.025 mol% [Pd], 30 min 0.025 mol% [Pd], 30 min 0.025 mol% [Pd], 30 min 0.025 mol% [Pd], 60 min
TOF = 3960 TOF = 3280 TOF = 3600 TOF = 1420
M
© OMe
fP gt L
Me Me Me
Me
3t, 70% 3u, 99% 3v, 98% 3w, 81%
0.05 mol% [Pd], 60 min 0.05 mol% [Pd], 60 min 0.05 mol% [Pd], 60 min 0.05 mol% [Pd], 60 min
TOF =700 TOF =990 TOF =980 TOF =810
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gt

3x, 83% 3y, 76% 3z, R=Me, 90% 3aa, R =0OMe, 93% 3ab, 99%
0.05 mol% [Pd], 0.05 mol% [Pd], 0.025 mol% [Pd], 0.05 mol% [Pd], 0.025 mol% [Pd],
30 min 60 min 30 min 30 min 10 min
TOF = 1860 TOF = 760 TOF = 3600 TOF = 1860 TOF = 11880
,@ C ,@ ®

r r ’O
3ac, 92% 3ad, 94% 3ae, 97% 3af, 82%

0.05 mol% [Pd], 60 min 0.025 mol% [Pd], 30 min 0.025 mol% [Pd], 30 min 0.05 mol% [Pd], 30 min

TOF =920 TOF = 3760 TOF = 3880 TOF = 1640

#Reaction conditions: di-ortho-substituted aryl chloride (0.50 mmol), mono-ortho-substituted
boronic acid (1.0 mmol), Pdz(dba)s; (0.025-0.050 mol%), L1 (0.20-0.40 mol%), Pd: L (1: 4), KsPO4

(1.5 mmol), and dioxane (1.5 mL) were stirred under N2 at 110 °C for 10-60 min. [Pd] was in

respect to Pdz(dba)s. Isolated yields were reported. ®1.5 mmol of boronic acid was used instead.
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2.2.5 Palladium-catalysed Suzuki-Miyaura coupling of sterically hindered aryl chlorides and

arylboroxines at ultra-low palladium loading or on a gram scale

Efforts were made to further reduce the catalyst loading to assess the practical feasibility of
this transformation (Table 2.5). The catalyst system maintained excellent performance even when
the Pd.(dba)s loading was decreased to just 25 ppm, using arylboroxine as the nucleophile. This
resulted in an impressively high turnover number, ranging from 16,600-19,800. Remarkably,
excellent product yields were obtained while minimising the formation of undesired homocoupling
and protodeboronated byproducts. 50 ppm of Pd represents the lowest catalyst loading ever
reported for the synthesis of tri-ortho-substituted biaryls via Suzuki—-Miyaura coupling at that time.

Table 2.5 Pd-catalysed Suzuki—Miyaura coupling of di-ortho-substituted aryl chlorides with

mono-ortho-substituted arylboroxines under extremely low Pd loading?®

RII
B< 25 ppm Pd,(dba)s/L1
K3POy,, dioxane Me PCy,
o R"
3 110°C,24h i-Pre
N~ SO
4 6 3 :‘-Pr L1
Me Me
Me Me
3a, 99% 3p, 99% 3ab, 91% 3ae, 83%
TON=19800 TON=19800 TON=18200 TON=16600

#Reaction conditions: di-ortho-substituted aryl chloride (0.50 mmol), mono-ortho-substituted aryl
boroxine (0.30 mmol), Pdx(dba)s (0.0025 mol%), L1 (0.020 mol%), Pd: L (1: 4), KsPOa (1.5 mmol),

and dioxane (1.5 mL) were stirred under Nz at 110 °C for 24 hours. Isolated yields were reported

Additionally, a gram-scale coupling of 2-chloro-1,3-dimethylbenzene and 2-
fluorophenylboronic acid was smoothly executed (Scheme 2.3), affording the desired product in
an 85% yield.

F 0.025 mol% Pdy(dba);

B(OH), _0.2 mol% L1 =

+ , - N_~

K3POy, dioxane Me PCy,
110 °C, 30 min F

-Pr
3d TS0

10 mmol 20 mmol 85% (1.7 g) ;'.pr L1

Scheme 2.3 Gram-scale Pd-catalysed Suzuki—-Miyaura cross-coupling reaction
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2.2.6 Investigating the ligand effect on the reactivity through the oxidation addition complex C1

The oxidative addition complex C1 was prepared to examine the origin of the ligand effect
on the catalytic reactivity towards the coupling reaction. Crystallographic analysis of C1 revealed
a k?-P,0-coordination of L1 with the palladium, creating a square planar complex, with the oxygen
of the amide group bound trans to the aryl ring (Figure 2.2).%° This finding indicates that the weak
O-coordination of the amide group stabilised the active species during the intervals between each
reaction cycle, prolonging the catalysts’ lifespan and potentially accounting for the low catalyst

loading needed.

Figure 2.2 X-ray structure of C1

Selected distances (A):
Pd1-P1 = 2.2575(4), Pd1-01 = 2.1304(12), Pd1-Cl1 = 2.3600(4), and Pd1-C(1) = 1.9815(17).

95 Chapter 2



2.3 Summary

To conclude, a novel family of phosphine ligands featuring an indole-amide-based scaffold
was developed and employed in sterically demanding Suzuki—Miyaura cross-coupling reaction.
Among these ligands, L1 exhibited exceptional performance, enabling the reactions to proceed
with only 0.050-0.10 mol% Pd catalyst loadings, possibly due to the auxiliary coordination of the
amide group. The reactions displayed a high tolerance for various functional groups, allowing for
a wide range of substrate combinations and yielding good to excellent products. Furthermore, it
was discovered that an extremely low catalyst loading of 0.0050 mol% Pd could successfully
facilitate the coupling of sterically hindered aryl chlorides with aryl boroxine. This method is
believed to provide an efficient approach for the synthesis of sterically hindered biaryl compounds.
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2.4 Experimental Section

2.4.1 General considerations

All reagents were purchased from commercial suppliers and used as received, unless
otherwise noted. Suzuki—-Miyaura cross-coupling reactions were carried out in a resealable
screw-cap Schlenk tube (approximately 20 mL volume) containing a Teflon-coated magnetic
stirrer bar (5 mm x 10 mm). Dioxane, toluene, and THF were freshly distilled under nitrogen from
sodium or sodium benzophenone ketyl, while hexane was freshly distilled from anhydrous
calcium hydride under nitrogen. Water was also freshly distilled under nitrogen.>* A new bottle of
n-BuLi was employed, as the concentration of n-BuLi from an older bottle may vary, necessitating
a titration prior to use. Several starting materials, including 4-chloro-3,5-dimethylanisole,%? 2-
chloro-1,3,5-triethylbenzene,*® 4-chloro-3,5-dimethylphenyl dimethylsulfamate,® 2-chloro-4-
methoxytoluene® and 4-chloro-3-methoxybenzaldehyde,*® were synthesised according to
literature procedures. Additionally, 2,4,6-tris(2-methylphenyl)boroxine was prepared following
published methods.5” Thin layer chromatography was performed on precoated silica gel 60 Fas4
plates, and column chromatography utilised 230-400 mesh silica gel. Melting points were
recorded on an uncorrected Stuart Melting Point SMP30 instrument. NMR spectra were acquired
on a Bruker spectrometer, with internal referencing to the residual proton resonance in CDClIs (6
7.26 ppm) or tetramethylsilane (TMS, & 0.00 ppm) for *H NMR (400 MHz) spectra. *C NMR (100
MHz) spectra were referenced to the middle peak of CDCls (8 77.0 ppm), and 3P NMR (376 MHz)
spectra were referenced externally to 85% H3;PO.. Coupling constants (J) were reported in Hertz
(Hz). Mass spectrometric data, including EI-MS and HRMS, were obtained using HP 5977A MSD,
Agilent 6540 ESI-QToF-MS, APPI-QToF-MS, and Waters GCT Premier EI-ToF-MS instruments.
GC-MS analysis was performed on an HP 7890B GC system with an HP5MS column, and the
reported GC yields were based on authentic samples/dodecane calibration. All yields refer to the
isolated products, and literature-reported compounds were characterised by comparison of their

NMR spectra to the published data.

97 Chapter 2



2.4.2 Ligand synthesis and characterisation

N,N-Diisopropyl-1-methyl-1H-indole-2-carboxamide (P1)

(@)
O
N N(@-Pr),

\

Me
Under a nitrogen atmosphere at room temperature, 1-methylindole (2.50 mL, 20.0 mmol) was
dissolved in freshly distilled THF (30 mL). The solution was then cooled to -78 °C, and titrated t-
BuLi (20 mmol) was added dropwise using a syringe. After the reaction mixture was stirred for 30
minutes at room temperature, N,N-diisopropylcarbamoyl chloride (3.93 g, 24.0 mmol) was added
at -78 °C. The reaction temperature was then increased to room temperature, and the reaction
was stirred for 1 hour. The solvent was removed under reduced pressure, and the concentrated
mixture was diluted with ethyl acetate and washed with water and brine. The organic layer was
dried over Na,SO4 and then concentrated. The concentrated mixture was then subjected to
column chromatography and eluted with an ethyl acetate/hexane (1: 9 and 2: 8) mixture. The
eluent was evaporated to yield N,N-diisopropyl-1-methyl-1H-indole-2-carboxamide as a light-
yellow solid (4.62 g, 90%). *H NMR (400 MHz, CDCl3)  1.13-1.70 (br m, 12H), 3.48-4.27 (br m,
2H) superimposed to 3.76 (s, 3H), 6.47 (s, 1H), 7.12 (t, J = 7.8 Hz, 1H), 7.23-7.27 (m, 1H), 7.33
(d,J=8.2 Hz, 1H), 7.60 (d, J = 7.9 Hz, 1H); *3C NMR (100 MHz, CDCls) 5 20.8, 30.8, 99.9, 109.6,
120.0, 121.2, 122.5, 126.8, 134.8, 137.1, 163.9. The data obtained align with the information

previously reported in the literature.5®

3-Bromo-N,N-diisopropyl-1-methyl-1H-indole-2-carboxamide (P1’)
Br

(@)
O
N N(-Pr),

\

Me
In anhydrous chloroform (25 mL), N,N-diisopropyl-1-methyl-1H-indole-2-carboxamide (4.38 g,
17.0 mmol) was dissolved at room temperature. N-Bromosuccinimide (3.02 g, 17.0 mmol) was
then added in portions to the solution. After stirring for 30 minutes, water was added to the
reaction mixture. The organic layer was washed with water and brine, then concentrated. The
concentrated solution was filtered over a pad of silica and eluted with dichloromethane. The
eluent was then concentrated, and the solid was subjected to recrystallisation from
dichloromethane/hexane. The white solid was collected, washed with hexane, and dried under
vacuum to afford 3-bromo-N,N-diisopropyl-1-methyl-1H-indole-2-carboxamide (4.00 g, 70%).
The melting point was determined to be 134.9-136.5 °C. *H NMR (400 MHz, CDCl3) & 1.11 (d, J
= 6.7 Hz, 3H), 1.31 (d, J = 6.6 Hz, 3H), 1.62 (d, J = 6.8 Hz, 6H), 3.56-3.65 (m, 1H), 3.73 (s, 3H),
3.85-3.95 (m, 1H), 7.20-7.24 (m, 1H), 7.29-7.34 (m, 2H), 7.57 (d, J = 7.9 Hz, 1H); *C NMR (100
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MHz, CDCls) & 20.2, 20.6, 21.1, 21.5, 31.1, 46.4, 51.6, 87.3, 109.7, 119.6, 120.7, 123.2, 126.4,
133.6, 135.9, 162.0; HRMS (ESI): calculated m/z for C16H22BrN20O": 337.0910, found 337.0914.

3-(Dicyclohexylphosphanyl)-N,N-diisopropyl-1-methyl-1H-indole-2-carboxamide (L1)
PCy2
O
N\
N N(i-Pr),

\

Me

Under a nitrogen atmosphere at room temperature, 3-bromo-N,N-diisopropyl-1-methyl-1H-
indole-2-carboxamide (1.00 g, 3.0 mmol) was dissolved in freshly distilled THF (10 mL). The
solution was then cooled to -78 °C, and titrated n-BuLi (3.3 mmol) was added dropwise using a
syringe. After the reaction mixture was stirred for 30 minutes at -78 °C,
chlorodicyclohexylphosphine (0.73 mL, 3.3 mmol) was added. The reaction was then allowed to
warm to room temperature and stirred overnight. The solvent was removed under reduced
pressure, and the solid product was successively washed with ethanol and methanol. The off-
white solid was collected by filtration and dried under vacuum to afford 3-
(dicyclohexylphosphanyl)-N,N-diisopropyl-1-methyl-1H-indole-2-carboxamide (1.13 g, 83%). The
melting point was determined to be 180.4-184.6 °C. *H NMR (400 MHz, CDCls) 6 0.93-1.32 (m,
15H), 1.39-1.97 (m, 18H), 2.66-2.74 (m, 1H), 3.52-3.59 (m, 1H), 3.69 (s, 3H), 3.84-3.90 (m,
1H), 7.16 (t, J=7.1 Hz, 1H), 7.26 (t, J = 8.1 Hz, 1H), 7.34 (d, J = 8.1 Hz, 1H), 7.80 (d, J = 8.0 Hz,
1H); 3C NMR (100 MHz, CDCIs) & 20.0, 20.4, 21.2, 21.4, 21.5, 26.1, 26.6, 27.0, 27.15, 27.24,
27.3,27.4,27.5, 27.6, 29.87, 29.89, 30.1, 30.2, 30.8, 31.1, 31.3, 31.6, 31.7, 31.8, 32.0, 35.6, 35.7,
46.0, 51.0, 102.0, 102.2, 109.7, 120.0, 121.8, 122.4, 130.35, 130.43, 137.8, 144.6, 145.1, 163.7;
31p NMR (162 MHz, CD.Cl;) d -17.1; HRMS (ESI): calculated m/z for C2sH4N,OP*: 455.3186,
found 455.3185.

N,N,1-Trimethyl-1H-indole-2-carboxamide (P2)

<
N NMe,
Me

1-Methylindole (6.24 mL, 50.0 mmol) was dissolved in freshly distilled THF (100 mL) under a
nitrogen atmosphere at room temperature. The solution was then cooled to -78 °C, and titrated t-
BuLi (55.0 mmol) was added dropwise using a syringe. After the reaction mixture was stirred for
30 minutes at room temperature, N,N-dimethylcarbamoyl chloride (5.06 mL, 55.0 mmol) was
added. The reaction temperature was then increased to room temperature, and the reaction was
stirred for an additional 1 hour. The solvent was removed under reduced pressure, and the
concentrated mixture was diluted with ethyl acetate, then washed with water and brine. The
organic layer was dried over Na,SO4 and concentrated. The concentrated mixture was then

subjected to column chromatography, eluting with an ethyl acetate/hexane (1: 9 and 2: 8) mixture.
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The eluent was evaporated, and the solid product was generated after the addition of hexane.
The light-yellow solid was collected by filtration and dried under vacuum to afford N,N, 1-trimethyl-
1H-indole-2-carboxamide (5.67 g, 56%). *H NMR (400 MHz, CDCl3) & 3.18 (s, 6H), 3.85 (s, 3H),
6.64 (s, 1H), 7.13-7.17 (m, 1H), 7.28-7.32 (m, 1H), 7.37 (d, J = 8.4 Hz, 1H), 7.63 (d, J = 7.9 Hz,
1H); *C NMR (100 MHz, CDClz) & 31.1, 103.9, 109.8, 120.1, 121.5, 123.2, 126.4, 132.0, 137.8,

164.4. The data obtained align with the information previously reported in the literature.®®

3-Bromo-N,N,1-trimethyl-1H-indole-2-carboxamide (P2’)

Br

(@)
O
N‘ NMez

Me

In anhydrous chloroform (25 mL) at 0 °C, N,N,1-trimethyl-1H-indole-2-carboxamide (4.38 g, 2.5
mmol) was treated with N-bromosuccinimide (0.51 g, 2.75 mmol) in portions. The reaction mixture
was then stirred for 1 hour at room temperature. Water was added to the reaction mixture, and
the organic layer was washed with water and brine, then concentrated. The concentrated solution
was subjected to column chromatography, eluting with an ethyl acetate/hexane (1: 1) mixture.
The eluent was then concentrated under reduced pressure, and the final product was dried under
vacuum to afford 3-bromo-N,N,1-trimethyl-1H-indole-2-carboxamide as a brown liquid (0.68 g,
97%). 'H NMR (400 MHz, CDClIs) & 3.10 (s, 3H), 3.20 (s, 3H), 3.77 (s, 3H), 7.20-7.24 (m, 1H),
7.32-7.34 (m, 2H), 7.56-7.58 (m, 1H); **C NMR (100 MHz, CDCl;) d 25.6, 31.4, 34.9, 38.4, 67.9,
90.1, 109.8, 119.8, 120.8, 123.9, 126.3, 131.3, 136.6, 162.8; HRMS (ESI): calculated m/z for
C12H13BrN2NaO*: 303.0103, found 303.0103.

3-(Dicyclohexylphosphanyl)-N,N,1-trimethyl-1H-indole-2-carboxamide (L2)
PCy,
<
N NMe,
Me
Under a nitrogen atmosphere at room temperature, 3-Bromo-N,N,1-trimethyl-1H-indole-2-
carboxamide (0.99 g, 3.27 mmol) was dissolved in freshly distilled THF (10 mL). The solution was
then cooled to -78 °C, and titrated n-BuLi (3.3 mmol) was added dropwise using a syringe. After
the reaction mixture was stirred for 30 minutes at -78 °C, chlorodicyclohexylphosphine (0.79 mL,
3.6 mmol) was added. The reaction was then allowed to warm to room temperature and stirred
overnight. The solvent was removed under reduced pressure, and the solid product was
successively washed with methanol. The resulting white solid was collected by filtration and dried
under vacuum to afford 3-(dicyclohexylphosphanyl)-N,N,1-trimethyl-1H-indole-2-carboxamide
(0.30 g, 76%). The melting point was determined to be 204.1-205.7 °C. *H NMR (400 MHz, CDCls)
6 0.98-1.97 (m, 21H), 2.61-2.69 (m, 1H), 2.93 (s, 3H), 3.19 (s, 3H), 3.68 (s, 3H), 7.15 (t, J=7.4
2.4 100



Hz, 1H), 7.27 (t, J = 7.1Hz, 1H), 7.34 (d, J = 8.2 Hz, 1H), 7.80 (d, J = 8.0 Hz, 1H); 3C NMR (100
MHz, CDCls) & 26.1, 26.5, 26.9, 27.1, 27.2, 27.4, 27.5, 30.0, 30.5, 30.6, 30.9, 31.2, 31.4, 31.6,
31.8, 32.0, 34.7, 35.2, 35.3, 38.7, 103.3, 103.4, 109.9, 120.2, 122.3, 122.5, 130.1, 138.2, 142.8,
143.2, 164.8; 3P NMR (162 MHz, CDCls) & -15.2; HRMS (ESI): calculated m/z for CasHssN2OP*:
399.2560, found 399.2559.

3-(Diisopropylphosphanyl)-N,N,1-trimethyl-1H-indole-2-carboxamide (L8)

P(i-Pr),
(@)
A\
N\ NMez
Me

3-Bromo-N,N,1-trimethyl-1H-indole-2-carboxamide (1.61 g, 8.0 mmol) was dissolved in freshly
distilled THF (20 mL) at room temperature under a nitrogen atmosphere. The solution was then
cooled to -78 °C, and titrated n-BuLi (9.6 mmol) was added dropwise using a syringe. After the
reaction mixture was stirred for 30 minutes at -78 °C, chlorodiisopropylphosphine (1.53 mL, 9.6
mmol) was added. The reaction was allowed to warm to room temperature and stirred overnight.
The solvent was removed under reduced pressure, and the concentrated mixture was dissolved
in dichloromethane and filtered through Celite. The solution was then evaporated and subjected
to column chromatography, eluting with an ethyl acetate/hexane (2: 8 and 1: 1) mixture. The
eluent was evaporated and washed with hexane. The resulting light orange solid was collected
by filtration and dried under vacuum to afford 3-(diisopropylphosphanyl)-N,N,1-trimethyl-1H-
indole-2-carboxamide (1.6 g, 63%). The melting point was determined to be 159.2-160.1 °C. H
NMR (400 MHz, CsDs) 5 0.95-1.04 (m, 6H), 1.14-1.21 (m, 6H), 2.08-2.15 (m, 1H), 2.45 (s, 3H),
2.73-2.79 (m, 1H), 2.81 (s, 3H), 3.15 (s, 3H), 7.01-7.03 (m, 1H), 7.16-7.23 (m, 2H), 7.81-7.83
(m, 1H); *3C NMR (100 MHz, C¢Ds) & 20.5, 20.6, 21.3, 21.4, 21.5, 21.67, 21.69, 21.9, 22.6, 22.7,
26.1, 26.2, 30.4, 34.1, 37.9, 38.0, 104.1, 104.2, 110.4, 120.6, 122.6, 122.7, 130.4, 130.5, 138.7,
143.7, 144.1, 164.4; *'P NMR (162 MHz, Ce¢Ds) & -5.34; HRMS (ESI): calculated m/z for
C1sH2sN2OP*: 319.1934, found 319.1936.

3-(Diphenylphosphanyl)-N,N,1-trimethyl-1H-indole-2-carboxamide (L9)

PPh,

A O

N NMe,

Me
In a solution of 3-bromo-N,N,1-trimethyl-1H-indole-2-carboxamide (2.47 g, 8.8 mmol) in freshly
distilled THF (30 mL) under a nitrogen atmosphere at room temperature, the mixture was cooled
to-78 °C. Titrated n-BuLi (9.68 mmol) was then added dropwise using a syringe. After the reaction
mixture was stirred for 30 minutes at -78 °C, chlorodiphenylphosphine (1.95 mL, 10.56 mmol)

was added. The reaction was allowed to warm to room temperature and stirred overnight. The
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solvent was removed under reduced pressure, and the solid product was successively washed
with ethanol. The resulting light orange solid was collected by filtration and dried under vacuum
to afford 3-(diphenylphosphanyl)-N,N,1-trimethyl-1H-indole-2-carboxamide (1.88 g, 55%). The
melting point was determined to be 178.5-179.5 °C. *H NMR (400 MHz, CDCl3) 5 2.84 (s, 3H),
3.12 (s, 3H), 3.76 (s, 3H), 6.95 (t, J = 7.3 Hz, 1H), 7.11 (d, J = 8.0 Hz, 1H), 7.23-7.50 (m, 12H);
13C NMR (100 MHz, CDCls) & 31.0, 34.6, 38.69, 38.73, 103.5, 109.9, 120.5, 122.3, 122.8, 127.8,
127.98, 128.03, 128.1, 128.2, 128.3, 129.1, 132.5, 132.6, 132.7, 132.8, 136.7, 136.9, 137.0,
138.3, 141.8, 142.2, 164.1; 3P NMR (162 MHz, CDCl3) & -29.2; HRMS (ESI): calculated m/z for
C24H24N20OP*: 387.1621, found 387.1624.

(1-Methyl-1H-indol-2-yl)(morpholino)methanone (P3)

O~

N N—>

Me Q—o
1-Methylindole (6.24 mL, 50.0 mmol) was dissolved in freshly distilled THF (125 mL) at room
temperature under a nitrogen atmosphere. The solution was then cooled to -78 °C, and titrated t-
BuLi (55 mmol) was added dropwise using a syringe. After the reaction mixture was stirred for 30
minutes at room temperature, N,N-morpholinecarbonyl chloride (7.00 mL, 60.0 mmol) was added
at -78 °C. The reaction temperature was then increased to room temperature, and the reaction
was stirred for 1 hour. The solvent was removed under reduced pressure, and the concentrated
mixture was diluted with ethyl acetate and washed with water and brine. The organic layer was
dried over Na,SO, and then concentrated. The concentrated mixture was then subjected to
recrystallisation from ethyl acetate/hexane. The resulting solid was collected, washed with
hexane, and dried under vacuum to afford (1-methyl-1H-indol-2-yl)(morpholino)methanone as a
light-yellow solid (8.73 g, 72%). *H NMR (400 MHz, CDCl3) & 3.73-3.75 (m, 4H), 3.79-3.82 (m,
4H), 3.86 (s, 3H), 6.60 (s, 1H), 7.14-7.18 (m, 1H), 7.29-7.33 (m, 1H), 7.36-7.38 (m, 1H), 7.63
(d, J = 8.0 Hz, 1H); *C NMR (100 MHz, CDCls) d 31.1, 66.9, 103.8, 109.8, 120.3, 121.5, 123.4,
126.2, 131.0, 137.9, 163.1. The data obtained align with the information previously reported in

the literature.®®

(3-Bromo-1-methyl-1H-indol-2-yl)(morpholino)methanone (P3’)
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In a solution of (1-methyl-1H-indol-2-yl)(morpholino)methanone (7.32 g, 30.0 mmol) in anhydrous
chloroform (100 mL), N-bromosuccinimide (5.61 g, 31.5 mmol) was added in portions at room
temperature. After stirring the reaction mixture for 10 minutes, water was added. The organic
layer was then washed with water and brine, and concentrated. The concentrated solution was
filtered over a pad of silica and eluted with dichloromethane. The concentrated solution was
evaporated to give a solid product, which was subjected to recrystallisation from ethyl
acetate/hexane. The resulting white solid was collected and dried under vacuum to afford (3-
bromo-1-methyl-1H-indol-2-yl)(morpholino)methanone (8.29 g, 86%). The melting point was
determined to be 159.4-160.3 °C. *H NMR (400 MHz, CDCls) d 3.40-3.46 (m, 1H), 3.55-3.68
(m, 2H), 3.78 (s, 3H), 3.80-3.89 (m, 5H), 7.19-7.26 (m, 1H), 7.33-7.34 (m, 2H), 7.57 (d, J = 8.0
Hz, 1H); 3C NMR (100 MHz, CDCls) & 31.4, 42.5, 47.7, 66.8, 67.3, 90.2, 109.8, 119.9, 120.9,
124.2, 126.1, 130.2, 136.7, 161.4; HRMS (ESI): calculated m/z for C14H16BrN.O-": 323.0390,
found 323.0389.

(3-(Dicyclohexylphosphanyl)-1-methyl-1H-indol-2-yl)(morpholino)methanone (L3)

PCy,

N 0

N N—>

Me Q—o
(3-Bromo-1-methyl-1H-indol-2-yl)(morpholino)methanone (1.61 g, 5.0 mmol) was dissolved in
freshly distilled THF (20 mL) at room temperature under a nitrogen atmosphere. The solution was
then cooled to -78 °C, and titrated n-BuLi (6.0 mmol) was added dropwise using a syringe. After
the reaction mixture was stirred for 30 minutes at -90 °C, chlorodicyclohexylphosphine (1.32 mL,
6.0 mmol) was added. The reaction was then allowed to warm to room temperature and stirred
overnight. The solvent was removed under reduced pressure, and the solid product was washed
with methanol and collected by filtration. The white solid was subjected to recrystallisation from
dichloromethane/methanol, and the off-white solid was collected by filtration and dried under
vacuum to afford (3-(dicyclohexylphosphanyl)-1-methyl-1H-indol-2-yl)(morpholino)methanone
(1.26 g, 57%). The melting point was determined to be 203.1-205.8 °C. *H NMR (400 MHz, C¢Ds)
6 0.80-1.45 (m, 11H), 1.50-2.04 (m, 10H), 2.73-2.83 (m, 2H), 3.06-3.12 (m, 1H), 3.16-3.33 (m,
5H), 3.45-3.73 (m, 4H), 7.02-7.08 (m, 1H), 7.18-7.22 (m, 2H), 7.90-7.93 (m, 1H); *C NMR (100
MHz, C¢Ds) 0 26.4, 26.9, 27.2, 27.3, 27.5, 27.55, 27.61, 27.8, 30.4, 30.5, 30.6, 31.0, 31.1, 31.9,
32.1, 32.2, 32.4, 32.5, 36.0, 36.1, 42.2, 47.40, 47.44, 66.7, 67.06, 67.09, 104.0, 104.1, 110.4,
120.9, 122.66, 122.73, 130.66, 130.73, 138.7, 142.8, 143.3, 163.0; 3P NMR (162 MHz, C¢Ds) d
-16.0; HRMS (ESI): calculated m/z for C2sH3sN2O2P*: 441.2665, found 441.2669.

(3-(Diphenylphosphanyl)-1-methyl-1H-indol-2-yl)(morpholino)methanone (L10)
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(3-Bromo-1-methyl-1H-indol-2-yl)(morpholino)methanone (0.65 g, 2.0 mmol) was dissolved in
freshly distilled THF (10 mL) at room temperature under a nitrogen atmosphere. The solution was
then cooled to -78 °C, and titrated n-BuLi (2.2 mmol) was added dropwise using a syringe. After
the reaction mixture was stirred for 30 minutes at -78 °C, chlorodiphenylphosphine (0.44 mL, 2.4
mmol) was added. The reaction was then allowed to warm to room temperature and stirred
overnight. The solvent was removed under reduced pressure, and the solid product was washed
with methanol and collected by filtration. The white solid was subjected to recrystallisation from
dichloromethane/methanol, and the resulting white solid was collected by filtration and dried
under vacuum to afford (3-(diphenylphosphanyl)-1-methyl-1H-indol-2-yl)(morpholino)methanone
(0.59 g, 69%). The melting point was determined to be 155.7-156.8 °C. *H NMR (400 MHz, CDClz)
0 3.25-3.34 (m, 3H) 3.45-3.49 (m, 1H), 3.74-3.92 (m, 7H), 6.96 (t, J = 7.4 Hz, 1H), 7.05 (d, J =
8.0 Hz, 1H), 7.25-7.41 (m, 10H), 7.46-7.50 (m, 2H); *3C NMR (100 MHz, CDCl3) & 31.2, 42.3,
47.6, 66.7,66.8,104.0, 104.1, 110.1, 120.8, 122.5, 123.1, 127.9, 128.18, 128.25, 128.46, 128.52,
128.9, 129.0, 132.3, 132.5, 132.7, 132.8, 136.4, 137.0, 138.5, 141.0, 141.5, 162.9; 3'P NMR (162
MHz, CDCIs3) 6 -29.6; HRMS (ESI): calculated m/z for CsH26N2O2P*: 429.1726, found 429.1728.

1-Methyl-N,N-diphenyl-1H-indole-2-carboxamide (P4)

O
IO
N NPh,

\

Me
1-Methylindole (2.50 mL, 20.0 mmol) was dissolved in freshly distilled THF (100 mL) at room
temperature under a nitrogen atmosphere. The solution was then cooled to -78 °C, and titrated
n-BuLi (20 mmol) was added dropwise using a syringe. After the reaction mixture was stirred for
30 minutes at room temperature, N,N-diphenylcarbamoyl chloride (5.56 g, 24.0 mmol) was added
at -78 °C. The reaction temperature was then increased to room temperature, and the reaction
was stirred for 1 hour. The solvent was removed under reduced pressure, and the concentrated
mixture was filtered through a short silica pad, eluting with an ethyl acetate/hexane (2: 8) mixture.
The eluent was collected and concentrated under reduced pressure. Hexane (10 mL) was added
to the crude product, and the mixture was stirred vigorously to generate a white solid at 0 °C. The
solid was collected by filtration and further purified by recrystallisation using ethanol to yield 1-
methyl-N,N-diphenyl-1H-indole-2-carboxamide (4.84 g, 74%). The melting point was determined
to be 122.1-123.3 °C. *H NMR (400 MHz, CDCls) 6 4.07 (s, 3H), 6.30 (s, 1H), 7.11 (t, J = 7.2 Hz,
1H), 7.25-7.31 (m, 6H), 7.33-7.41 (m, 6H), 7.48 (d, J = 8.0 Hz, 1H); **C NMR (100 MHz, CDCls)
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0 31.6, 108.7, 109.8, 120.0, 122.0, 123.9, 125.9, 126.4, 127.2, 129.2, 132.1, 138.1, 143.8, 163.7;
HRMS (ESI): calculated m/z for C2H1sNO™: 327.1492, found 327.1495.

3-Bromo-1-methyl-N,N-diphenyl-1H-indole-2-carboxamide (P4’)
Br

O
©f\$4
N  NPh,

\

Me

A solution of 1-methyl-N,N-diphenyl-1H-indole-2-carboxamide (1.63 g, 5.0 mmol) in anhydrous
chloroform (25 mL) was prepared at room temperature. N-Bromosuccinimide (0.89 g, 5.0 mmol)
was then added to the solution in portions. After stirring the reaction mixture for 1 hour, water was
added. The organic layer was separated, washed with water and brine, and then concentrated.
The concentrated solution was filtered over a pad of silica and eluted with dichloromethane. The
eluent was then concentrated and dried under vacuum to afford 3-bromo-1-methyl-N,N-diphenyl-
1H-indole-2-carboxamide as an off-white solid (1.21 g, 60%). The melting point was determined
to be 163.6-164.6 °C. 'H NMR (400 MHz, CDCls) 6 3.96 (s, 3H), 7.17-7.34 (m, 13H), 7.49 (d, J
= 8.0 Hz, 1H); **C NMR (100 MHz, CDCl;) & 31.5, 91.3, 109.7, 120.0, 120.6, 124.2, 126.1, 126.8,
128.9, 132.1, 136.8, 142.4, 163.0; HRMS (ESI): calculated m/z for CxH1sBrN.O*: 405.0597,
found 405.0602.

3-(Dicyclohexylphosphanyl)-1-methyl-N,N-diphenyl-1H-indole-2-carboxamide (L4)

PCy,

N 0

N NPh,

Me
3-Bromo-1-methyl-N,N-diphenyl-1H-indole-2-carboxamide (1.21 g, 3.0 mmol) was dissolved in
freshly distilled THF (20 mL) at room temperature under a nitrogen atmosphere. The solution was
then cooled to -78 °C in a dry ice/acetone bath. Titrated n-BuLi (3.0 mmol) was added dropwise
using a syringe. After the reaction mixture was stirred for 30 minutes at -78 °C,
chlorodicyclohexylphosphine (0.73 mL, 3.3 mmol) was added. The reaction was allowed to warm
to room temperature and stirred overnight. The solvent was removed under reduced pressure,
and the solid product was washed with methanol and collected by filtration. The white solid was
then subjected to recrystallisation from a dichloromethane/methanol mixture. The purified white
solid was collected and dried under vacuum to afford 3-(dicyclohexylphosphanyl)-1-methyl-N,N-
diphenyl-1H-indole-2-carboxamide (1.16 g, 74%). The melting point was determined to be
211.2-213.3 °C. 'H NMR (400 MHz, CDCl3) & 0.96-1.93 (m, 21H), 2.34-2.51 (m, 1H), 3.92 (s,
3H), 7.03-7.14 (m, 6H), 7.26-7.36 (m, 3H), 7.39-7.53 (m, 4H), 7.68 (d, J = 8.0 Hz, 1H); 3C NMR
(100 MHz, CDCls) 6 26.2, 26.3, 27.2, 27 .4, 28.6, 30.3, 31.5, 32.0, 36.3, 105.3, 109.9, 120.1, 122.6,
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122.8,126.1, 126.7, 127.3, 128.7, 129.2, 130.0, 130.1, 138.4, 143.1, 164.6; *'P NMR (162 MHz,
CDCls) © -16.9; HRMS (ESI): calculated m/z for CssH4oN2OP*: 523.2873, found 523.2875.

N,N-Dicyclohexyl-1H-indole-2-carboxamide (P5)

(@)
IO
N NCy,

\

H

A suspension of 1H-indole-2-carboxylic acid (8.05 g, 50.0 mmol) in anhydrous dichloromethane
(100 mL) was prepared at room temperature. To this suspension, DMF (5 drops) was added,
followed by the addition of oxalyl chloride (6.5 mL, 75 mmol). The reaction mixture was stirred at
room temperature for 2 hours. The solvent was then removed under reduced pressure, and the
residue was dissolved in anhydrous dichloromethane (100 mL). N,N-Dicyclohexylamine (29.8 mL,
150 mmol) was added to the solution at O °C. The resulting mixture was stirred at room
temperature for 30 minutes. The reaction was quenched by the addition of water (200 mL), and
the product was extracted with DCM three times. The combined organic layers were washed with
water and brine, then dried over anhydrous Na,SO4 and concentrated under reduced pressure,
yielding a brown oil. Ethanol (30 mL) was added to the brown oil, and the mixture was stirred at
0 °C for 1 hour. A solid product was generated, which was washed with an ethanol/water mixture
and dried under vacuum to yield N,N-dicyclohexyl-1H-indole-2-carboxamide (8.74 g, 54%) as a
light-yellow solid. The melting point was determined to be 184.6-187.5 °C. 'H NMR (400 MHz,
CDCl3) 5 1.14-1.42 (m, 8H), 1.55-2.18 (m, 14H), 6.68 (s, 1H), 7.15 (t, J = 7.3 Hz, 1H), 7.25-7.29
(m, 1H), 7.50 (d, J = 8.2 Hz, 1H), 7.68 (d, J = 8.0 Hz, 1H), 9.89 (s, 1H); *C NMR (100 MHz,
CDCIs) 6 25.3, 26.1, 31.0, 57.8, 103.4. 111.8. 120.1. 121.5. 123.7. 127.4. 131.4. 135.5. 163.1;
HRMS (ESI): calculated m/z for C21H29N,O": 325.2274, found 325.2277.

N,N-Dicyclohexyl-1-methyl-1H-indole-2-carboxamide (P5’)

(@]
PR
N NCy,

\

Me
N,N-Dicyclohexyl-1H-indole-2-carboxamide (5 mmol) was dissolved in 20 mL of THF in a
dropping funnel. This solution was then added dropwise to a 20 mL THF solution containing 1.5
equivalents of NaH (60% in mineral oil, 7.5 mmol) at room temperature. The NaH was first washed
with dry hexane under a nitrogen atmosphere. The reaction mixture was stirred for 30 minutes at
room temperature, after which Me,S0O4 (5.5 mmol) was added dropwise. The mixture was then
stirred at room temperature for 2 hours. The solvent was removed under vacuum, and ethyl
acetate and water were added to the mixture. The organic phase was separated and washed
with brine several times, then concentrated. The concentrated mixture was applied to a silica pad

and eluted with ethyl acetate. The organic solvent was dried over Na.SO, and evaporated under
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vacuum to afford N,N-Dicyclohexyl-1-methyl-1H-indole-2-carboxamide (1.39 g, 82%) as a yellow
solid. The melting point was determined to be 159.5-161.5 °C. *H NMR (400 MHz, CDCls) 5 1.21
(br, 6H), 1.62-1.80 (m, 12H), 2.62 (br, 2H), 3.17 (br, 1H), 3.78-3.87 (m, 4H), 6.48 (s, 1H),
7.13-7.17 (m, 1H), 7.26-7.30 (m, 1H), 7.36 (d, J = 8,0 Hz, 1H), 7.63 (d, J = 7.9 Hz, 1H); 13C NMR
(100 MHz, CDCls3) & 25.2, 25.9 (br), 30.6 (br), 30.8, 100.0, 109.6, 119.8, 121.3, 122.4, 126.8,
134.8, 137.3, 164.0; HRMS (ESI): calculated for C22H31N.O* [M+H]*: 339.2431, found: 339.2434.

3-Bromo-N,N-dicyclohexyl-1-methyl-1H-indole-2-carboxamide (P5”)

O
I
N NCy,

\

Me

A solution of N,N-dicyclohexyl-1-methyl-1H-indole-2-carboxamide (1.35 g, 4.0 mmol) in
anhydrous chloroform (20 mL) was prepared at room temperature. N-Bromosuccinimide (0.71 g,
4.0 mmol) was then added to the solution in portions. After stirring the reaction mixture for 30
minutes, water was added. The organic layer was separated, washed with water and brine, and
then concentrated. The concentrated solution was subjected to column chromatography, eluting
with an ethyl acetate/hexane (1: 4) mixture. The eluent was then concentrated and dried under
vacuum to afford 3-bromo-N,N-dicyclohexyl-1-methyl-1H-indole-2-carboxamide (1.31 g, 80%) as
a white solid. The melting point was determined to be 158.2-160.0 °C. *H NMR (400 MHz, CDCls)
5 1.02-1.18 (m, 3H), 1.26-1.39 (m, 3H), 1.48-1.60 (m, 4H), 1.62-1.79 (m, 5H), 1.84-1.93 (m,
2H), 2.14-2.17 (m, 1H), 2.56-2.90 (m, 2H), 3.12-3.18 (m, 1H), 3.44-3.51 (m, 1H), 3.71 (s, 3H),
7.22 (t, J = 7.2 Hz, 1H), 7.29-7.34 (m, 2H), 7.57 (d, J = 7.9 Hz, 1H); 3C NMR (100 MHz, CDCly)
0 25.0, 25.3, 25.4, 25.5, 26.5, 26.6, 29.5, 29.9, 31.1, 31.6, 32.1, 56.6, 60.4, 87.3, 109.7, 119.7,
120.5, 123.1, 126.5, 133.7, 136.0, 162.2; HRMS (ESI): calculated m/z for CzH30BrN.O":
417.1536, found 417.1540.

N,N-Dicyclohexyl-3-(dicyclohexylphosphanyl)-1-methyl-1H-indole-2-carboxamide (L5)
F’Cy2

(@]
I
N NCy,

Me
3-Bromo-N,N-dicyclohexyl-1-methyl-1H-indole-2-carboxamide (1.25 g, 3.0 mmol) was dissolved
in freshly distilled THF (20 mL) at room temperature under a nitrogen atmosphere. The solution
was cooled to -78 °C, and titrated n-BuLi (3.3 mmol) was added dropwise using a syringe. After
the reaction mixture was stirred for 30 minutes at -78 °C, chlorodicyclohexylphosphine (0.80 mL,
3.6 mmol) was added. The reaction was then allowed to warm to room temperature and stirred
overnight. The solvent was removed under reduced pressure, and the solid product was

successively washed with methanol. The resulting white solid was collected and dried under
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vacuum to afford N,N-dicyclohexyl-3-(dicyclohexylphosphanyl)-1-methyl-1H-indole-2-
carboxamide (1.14 g, 72%). The melting point was determined to be 223.9-229.4 °C. 'H NMR
(400 MHz, CDCls3) 6 0.95-1.37 (m, 15H), 1.46-1.89 (m, 22H), 1.94-1.97 (m, 1H), 2.20-2.23 (m,
1H), 2.63-2.80 (m, 3H), 3.06—3.11 (m, 1H), 3.26-3.32 (m, 1H), 3.66 (s, 3H), 7.14-7.17 (m, 1H),
7.24-7.28 (m, 1H), 7.34 (d, J = 8.1 Hz, 1H), 7.80 (d, J = 8.0 Hz, 1H); *C NMR (100 MHz, CDCls)
0 25.0, 25.1, 25.2, 25.5, 26.1, 26.5, 26.6, 26.7, 27.1, 27.2, 27.3, 27.36, 27.41, 27.46, 27.5, 27.7,
29.3, 29.7, 29.9, 30.6, 30.7, 30.89, 30.97, 31.03, 31.2, 31.4, 31.5, 31.59, 31.64, 31.8, 32.0, 35.7,
35.8, 56.2, 59.7, 101.9, 102.1, 109.7, 119.9, 121.7, 122.5, 130.5, 130.6, 137.8, 145.0, 145.4,
163.8; 3P NMR (162 MHz, CD.Cl;) & -16.3; HRMS (ESI): calculated m/z for CssHs2N.OP":
535.3812, found 535.3817.

N,N-Diisopropyl-1H-indole-2-carboxamide (P6)
0o
GRS
H N(i-Pr),

At room temperature, 1H-indole-2-carboxylic acid (5.0 g, 31.0 mmol) was suspended in
anhydrous chloroform (250 mL) and stirred. DMF (5 drops) was added, followed by oxalyl chloride
(4.42 mL, 52.3 mmol). The mixture was then refluxed at 80 °C for 1 hour. The solvent was
removed under reduced pressure, and the residue was dissolved in anhydrous chloroform (100
mL). N,N-Diisopropylamine (100 mmol) was added, and the resulting mixture was stirred at room
temperature for 30 minutes. The reaction was then quenched with water (350 mL) and extracted
with dichloromethane three times. The combined organic layers were washed with water and
brine, then dried over anhydrous Na>SO,4 and concentrated under reduced pressure. The solid
was subjected to recrystallisation from a hot ethanol/water mixture, and the light-yellow solid was
washed with the ethanol/water mixture and dried under vacuum, yielding N,N-diisopropyl-1H-
indole-2-carboxamide (4.3 g, 56%). *H NMR (400 MHz, CDCl3) & 1.40-1.50 (m, 12H), 4.32 (br,
2H), 6.71 (s, 1H), 7.10-7.14 (m, 1H), 7.23-7.27 (m, 1H), 7.42 (d, J =8.2 Hz, 1H), 7.64 (d,J=7.9
Hz, 1H), 9.47 (s, 1H); 3C NMR (100 MHz, CDCls) & 21.9, 103.3, 111.6. 120.2. 121.5. 123.8.
127.4. 131.3. 135.3, 162.7. The data obtained align with the information previously reported in

the literature.5!

N,N-Diisopropyl-1-isopropyl-1H-indole-2-carboxamide (P6’)

(]
I
N N(-Pr),

i-Pr
N,N-Diisopropyl-1H-indole-2-carboxamide (2.4 g, 10 mmol) was dissolved in freshly distilled DMF
(100 mL) at room temperature under a nitrogen atmosphere. KOH (5.6 g, 100 mmol) was then

added to the reaction mixture and stirred at 0 °C for 15 minutes. 2-Bromopropane (9.4 mL, 100
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mmol) was added dropwise at 0 °C, and the reaction mixture was stirred at 0 °C overnight. After
the reaction was complete, water was added to the reaction mixture. The mixture was then
extracted with dichloromethane, and the organic layer was washed with a large amount of water
before being concentrated. The concentrated mixture was subjected to column chromatography
and eluted with a 1: 9 mixture of ethyl acetate and hexane. The solution was evaporated, resulting
in the formation of a white solid. The final product, N,N-diisopropyl-1-isopropyl-1H-indole-2-
carboxamide (1.56 g, 54%), was dried under vacuum. The melting point was determined to be
92.7-93.8 °C. *H NMR (400 MHz, CDClz) & 1.18-1.33 (m, 6H), 1.52-1.64 (m, 6H), 1.70-1.72 (m,
6H), 3.51-3.61 (m, 1H), 4.07-4.28 (m, 1H), 4.71-4.79 (m, 1H), 6.45 (s, 1H), 7.16 (t, J = 7.5 Hz,
1H), 7.26 (t, J = 7.5 Hz, 1H), 7.57 (d, J = 8.4 Hz, 1H), 7.67 (d, J = 7.8 Hz, 1H); *C NMR (100
MHz, CDCIs) & 20.6, 21.6, 45.9, 48.9, 49.0, 51.0, 99.4, 111.5, 119.6, 121.4, 121.8, 127.7, 134.7,
134.9, 164.7; HRMS: calculated m/z for C1gH>7N.O*: 287.2118, found 287.2121.

3-Bromo-N,N,1-triisopropyl-1H-indole-2-carboxamide (P6”)

O
OO
N NP,

i-Pr

In anhydrous chloroform (10 mL) at 0 °C, N,N,1-triisopropyl-1H-indole-2-carboxamide (0.85 g,
3.0 mmol) was combined with N-Bromosuccinimide (0.53 g, 3.0 mmol), which was added in
portions. After stirring for 30 minutes, the reaction mixture was concentrated. The concentrated
solution was subjected to gel filtration and eluted with a 1: 9 mixture of ethyl acetate and hexane.
The solution was then evaporated, resulting in the formation of a white solid. The final product,
3-bromo-N,N,1-triisopropyl-1H-indole-2-carboxamide (1.06 g, 97%), was dried under vacuum.
The melting point was determined to be 89.7-90.7 °C. 'H NMR (400 MHz, CDCl3) 3 1.16 (d, J =
6.5 Hz, 3H), 1.35 (d, J = 6.4 Hz, 3H), 1.63-1.70 (m, 12H), 3.57-3.65 (m, 1H), 3.92-3.99 (m, 1H),
4.53-4.61 (m, 1H), 7.20-7.30 (m, 2H), 7.55 (d, J = 8.2 Hz, 1H), 7.60 (d, J = 7.7 Hz, 1H); *C NMR
(100 MHz, CDCls) 6 20.1, 20.5, 21.0, 21.5, 21.6, 21.9, 46.3, 50.3, 51.5, 87.0, 112.1, 119.9, 120.3,
122.6, 127.5, 133.3, 133.6, 162.4; HRMS: calculated m/z for CigH26BrN.O": 365.1223, found
365.1225.

3-(Dicyclohexylphosphanyl)-N,N,1-triisopropyl-1H-indole-2-carboxamide (L6)
PCy2
0O
A\

N N(i-Pr),
i-Pr

3-Bromo-N,N,1-triisopropyl-1H-indole-2-carboxamide (1.97 g, 5.4 mmol) was dissolved in freshly
distilled THF (20 mL) at room temperature under a nitrogen atmosphere. The solution was cooled

to -78 °C, and titrated n-BuLi (5.4 mmol) was added dropwise using a syringe. After the reaction
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mixture was stirred for 30 minutes at -78 °C, chlorodicyclohexylphosphine (1.32 mL, 6.0 mmol)
was added. The reaction was allowed to warm to room temperature and stirred overnight. The
solvent was then removed under reduced pressure. The resulting solid product was washed with
methanol and collected by filtration. The white solid was recrystallised from
dichloromethane/methanol, and the collected white solid was dried under vacuum to afford 3-
(dicyclohexylphosphanyl)-N,N,1-triisopropyl-1H-indole-2-carboxamide (0.98 g, 38%). The
melting point was determined to be 173.7-174.9 °C. *H NMR (400 MHz, CsDg) 5 0.80 (d, J = 6.7
Hz, 3H), 0.83-0.91 (m, 1H), 0.94-1.05 (m, 1H), 1.10-1.29 (m, 8H), 1.30-1.40 (m, 10H),
1.42-1.59 (m, 6H), 1.68-1.73 (m, 5H), 1.83-2.08 (m, 5H), 2.72-2.79 (m, 1H), 3.15-3.22 (m, 1H),
3.92-4.02 (m, 1H), 4.43-4.54 (m, 1H), 7.14-7.21 (m, 2H), 7.37 (d, J = 8.2 Hz, 1H), 7.96 (d, J =
7.6 Hz, 1H); 3*C NMR (100 MHz, CsDs) 5 20.2, 20.8, 21.2, 21.4, 21.5, 21.6, 26.4, 27.1, 27.4, 27.5,
27.6,27.7,27.8, 27.9, 30.60, 30.64, 30.7, 30.8, 31.8, 32.0, 32.6, 32.7, 32.9, 33.1, 36.7, 36.8, 46.1,
49.9, 50.8, 101.9, 113.2, 120.3, 121.9, 123.0, 132.37, 132.44, 136.1, 145.2, 145.7, 164.2; 3P
NMR (162 MHz, C¢Ds) 6 -19.3; HRMS (ESI): calculated m/z for CsoHasN2OP*: 483.3499, found
483.3502.

N,N-Dicyclohexyl-1-isopropyl-1H-indole-2-carboxamide (P7)

<
N NCy,

i-Pr
Under a nitrogen atmosphere, N,N-dicyclohexyl-1H-indole-2-carboxamide (6.49 g, 20 mmol) was
dissolved in freshly distilled DMF (100 mL) at room temperature. KOH (11.22 g, 200 mmol) was
then added to the reaction mixture, and the mixture was kept stirring at 0 °C. 2-Bromopropane
(18.78 mL, 200 mmol) diluted in freshly distilled DMF (20 mL) was added dropwise at 0 °C. The
reaction mixture was stirred at 0 °C for 24 hours. After the overnight stirring, water was added to
the reaction mixture. The mixture was then extracted with dichloromethane, and the organic layer
was washed with water and concentrated. Hexane was added, and the mixture was allowed to
stir for 10 minutes, resulting in the formation of a white solid. The white solid was filtered and
dried under vacuum to afford the final product, N,N-dicyclohexyl-1-isopropyl-1H-indole-2-
carboxamide (5.4 g, 74%). The melting point was determined to be 154.8-155.9 °C. 'H NMR
(400 MHz, CDCl3) & 1.10-1.32 (m, 6H), 1.57-1.89 (m, 18H), 2.58-2.81 (m, 2H), 3.05-3.23 (m,
1H), 3.70-3.93 (m, 1H), 4.47-4.77 (m, 1H), 6.40 (s, 1H), 7.14 (t, J = 7.2 Hz, 1H), 7.24 (t, I = 7.3
Hz, 1H), 7.56 (d, J = 8.3 Hz, 1H), 7.65 (d, J = 7.8 Hz, 1H); 33C NMR (100 MHz, CDCls) & 21.7,
25.1, 26.5, 29.8, 31.4, 49.0, 56.2, 59.9, 99.3, 111.6, 119.5, 121.56, 121.64, 128.0, 135.0, 135.1,
165.0; HRMS (ESI): calculated m/z for C24H3sN.O*: 367.2744, found 367.2747.

3-Bromo-N,N-dicyclohexyl-1-isopropyl-1H-indole-2-carboxamide (P7’)
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0O
I
N NCy,

i-Pr

N,N-Dicyclohexyl-1-isopropyl-1H-indole-2-carboxamide (3.66 g, 10.0 mmol) was dissolved in
anhydrous chloroform (30 mL) at room temperature. N-Bromosuccinimide (1.77 g, 10.0 mmol)
was then added in portions to the solution. After stirring the reaction mixture for 30 minutes, water
was added. The organic layer was washed with water and brine, then concentrated. The
concentrated solution was filtered over a pad of silica and eluted with dichloromethane. The
eluent was then concentrated, and the resulting solid was recrystallised from
dichloromethane/hexane. The white solid was collected, washed with hexane, and dried under
vacuum to afford 3-bromo-N,N-dicyclohexyl-1-isopropyl-1H-indole-2-carboxamide (1.93 g, 44%).
The melting point was determined to be 148.1-149.2 °C. 'H NMR (400 MHz, CDCls) 6 1.04-1.15
(m, 3H), 1.24-1.39 (m, 3H), 1.53-1.70 (m, 12H), 1.75-1.78 (m, 3H), 1.86-1.95 (m, 2H),
2.22-2.25 (m, 1H), 2.68-2.82 (m, 2H), 3.12-3.18 (m, 1H), 3.45-3.52 (m, 1H), 4.49-4.59 (m, 1H),
7.20-7.29 (m, 2H), 7.55 (d, J = 8.2 Hz, 1H), 7.61 (d, J = 7.6 Hz, 1H); **C NMR (100 MHz, CDCls)
0 21.6, 21.8, 25.1, 25.2, 25.3, 25.5, 26.50, 26.54, 29.3, 29.9, 31.4, 32.2, 50.3, 56.5, 60.5, 86.8,
112.2, 120.0, 120.2, 122.5, 127.7, 133.6, 162.6; HRMS (ESI): calculated m/z for C24H34BrN,O":
445.1849, found 445.1848.

N,N-Dicyclohexyl-3-(dicyclohexylphosphanyl)-1-isopropyl-1H-indole-2-carboxamide (L7)

PCy,

N\ O

N NCy,

i-Pr
Under a nitrogen atmosphere, 3-Bromo-N,N-dicyclohexyl-1-isopropyl-1H-indole-2-carboxamide
(0.89 g, 2.0 mmol) was dissolved in freshly distilled THF (20 mL) at room temperature. The
solution was then cooled to -78 °C. Titrated n-BuLi (2.2 mmol) was added dropwise using a
syringe. After stirring the reaction mixture for 30 minutes at -78 °C, chlorodicyclohexylphosphine
(0.53 mL, 2.4 mmol) was added. The reaction was allowed to warm to room temperature and
stirred overnight. The solvent was then removed under reduced pressure. The solid product was
washed with ethanol, and the resulting white solid was collected and dried under vacuum to afford
3-(dicyclohexylphosphanyl)-N,N,1-triisopropyl-1H-indole-2-carboxamide (0.72 ¢, 64%). The
melting point was determined to be 229.1-230.5 °C. *H NMR (400 MHz, CDCls) & 0.99-1.32 (m,
16H), 1.53-1.75 (m, 22H), 1.81-1.90 (m, 5H), 1.96-1.99 (m, 1H), 2.33-2.36 (m, 1H), 2.61-2.82
(m, 3H), 3.07-3.13 (m, 1H), 3.36-3.42 (m, 1H), 4.44-4.54 (m, 1H), 7.14 (t, J = 7.3 Hz, 1H), 7.22
(t, J=7.6 Hz, 1H), 7.60 (d, J = 8.2 Hz, 1H), 7.82 (d, J = 7.9 Hz, 1H); *3C NMR (100 MHz, CDCls)
021.2,21.7,25.1, 25.2, 25.3, 25.6, 26.2, 26.6, 26.7, 27.1, 27.2, 27 .4, 27.5, 27.7, 29.1, 29.9, 30.0,
30.6, 30.8, 30.9, 31.3, 31.5, 32.0, 32.3, 32.6, 36.1, 36.2, 49.7, 56.3, 59.7, 112.6, 119.5, 121.1,
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122.9, 135.3, 145.5, 164.1; 3P NMR (162 MHz, CDCls) & -16.4; HRMS (ESI): calculated m/z for
CseHseN20P™: 563.4125, found 563.4129.
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2.4.3 General procedure for ligand and reaction condition screenings

An array of Schlenk tubes were equipped with Teflon-coated magnetic stir bars (5 mm x
10 mm) and fitted with screw caps. The following reagents were added into each Schlenk
tube: Pd source (1.00 mol%, 0.005 mmol), ligand (4.00 mol%, 0.02 mmol), 2,6-
dimethylphenyl boronic acid (1.00 mmol), and base (1.50 mmol). The tubes were carefully
evacuated and backfilled with nitrogen for three cycles. 2-Chlorotoluene (58.4 uL, 0.50
mmol) was then added by micropipette, followed by the corresponding solvent (1.50 mL)
added by syringe. The tubes were placed into a preheated oil bath (110 °C) and stirred
for 10 minutes. After the reaction was complete, the tubes were allowed to reach room
temperature. Ethyl acetate (~3 mL), dodecane (113 L, internal standard), and water (~2
mL) were then added. The organic layer was subjected to GC analysis, with the GC yield

previously calibrated using an authentic sample/dodecane calibration curve.
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2.4.4 General procedure for Suzuki coupling of aryl chlorides

General procedure for Suzuki—-Miyaura coupling of aryl chlorides with 0.050-0.10 mol %
Pd catalyst loading

Under a nitrogen atmosphere, Pdz(dba)s; (2.3 mg, 0.0025 mmol) and L1 (9.1 mg, 0.020 mmol)
were charged in either 10 mL of freshly distilled dioxane (0.10 mol% Pd per 1.0 mL Pd complex
stock solution) or 5.0 mL of freshly distilled toluene (0.20 mol% Pd per 1.0 mL Pd complex stock
solution). Arylboronic acid (1.0 mmol), aryl chloride (if solid, 0.50 mmol), and KsPO, (318 mg, 1.5
mmol) were loaded into an array of Schlenk tubes equipped with Teflon-coated magnetic stir bars
(4 mm x 10 mm). The tubes were evacuated and flushed with nitrogen three times. If the aryl
chloride was a liquid, it was added by micropipette at this stage. The corresponding volume of
the Pd complex stock solution and solvent were then immediately added to the Schlenk tubes by
syringes, resulting in a final volume of 1.5 mL per tube. The tubes were placed into a preheated
oil bath (110 °C) and stirred for 10 minutes to 2 hours. After the reaction was complete, the
reaction tubes were allowed to cool down to room temperature. Before GC or TLC analysis, ethyl
acetate (~3.0 mL) and water (~2.0 mL) were added for extraction. The organic layer was
separated, and the aqueous layer was washed with ethyl acetate. The filtrate was concentrated
under reduced pressure, and the crude products were purified by flash column chromatography
on silica gel (230—-400 mesh) to afford the desired product.

General procedure for Suzuki—-Miyaura coupling of aryl chlorides with 0.0050 mol % Pd
catalyst loading

Under a nitrogen atmosphere, Pd;(dba)s; (2.3 mg, 0.0025 mmol) and L1 (9.1 mg, 0.020 mmol)
were charged in 10 mL of freshly distilled dioxane, resulting in a 0.10 mol% Pd per 1.0 mL Pd
complex stock solution. This stock solution was then further diluted by taking 0.50 mL of it and
adding 4.5 mL of freshly distilled dioxane, resulting in a 0.010 mol% Pd per 1.0 mL Pd complex
stock solution, also under a nitrogen atmosphere. Tri-arylboroxine (0.30 mmol), aryl chloride (if
solid, 0.50 mmol), and KsPO4 (318 mg, 1.5 mmol) were loaded into an array of Schlenk tubes
equipped with Teflon-coated magnetic stir bars (4 mm x 10 mm). The tubes were evacuated and
flushed with nitrogen three times. If the aryl chloride was a liquid, it was added by micropipette at
this stage. The further diluted stock solution (0.50 mL) and 1.0 mL of freshly distilled dioxane
were then immediately added to the Schlenk tubes by syringes, resulting in a final volume of 1.5
mL per tube. The tubes were placed into a preheated oil bath (110 °C) and stirred for 24 hours.
After the reaction was complete, the reaction tubes were allowed to reach room temperature.
Before GC or TLC analysis, ethyl acetate (~3.0 mL) and water (~2.0 mL) were added. The organic
layer was separated, and the aqueous layer was washed with ethyl acetate. The filtrate was
concentrated under reduced pressure, and the crude products were purified by flash column

chromatography on silica gel (230-400 mesh) to afford the desired product.
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General procedure for gram-scale Suzuki—Miyaura coupling of aryl chlorides

In a 100 mL round-bottom Schlenk flask equipped with a Teflon-coated magnetic stir bar (6 mm
x 30 mm), Pdx(dba)s (2.3 mg, 0.0025 mmol), L1 (9.1 mg, 0.020 mmol), 2-fluorophenylboronic
acid (2.8 g, 20 mmol), and K3zPO4 (6.4 g, 30 mmol) were added. The flask was evacuated and
flushed with nitrogen three times. Afterwards, 2-chloro-1,3-dimethylbenzene (1.4 g, 10 mmol) and
dioxane (30 mL) were added to the flask by syringes. The flask was then placed into a preheated
oil bath (110 °C) and stirred for 30 minutes. After the reaction was complete, ethyl acetate and
water were added to the flask. The mixture was transferred to a separating funnel and subjected
to extraction. The combined organic layers were concentrated, and the crude product was purified
by column chromatography on silica gel (230—-400 mesh) to afford the desired product (1.7 g,
85%).
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2.4.5 Characterisation data for coupling products

2,2’,6-Trimethyl-1,1’-biphenyl (Table 2.3, 2.4, and 2.5, compound 3a)°%?

e
&)+

Me
Flash column chromatography was performed using hexane as the eluent (Rt = 0.52). 'H NMR
(400 MHz, CDCls) 6 2.07 (s, 6H), 2.09 (s, 3H), 7.12-7.14 (m, 1H), 7.21-7.23 (m, 2H), 7.26-7.30
(m, 1H), 7.35-7.40 (m, 3H); *C NMR (100 MHz, CDCls) & 19.4, 20.3, 126.0, 126.9, 127.0, 127.2,
128.8, 129.9, 135.5, 135.8, 140.5, 141.0.

2’-Methoxy-2,6-dimethyl-1,1’-biphenyl (Table 2.3 and 2.4, compound 3b)®

OMfe

ve

Me
Flash column chromatography was performed using ethyl acetate/hexane (1: 50) as the eluent
(Rr=0.31). *H NMR (400 MHz, CDCls) & 2.20 (s, 6H), 3.87 (s, 3H), 7.13-7.22 (m, 3H), 7.27-7.35
(m, 3H), 7.48-7.52 (m, 1H); *C NMR (100 MHz, CDCIls) & 20.4, 55.3, 110.8, 120.6, 126.96,
126.99, 128.3, 129.5, 130.6, 136.5, 138.2, 156.4.

2,2’,4,6-Tetramethyl-1,1’-biphenyl (Table 2.3 and 2.4, compound 3c)%

C

Flash column chromatography was performed using hexane as the eluent (Rf = 0.64). 'H NMR
(400 MHz, CDCIs) 6 2.11 (s, 6H), 2.16 (s, 3H), 2.51 (s, 3H), 7.12 (s, 2H), 7.18-7.20 (m, 1H),
7.38-7.43 (m, 3H); C NMR (100 MHz, CDCls) & 19.4, 20.2, 21.0, 126.0, 126.9, 128.0, 129.1,
129.9, 135.6, 135.8, 136.2, 138.2, 140.5.

Me Me

2’-Fluoro-2,6-dimethyl-1,1’-biphenyl (Table 2.3, compound 3d)®
Me

&
7

Me

Flash column chromatography was performed using hexane as the eluent (R = 0.59). *H NMR
(400 MHz, CDCls) & 2.17 (s, 6H), 7.22-7.32 (m, 6H), 7.41-7.46 (m, 1H); 3C NMR (100 MHz,
CDCls) 6 20.4, 115.7 (d, J = 22.4 Hz), 124.1 (d, J = 3.5 Hz), 127.3, 127.7, 128.0 (d, J = 17.7 Hz),
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128.9 (d, J = 7.9 Hz), 131.3 (d, J = 4.0 Hz), 135.3, 136.6, 159.5 (d, J = 242.9 Hz); *F NMR (376
MHz, CDCls) & -115.0 (s).

2,4-Difluoro-2’,6’-dimethyl-1,1’-biphenyl (Table 2.3, compound 3e)%

Yo

F F

Flash column chromatography was performed using ethyl hexane as the eluent (R = 0.50). H
NMR (400 MHz, CDCls) 6 2.14 (s, 6H), 6.97-7.05 (m, 2H), 7.15-7.22 (m, 3H), 7.27-7.31 (m, 1H);
13C NMR (100 MHz, CDClz) 8 20.4, 104.1 (dd, J = 25.2 Hz, J = 26.2 Hz), 111.4 (dd, J = 20.7 Hz,
J=3.7Hz),124.0 (dd, J =18.1 Hz, J = 4.1 Hz), 127.4, 128.0, 131.9 (dd, J = 5.4 Hz, J = 9.3 Hz),
134.3, 136.8, 159.5 (dd, J = 245.5 Hz, J = 11.7 Hz), 162.3 (dd, J = 246.4 Hz, J = 11.4 Hz); °F

NMR (376 MHz, CDCls) & -111.6 (m, 1F), -110.5 (m, 1F).

2’-Methoxy-2,4,6-trimethyl-1,1’-biphenyl (Table 2.3, compound 3f)%

Me O Me
Meo O

Flash column chromatography was performed using dichloromethane/hexane (1: 20) as the
eluent (Rf=0.31). *H NMR (400 MHz, CDCls) 8 2.02 (s, 6H), 2.36 (s, 3H), 3.77 (s, 3H), 6.97-7.08
(m, 5H), 7.34-7.38 (m, 1H); *3C NMR (100 MHz, CDCls) & 20.3, 21.1, 55.4, 110.8, 120.6, 127.9,
128.2,129.5, 130.9, 135.2, 136.4, 136.5, 156.7.

2’,6’-Dimethyl-[1,1’-biphenyl]-2-amine (Table 2.3, compound 3g)®%’

o

Flash column chromatography was performed using ethyl acetate/hexane (1: 9) as the eluent (Rs
= 0.57). 'H NMR (400 MHz, CDCls)  2.08 (s, 6H), 3.40 (br, 2H), 6.79-6.86 (m, 2H), 6.94 (d, J =
7.4 Hz, 1H), 7.15-7.22 (m, 4H); 3*C NMR (100 MHz, CDCls) 5 20.2, 115.0, 118.5, 126.1, 127.5,
127.6, 128.1, 129.7, 137.2, 137.8, 143.3.

Me
HoN

4-(2,6-Dimethylphenyl)quinoline (Table 2.3, compound 3h)
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Flash column chromatography was performed using ethyl acetate/hexane (1: 4) as the eluent (Rs
= 0.35). The product was obtained as a light-yellow solid. The melting point was determined to
be 96.5 - 98.2 °C. 'H NMR (400 MHz, CDCls) & 1.92 (s, 6H), 7.19-7.23 (m, 3H), 7.29-7.32 (m,
1H), 7.39-7.43 (m, 2H), 7.72 (t, = 7.5 Hz, 1H), 8.20 (d, J = 8.5 Hz, 1H), 8.95 (d, J = 4.3 Hz, 1H);
13C NMR (100 MHz, CDCls) 8 20.1, 121.4, 125.2, 126.7, 127.0, 127.4, 128.0, 129.4, 129.7, 135.9,
136.8, 147.9, 148.4, 150.2; HRMS: calculated m/z for C17H1sN*: 234.1277, found 234.1282.

Ethyl 6-ethoxy-2’,6’-dimethyl-[1,1’-biphenyl]-3-carboxylate (Table 2.3, compound 3i)

M
O ® 0
OEt
Me

EtO

Flash column chromatography was performed using ethyl acetate/hexane (1: 4) as the eluent (Rs
= 0.68).The product was obtained as a yellow liquid. *H NMR (400 MHz, CDClz) 8 1.27 (t, J=7.0
Hz, 3H), 1.40 (t, J = 7.1 Hz, 3H), 2.06 (s, 6H), 4.07-4.12 (m, 2H), 4.35-4.41 (m, 2H), 7.03 (d, J =
8.7 Hz, 1H), 7.13-7.15 (m, 2H), 7.18-7.22 (m, 1H), 7.84 (s, 1H), 8.11 (d, J = 8.6 Hz, 1H); 3C
NMR (100 MHz, CDCls) 6 14.2, 14.3, 20.2, 60.4, 63.6, 111.0, 122.6, 126.9, 127.0, 129.5, 130.5,
132.3, 136.2, 137.2, 159.4, 166.2; HRMS: calculated m/z for CigoH2303": 299.1642, found
299.1645.

5-Methoxy-2,2’,6’-trimethyl-1,1’-biphenyl (Table 2.3, compound 3j)

Me
¢
O OMe

Flash column chromatography was performed using dichloromethane/hexane (1: 20) as the
eluent (Rf = 0.37). The product was obtained as a colourless liquid. *H NMR (400 MHz, CDCls) &
2.03 (s, 3H), 2.11 (s, 6H), 3.89 (s, 3H), 6.74 (s, 1H), 6.94 (d, J = 8.4 Hz, 1H), 7.22-7.32 (m, 4H);
13C NMR (100 MHz, CDCls) & 18.3, 20.2, 55.1, 112.5, 114.0, 126.9, 127.2, 127.5, 130.8, 135.7,
141.0, 141.5, 157.9; HRMS: calculated m/z for C1sH1s0: 226.1352, found 226.1352.

Me

2-Methoxy-2’,6’-dimethyl-[1,1’-biphenyl]-4-carbaldehyde (Table 2.3, compound 3k)

Me
Meeo :

O
Flash column chromatography was performed using ethyl acetate/hexane (1: 9) as the eluent (Rs
= 0.34). The product was obtained as a colourless liquid. *H NMR (400 MHz, CDClz) & 2.05 (s,
6H), 3.86 (s, 3H), 7.16-7.29 (m, 4H), 7.57-7.60 (m, 2H), 10.08 (s, 1H); 3C NMR (100 MHz,
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CDCls) 6 20.2, 55.6, 109.2, 124.4, 127.1, 127.6, 131.2, 135.9, 136.7, 136.9, 137.0, 157.3, 191.8;
HRMS: calculated m/z for C16H1702": 241.1223, found 241.1224.

4-Methoxy-2,2’,6-trimethyl-1,1’-biphenyl (Table 2.3, compound 3)%8

MeO M
Roet
Me O

Flash column chromatography was performed using ethyl acetate/hexane (1: 50) as the eluent
(Rt = 0.45). *H NMR (400 MHz, CDCls) d 1.97 (s, 6H), 2.02 (s, 3H), 3.87 (s, 3H), 6.72 (s, 2H),
7.05-7.06 (m, 2H), 7.27-7.31 (m, 3H); *C NMR (100 MHz, CDCls) & 19.4, 20.6, 55.0, 112.5,
125.9, 126.9, 129.5, 129.9, 133.7, 136.2, 137.2, 140.3, 158.2.

2-Fluoro-2’,6’-dimethyl-4-(trifluoromethyl)-1,1’-biphenyl (Table 2.4, compound 3m)

Yo

F CF3

Flash column chromatography was performed using hexane as the eluent (Rf = 0.69). The
product was obtained as a colourless liquid. *H NMR (400 MHz, CDCls) & 2.04 (s, 6H), 7.13 (d, J
= 7.6 Hz, 2H), 7.20-7.28 (m, 2H), 7.45-7.47 (m, 1H), 7.61-7.65 (m, 1H); *C NMR (100 MHz,
CDCls) 5 20.4, 116.4 (d, J = 24.0 Hz), 123.8 (q, J = 270.4 Hz), 126.4-126.6 (m), 126.8 (d, J = 3.2
Hz), 127.1 (d, J = 3.6 Hz), 127.5, 128.4, 128.9-129.1 (m), 133.7, 136.5, 161.4 (d, J = 148.3 Hz);
19F NMR (376 MHz, CDCls) §-109.4 (s, 1F), -61.8 (s, 3F); HRMS (EI): calculated m/z for CisH1oF4*:

268.0870, found 268.0879.

2,2’,5,6’-Tetramethyl-1,1’-biphenyl (Table 2.4, compound 3n)%3

o

Flash column chromatography was performed using hexane as the eluent (Rf = 0.50). *H NMR
(400 MHz, CDCls) 8 2.07 (s, 3H), 2.10 (s, 6H), 2.47 (s, 3H), 6.98 (s, 1H), 7.19-7.31 (m, 5H); 3C
NMR (100 MHz, CDCls) 8 18.9, 20.3, 21.0, 126.8, 127.1, 127.7, 129.4, 129.8, 132.3, 135.3, 135.8,
140.4, 141.2.

Me

Me

2,6-Dimethyl-1,1":2’,1”-terphenyl (Table 2.4, compound 30)%3

o

Me
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Flash column chromatography was performed using hexane as the eluent (Rf = 0.48). 'H NMR
(400 MHz, CDCls) & 1.98 (s, 6H), 6.99-7.00 (m, 2H), 7.08-7.22 (m, 7H), 7.41-7.53 (m, 3H); 3C
NMR (100 MHz, CDCls) 6 20.8, 126.5, 126.9, 127.1, 127.3, 127.4, 127.6, 128.8, 130.1, 130.3,
136.1, 138.9, 140.75, 140.78, 141.3.

2,6-Difluoro-2’-methyl-1,1’-biphenyl (Table 2.4 and 2.5, compound 3p)®°
Me
F

Flash column chromatography was performed using hexane as the eluent (Rf = 0.52). 'H NMR
(400 MHz, CDCls) & 2.24 (s, 3H), 6.99-7.05 (m, 2H), 7.26-7.40 (m, 5H); *3*C NMR (100 MHz,
CDCls) 6 19.7, 111.2-111.4 (m), 117.9-118.3 (m), 125.5, 128.6, 128.8, 129.0-129.2 (m), 130.1,
130.6, 137.3, 160.2 (dd, J = 245.9 Hz, J = 7.5 Hz); **F NMR (376 MHz, CDCl3) § -112.3 (s).

1-(2,6-Dimethylphenyl)naphthalene (Table 2.4, compound 3q)"

L,
L

Flash column chromatography was performed using hexane as the eluent (Rf = 0.61). *H NMR
(400 MHz, CDCls) 8 2.01 (s, 6H), 7.27-7.29 (m, 2H), 7.34-7.38 (m, 2H), 7.43-7.45 (m, 2H),
7.54-7.58 (m, 1H), 7.6-7.65 (m, 1H), 7.94-8.00 (m, 2H); *C NMR (100 MHz, CDCls) & 20.4,
125.4, 125.68, 125.75, 126.0, 126.4, 127.2, 127.25, 127.31, 128.3, 131.7, 133.7, 137.0, 138.7,
139.6.

Me

3-Methyl-4-(o-tolyl)quinoline (Table 2.4, compound 3r)"

Flash column chromatography was performed using ethyl acetate/hexane (1: 4) as the eluent (Rs
=0.40). *H NMR (400 MHz, CDCl3) 3 1.92 (s, 3H), 2.17 (s, 3H), 7.06 (d, J = 7.4 Hz, 1H), 7.27-7.38
(m, 5H), 7.61 (t, J = 7.6 Hz, 1H), 8.14 (d, J = 8.4 Hz, 1H), 8.88 (s, 1H); 3C NMR (100 MHz, CDCl5)
017.0,19.3,125.4,125.9, 126.4, 127.2,128.0, 128.07, 128.08, 128.8, 129.3, 130.1, 135.7, 136.2,
145.8, 146.7, 152.5.

6-Methoxy-2’-methyl-[1,1’-biphenyl]-2-carbonitrile (Table 2.4, compound 3s)
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Flash column chromatography was performed using ethyl acetate/hexane (1: 9) as the eluent (Rs
=0.33). 'H NMR (400 MHz, CDCl3) 8 2.12 (s, 3H), 3.78 (s, 3H), 7.18-7.20 (m, 2H), 7.28-7.37 (m,
4H), 7.43 (t, J = 8.1 Hz, 1H); *C NMR (100 MHz, CDCls) & 19.5, 55.8, 114.3, 115.0, 117.7, 124.5,
125.7,128.6, 129.2, 129.6, 129.9, 134.2, 134.6, 136.6, 157.0.

NC

2,4,6-Triethyl-2’-methyl-1,1’-biphenyl (Table 2.4, compound 3t)"?

=

Flash column chromatography was performed using hexane as the eluent (R = 0.60). *H NMR
(400 MHz, CDCl3) 5 1.11 (t, J = 7.6 Hz, 6H), 1.40 (t, J = 7.6 Hz, 3H), 2.07 (s, 3H), 2.24-2.41 (m,
4H), 2.75-2.81 (m, 2H), 7.09 (s, 2H), 7.17-7.21 (m, 1H), 7.28-7.35 (m, 3H); 13C NMR (100
MHz, CDCl3) 6 15.2, 15.4, 19.9, 26.5, 28.7, 125.1, 125.5, 126.9, 129.7, 130.1, 136.3, 137.1,
140.0, 141.7, 143.0.

Et Et

4’-Methoxy-2,2’,4,5,6’-pentamethyl-1,1’-biphenyl (Table 2.4, compound 3u)
Me
Me

t‘
MeO MeMe

Flash column chromatography was performed using ethyl acetate/hexane (1: 9) as the eluent (Rs
= 0.79). The product was obtained as a colourless liquid. *H NMR (400 MHz, CDClz) & 2.00 (s,
3H), 2.04 (s, 6H), 2.33 (s, 3H), 2.36 (s, 3H), 3.89 (s, 3H), 6.76 (s, 2H), 6.87 (s, 1H), 7.13 (s, 1H);
13C NMR (100 MHz, CDCls) & 18.8, 19.2, 19.4, 20.7, 54.9, 112.4, 130.6, 131.2, 133.2, 133.7,
133.8, 134.8, 137.3, 137.6, 158.1; HRMS: calculated m/z for C1gH230*: 255.1743, found 255.1744.

4,4’-Dimethoxy-2,2’,6-trimethyl-1,1’-biphenyl (Table 2.4, compound 3v)

MeO M
© O *Me
M O
© OMe

Flash column chromatography was performed using ethyl acetate/hexane (1: 9) as the eluent (Rs
= 0.69). The product was obtained as a colourless liquid. *H NMR (400 MHz, CDCls) & 2.00 (s,
6H), 2.01 (s, 3H), 3.86 (s, 3H), 3.87 (s, 3H), 6.73 (s, 2H), 6.83-6.85 (m, 1H), 6.89-6.90 (m, 1H),
6.97 (d, J = 8.2 Hz, 1H); **C NMR (100 MHz, CDCl3) 5 19.7, 20.6, 54.9, 55.0, 111.1, 112.4, 115.3,
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130.3, 132.6, 133.3, 137.5, 137.7, 158.1, 158.4; HRMS: calculated m/z for C17H102": 257.1536,
found 257.1536.

2,2’,6-Trimethyl-[1,1’-biphenyl]-4-yl dimethylsulfamate (Table 2.4, compound 3w)

Me
Me
O o I\l/le
“ _NL
O O’\S\‘ Me
@]

Flash column chromatography was performed using ethyl acetate/hexane (1: 9) as the eluent (Rs
= 0.46). The product was obtained as a colourless liquid. *H NMR (400 MHz, CDClz) & 1.99 (s,
9H), 3.05 (s, 6H), 7.00-7.02 (m, 1H), 7.09 (s, 2H), 7.26-7.33 (m, 3H); 3C NMR (100 MHz, CDCls)
0 19.2, 20.3, 38.7, 119.9, 126.1, 127.2, 128.7, 130.0, 135.4, 137.8, 139.3, 139.5, 148.7; HRMS:
calculated m/z for C17H22NO3S*: 320.1315, found 320.1315.

Me

4-(2,6-Dimethylphenyl)dibenzo[b,d]furan (Table 2.4, compound 3x)

w2
G0
Flash column chromatography was performed using ethyl acetate/hexane (1: 50) as the eluent
(Rf = 0.61). The product was obtained as a colourless gel. *H NMR (400 MHz, CDClz) 8 2.17 (s,
6H), 7.30-7.45 (m, 5H), 7.49-7.53 (m, 2H), 7.60 (d, J = 8.2 Hz, 1H), 8.04-8.09 (m, 2H); 3C NMR
(100 MHz, CDCls) & 20.5, 111.9, 119.5, 120.6, 122.6, 122.9, 124.3, 124.4, 124.9, 1271, 127 4,

127.9, 128.2, 135.9, 136.9, 153.6, 156.2; HRMS: calculated m/z for CxH1s0: 272.1196, found
272.1201.

4-(2,6-Dimethylphenyl)dibenzo[b,d]thiophene (Table 2.4, compound 3y)

b
GO
Flash column chromatography was performed using ethyl acetate/hexane (1: 20) as the eluent
(Rf = 0.63). The product was obtained as a white solid. The melting point was determined to be
86.9-87.7 °C. 'H NMR (400 MHz, CDCls) 8 2.16 (s, 6H), 7.28-7.41 (m, 4H), 7.51-7.58 (m, 2H),
7.66 (t, J = 7.6 Hz, 1H), 7.87 (d, J = 7.3 Hz, 1H), 8.25-8.30 (m, 2H); 3C NMR (100 MHz, CDCls)

0 20.0, 120.1, 121.7, 122.8, 124.3, 125.0, 126.6, 126.9, 127.5, 128.0, 135.7, 135.97, 136.03,
136.3, 139.4, 139.7, 139.8; HRMS: calculated m/z for C20H16S: 288.0973, found 288.0973.

1-Mesitylpyrene (Table 2.4, compound 3z)
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ate™
80 y

Flash column chromatography was performed using hexane as the eluent (Rt = 0.58). The
product was obtained as a white solid. The melting point was determined to be 140.6-141.4 °C.
H NMR (400 MHz, CDCls) d 2.01 (s, 6H), 2.54 (s, 3H), 7.18 (s, 2H), 7.74 (d, J = 9.1 Hz, 1H),
7.91(d, J=7.7 Hz, 1H), 8.03-8.09 (m, 2H), 8.15-8.28 (m, 4H), 8.33 (d, J = 7.7 Hz, 1H); 3*C NMR
(100 MHz, CDCls) & 20.6, 21.2, 124.8, 124.9, 125.9, 1271, 127.3, 127.4, 127.5, 128.2, 128.9,
130.3, 131.1, 131.3, 136.5, 137.0, 137.1; HRMS: calculated m/z for CzsH»o: 320.1565, found
320.1565.

1-(4-Methoxy-2,6-dimethylphenyl)pyrene (Table 2.4, compound 3aa)”
Me
e an
v
Flash column chromatography was performed using ethyl acetate/hexane (1: 20) as the eluent
(Rf=0.58). 'H NMR (400 MHz, CDCls) d 1.96 (s, 6H), 3.95 (s, 3H), 6.87 (s, 2H), 7.68 (d, J = 9.2
Hz, 1H), 7.84 (d, J = 7.7 Hz, 1H), 7.98-8.05 (m, 2H), 8.11-8.19 (m, 3H), 8.23 (d, J = 7.6 Hz, 1H),

8.27 (d, J = 7.8 Hz, 1H); *3C NMR (100 MHz, CDCls) 5 20.9, 55.2, 112.7, 124.86, 124.91, 124.95,
124.97,125.9,127.1,127.4,127.5,127.7,129.3, 130.3, 131.1, 131.3, 132.6, 136.3, 138.5, 158.8.

9-(o-Tolyl)anthracene (Table 2.4 and 2.5, compound 3ab)’

L
o

Flash column chromatography was performed using hexane as the eluent (Rf = 0.65). 'H NMR
(400 MHz, CDCls) & 1.97 (s, 3H), 7.35-7.55 (m, 8H), 7.54-7.64 (m, 2H), 8.11-8.13 (m, 2H), 8.56
(s, 1H); *C NMR (100 MHz, CDCls) 6 19.7, 125.1, 125.4, 125.8, 126.4, 126.5, 127.8, 128.4, 129.9,
130.0, 131.2, 131.4, 136.4, 137.8, 138.1.

9-(4-Methoxy-2-methylphenyl)anthracene (Table 2.4, compound 3ac)”
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OMe
Flash column chromatography was performed using ethyl acetate/hexane (1: 9) as the eluent (Rs
= 0.70). *H NMR (400 MHz, CDCls) 6 1.87 (s, 3H), 3.95 (s, 3H), 6.95-7.03 (m, 2H), 7.19 (d, J =
8.3 Hz, 1H), 7.35-7.38 (m, 2H), 7.46-7.49 (m, 2H), 7.57-7.59 (m, 2H), 8.06-8.08 (m, 2H), 8.50
(s, 1H); *C NMR (100 MHz, CDCls) 5 20.0, 55.3, 111.1, 115.4, 125.1, 125.3, 126.2, 126.6, 128 .4,
130.35, 130.41, 131.4, 132.1, 136.2, 139.2, 159.2.

9-(Naphthalen-1-yl)anthracene (Table 2.4, compound 3ad)’®

L
L

Flash column chromatography was performed using hexane as the eluent (Rs = 0.55). *H NMR
(400 MHz, CDCls) & 7.18-7.33 (m, 4H), 7.50-7.62 (m, 6H), 7.76 (t, J = 7.5 Hz, 1H), 8.07-8.18
(m, 4H), 8.66 (s, 1H); *C NMR (100 MHz, CDCls) d 125.1, 125.47, 125.51, 125.9, 126.2, 126.5,
126.9, 128.1, 128.2, 128.4, 129.1, 131.0, 131.4, 133.5, 133.7, 134.9, 136.5.

10-(o-Tolyl)anthracene-9-carbaldehyde (Table 2.4 and 2.5, compound 3ae)®®
H O

L
o

Flash column chromatography was performed using ethyl acetate/hexane (1: 4) as the eluent (Rs
= 0.57). 'H NMR (400 MHz, CDCls) d 1.85 (s, 3H), 7.22 (d, J = 7.4 Hz, 1H), 7.39-7.51 (m, 5H),
7.57-7.60 (m, 2H), 7.65-7.69 (m, 2H), 9.02-9.05 (m, 2H), 11.60 (s, 1H); *C NMR (100 MHz,

CDCls) 6 19.6, 123.6, 125.0, 125.7, 125.9, 127.5, 128.4, 128.7, 129.6, 130.2, 130.4, 131.7, 137.2,
137.6, 145.2, 193.4.

9-(4-Methoxy-2,6-dimethylphenyl)phenanthrene (Table 2.4, compound 3af)’’
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Flash column chromatography was performed using ethyl acetate/hexane (1: 20) as the eluent
(Rf = 0.54). *H NMR (400 MHz, CDCls) & 1.97 (s, 6H), 3.90 (s, 3H), 6.79 (s, 2H), 7.44-7.51 (m,
2H), 7.56 (s, 1H), 7.61-7.71 (m, 3H), 7.89 (d, J = 7.6 Hz, 1H), 8.77 (m, 2H); 13C NMR (100 MHz,
CDClI3) 6 20.7,55.2,112.7,122.6, 122.9, 126.1, 126.36, 126.43, 126.6, 126.7, 127.6, 128.5, 130.0,
130.6, 131.6, 131.98, 132.01, 137.1, 138.5, 158.7.
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2.4.6 Preparation of the oxidative adduct C1 and its X-ray crystallographic data

A Schlenk tube (100 mL) equipped with a screw cap and Teflon-coated magnetic stir bar was
charged with Pd(dba). (0.575 g, 1.0 mmol) and L1 (0.9080 g, 2.0 mmol). The tube was carefully
evacuated and backfilled with nitrogen for three cycles. Subsequently, 2-chlorotoluene (1.89 g,

15.0 mmol) and THF (30 mL) were added to the tube by syringe. The resulting solution was stirred

at room temperature for 5 minutes. The tube was then placed into a preheated oil bath (110 °C)

and stirred for 14 hours. After the reaction was complete, the reaction tube was allowed to warm

to room temperature. The unreacted palladium was filtered through Celite, and the solvent was

removed. The crude product was washed successively with hexane, and then recrystallised from

DCM and hexane to afford the desired palladium complex C1 as a grey green solid. A single

crystal of C1 suitable for X-ray diffraction was obtained by vapor diffusion of hexane into a

dichloromethane solution containing C1.

2.4

c
PCy, Pd(dba), Q\ pd
N $:2|01r$(t)oltéen1e4 e Pd/\ :
N o N@EPr, T ’ 7o e
e i-pr P
g c1

Scheme 2.4 Preparation of oxidative addition complex C1
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Table 2.6 Crystal data and structure refinement for C1

Identification code SCM2105

Empirical formula Css Hs2 Clz N2 O P Pd
Formula weight 772.52

Temperature 297(2) K

Wavelength 0.71073 A

Crystal system, space group Triclinic, P-1

a=11.0002(5) A a=93.8303(14)°
b=12.8129(5) A B =97.7328(14)°
c=14.2811(6) A y=110.1124(13)°

Unit cell dimensions

Volume

Z, Calculated density
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Limiting indices

Reflections collected / unique
Completeness to 8 = 27.74
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [I>2a(])]

R indices (all data)

Largest diff. peak and hole
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1859.03(14) A3

2, 1.380 Mg/m?

0.788 mmt

804

0.68 x 0.36 x 0.28 mm
2.00to 27.74°

-14<=h<=14, -16<=k<=16, -18<=I<=18

96713/ 8667 [R(int) = 0.0230]
99.1 %

Semi-empirical from equivalents
0.8096 and 0.6164

Full-matrix least-squares on F2
8667 /0 /403

1.050

R1 = 0.0256, wR, = 0.0647
R1=0.0275, wR, = 0.0663
0.753 and -0.788 e. A3



Table 2.7 Atomic coordinates (x10%) and equivalent isotropic displacement parameters (A?x10°)

for C1
U(eq) is defined as one third of the trace of the orthogonalised U' tensor.

X y z U(eq)
P(1) 7107(1) 8403(1) 2740(1) 27(1)
0(1) 5627(1) 6048(1) 1451(1) 38(1)
Pd(1) 7601(1) 6960(1) 2120(1) 29(1)
CI(2) 8049(1) 5393(1) 1524(1) 47(1)
Cl(2) 7931(1) 4868(1) 4729(1) 123(1)
CI(3) 8079(2) 3231(1) 3294(1) 146(1)
N(1) 3857(1) 7743(1) 822(1) 32(1)
N(2) 3517(1) 5472(1) 1623(1) 30(1)
C(1) 9449(2) 7606(2) 2778(1) 38(1)
C(2) 9738(2) 7553(2) 3753(2) 47(1)
C(3) 11028(3) 7906(2) 4218(2) 65(1)
C(4) 12032(2) 8328(2) 3718(2) 73(1)
C(5) 11769(2) 8377(2) 2768(2) 67(1)
C(6) 10476(2) 8001(2) 2269(2) 51(1)
C(7) 10252(3) 8005(3) 1209(2) 71(2)
C(8) 6803(2) 8270(1) 3970(1) 31(1)
C(9) 6198(2) 9084(2) 4355(1) 43(1)
C(10) 5926(2) 8892(2) 5364(2) 54(1)
C(11) 5079(2) 7689(2) 5417(2) 58(1)
C(12) 5690(2) 6886(2) 5047(2) 51(1)
C(13) 5951(2) 7059(2) 4038(1) 40(1)
C(14) 8252(2) 9849(1) 2753(1) 36(1)
C(15) 9491(2) 10192(2) 3511(2) 45(1)
C(16) 10366(2) 11396(2) 3468(2) 65(1)
C(17) 10721(3) 11561(3) 2500(3) 88(1)
C(18) 9500(3) 11238(2) 1739(2) 79(2)
C(19) 8599(2) 10032(2) 1765(2) 52(1)
C(20) 5592(2) 8390(1) 2035(1) 29(1)
C(21) 5185(2) 9312(1) 1777(1) 32(1)
C(22) 5540(2) 10447(2) 2126(2) 44(1)
C(23) 4918(2) 11086(2) 1676(2) 54(1)
C(24) 3942(2) 10637(2) 875(2) 54(1)
C(25) 3537(2) 9528(2) 531(1) 44(1)
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C(26) 4147(2) 8876(1) 1003(1) 33(1)
C(27) 2993(2) 7051(2) -26(1) 44(1)
C(28) 4706(2) 7453(1) 1455(1) 28(1)
C(29) 4621(2) 6271(1) 1506(1) 28(1)
C(30) 2300(2) 5661(2) 1792(1) 39(1)
C(31) 2083(2) 5527(2) 2816(2) 59(1)
C(32) 1100(2) 4893(2) 1089(2) 56(1)
C(33) 3501(2) 4306(1) 1674(1) 38(1)
C(34) 4431(3) 4212(2) 2527(2) 61(1)
C(35) 3720(3) 3806(2) 744(2) 57(1)
C(36) 8535(4) 4612(3) 3728(2) 105(1)
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Table 2.8 Bond lengths [A] and angles [°] for C1

P(1)-C(20)
P(1)-C(8)
P(1)-C(14)
P(1)-Pd(1)
0(1)-C(29)
O(1)-Pd(1)
Pd(1)-C(1)
Pd(1)-CI(1)
Cl(2)-C(36)
CI(3)-C(36)
N(1)-C(28)
N(1)-C(26)
N(1)-C(27)
N(2)-C(29)
N(2)-C(30)
N(2)-C(33)
C(1)-C(6)
C(1)-C(2)
C(2)-C@)
C(2)-H(2A)
C(3)-C(4)
C(3)-H(3A)
C(4)-C(3)
C(4)-H(4A)
C(5)-C(6)
C(5)-H(5A)
C(6)-C(7)
C(7)-H(7A)
C(7)-H(7B)
C(7)-H(7C)
C(8)-C(9)
C(8)-C(13)
)~H(
)~C(
)~H(
)~H(

1.8214(16)
1.8396(16)
1.8453(17)
2.2575(4)
1.2457(19)
2.1304(12)
1.9815(17)
2.3600(4)
1.713(4)
1.710(4)
1.372(2)
1.373(2)
1.458(2)
1.331(2)
1.487(2)
1.494(2)
1.392(3)
1.398(3)
1.387(3)
0.9300
1.370(4)
0.9300
1.359(4)
0.9300
1.404(3)
0.9300
1.501(4)
0.9600
0.9600
0.9600
1.528(2)
1.529(2)
0.9800
1.529(3)
0.9700
0.9700
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C(10)-C(11)
C(10)-H(10A)
C(10)-H(10B)
C(11)-C(12)

C(11)-H(11A)
C(11)-H(11B)
C(12)-C(13)

C(12)-H(12A)
C(12)-H(12B)
C(13)-H(13A)
C(13)-H(13B)
C(14)-C(19)

C(14)-C(15)

C(14)-H(14A)
C(15)-C(16)

C(15)-H(15A)
C(15)-H(15B)
C(16)-C(17)

C(16)-H(16A)
C(16)-H(16B)
C(17)-C(18)

C(17)-H(17A)
C(17)-H(17B)
C(18)-C(19)

C(18)-H(18A)
C(18)-H(18B)
C(19)-H(19A)
C(19)-H(19B)
C(20)-C(28)
C(20)-C(21)
C(21)-C(22)
C(21)-C(26)
C(22)-C(23)
C(22)-H(22A)
C(23)-C(24)
C(23)-H(23A)
C(24)-C(25)
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1.515(3)
0.9700
0.9700
1.514(3)
0.9700
0.9700
1.523(3)
0.9700
0.9700
0.9700
0.9700
1.522(3)
1.533(2)
0.9800
1.522(3)
0.9700
0.9700
1.495(4)
0.9700
0.9700
1.524(4)
0.9700
0.9700
1.528(3)
0.9700
0.9700
0.9700
0.9700
1.387(2)
1.453(2)
1.405(2)
1.406(2)
1.374(3)
0.9300
1.396(3)
0.9300
1.368(3)



C(24)-H(24A)
C(25)-C(26)
C(25)-H(25A)
C(27)-H(27A)
C(27)-H(27B)
C(27)-H(27C)
C(28)-C(29)
C(30)-C(31)
C(30)-C(32)
C(30)-H(30A)
C(31)-H(31A)
C(31)-H(31B)
C(31)-H(31C)
C(32)-H(32A)
C(32)-H(32B)
C(32)-H(32C)
C(33)-C(35)
C(33)-C(34)
C(33)-H(33A)
C(34)-H(34A)
C(34)-H(34B)
C(34)-H(34C)
C(35)-H(35A)
C(35)-H(35B)
C(35)-H(35C)
C(36)-H(36A)
C(36)-H(36B)
C(20)-P(1)-C(8)
C(20)-P(1)-C(14)
C(8)-P(1)-C(14)
C(20)-P(1)-Pd(1)
C(8)-P(1)-Pd(1)
C(14)-P(1)-Pd(1)
C(29)-0O(1)-Pd(1)
C(1)-Pd(1)-O(1)
C(1)-Pd(1)-P(1)
O(1)-Pd(1)-P(1)

24

0.9300
1.394(2)
0.9300
0.9600
0.9600
0.9600
1.492(2)
1.525(3)
1.528(3)
0.9800
0.9600
0.9600
0.9600
0.9600
0.9600
0.9600
1.520(3)
1.521(3)
0.9800
0.9600
0.9600
0.9600
0.9600
0.9600
0.9600
0.9700
0.97
106.79(7)
103.43(7)
105.96(8)
108.25(5)
112.10(5)
119.37(6)
128.93(10)
172.07(6)
92.81(5)
93.48(3)
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C(1)-Pd(1)-CI(1)
O(1)-Pd(1)-CI(1)

P(1)-Pd(1)-CI(1)

C(28)-N(1)-C(26)
C(28)-N(1)-C(27)
C(26)-N(1)-C(27)
C(29)-N(2)-C(30)
C(29)-N(2)-C(33)
C(30)-N(2)-C(33)

)
C(6)-C(1)-Pd(1)
C(2)-C(1)-Pd(1)
C(3)-C(2)-C(1)
C(3)-C(2)-H(2A)
C(1)-C(2)-H(2A)
C(4)-C(3)-C(2)
C(4)-C(3)-H(3A)
C(2)-C(3)-H(3A)
C(5)-C(4)-C(3)
C(5)-C(4)-H(4A)
C(3)-C(4)-H(4A)
C(4)-C(5)-C(6)
C(4)-C(5)-H(5A)
C(6)-C(5)-H(5A)
C(1)-C(6)-C(5)
C(1)-C(6)-C(7)
C(5)-C(6)-C(7)
C(6)-C(7)-H(7A)

C(6)-C(7)-H(7B)
H(7A)-C(7)-H(7B)
C(6)-C(7)-H(7C)
H(7A)-C(7)-H(7C)
H(7B)-C(7)-H(7C)
C(9)-C(8)-C(13)
C(9)-C(8)-P(1)
C(13)-C(8)-P(1)
C(9)-C(8)-H(8A)
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88.16(5)
85.32(3)
177.002(17)
108.14(13)
126.79(14)
123.81(14)
124.84(14)
119.06(14)
115.90(13)
119.12(18)
121.04(15)
119.46(15)
120.9(2)
119.6
119.6
119.6(2)
120.2
120.2
120.3(2)
119.9
119.9
121.7(2)
119.1
119.1
118.3(2)
122.48(19)
119.1(2)
109.5
109.5
109.5
109.5
109.5
109.5
110.86(15)
114.35(12)
109.20(11)
107.4



C(13)-C(8)-H(8A)
P(1)-C(8)-H(8A)
C(8)-C(9)-C(10)
C(8)-C(9)-H(9A)
C(10)-C(9)-H(9A)
C(8)-C(9)-H(9B)
C(10)-C(9)-H(9B)
H(9A)-C(9)-H(9B)
C(11)-C(10)-C(9)
C(11)-C(10)-H(10A)
C(9)-C(10)-H(10A)
C(11)-C(10)-H(10B)
C(9)-C(10)-H(10B)
H(10A)-C(10)-H(10B)
C(12)-C(11)-C(10)
C(12)-C(11)-H(11A)
C(10)-C(11)-H(11A)
C(12)-C(11)-H(11B)
C(10)-C(11)-H(11B)
H(11A)-C(11)-H(11B)
C(11)-C(12)-C(13)
C(11)-C(12)-H(12A)
C(13)-C(12)-H(12A)
C(11)-C(12)-H(12B)
C(13)-C(12)-H(12B)
H(12A)-C(12)-H(12B)
C(12)-C(13)-C(8)
C(12)-C(13)-H(13A)
C(8)-C(13)-H(13A)
C(12)-C(13)-H(13B)
C(8)-C(13)-H(13B)
H(13A)-C(13)-H(13B)
C(19)-C(14)-C(15)
C(19)-C(14)-P(1)
C(15)-C(14)-P(1)
C(19)-C(14)-H(14A)
C(15)-C(14)-H(14A)

2.4

107.4
107.4
111.26(16)
109.4
109.4
109.4
109.4

108
111.86(18)
109.2
109.2
109.2
109.2
107.9
111.07(18)
109.4
109.4
109.4
109.4

108
111.28(17)
109.4
109.4
109.4
109.4

108
111.82(15)
109.3
109.3
109.3
109.3
107.9
111.25(16)
109.91(13)
114.41(12)
107

107
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P(1)-C(14)-
C(16)-C(15
C(16)-C(15
C(14)-C(15)-H(15A)
C(16)-C(15)-H(15B)
C(14)-C(15)-H(15B)
H(15A)-C(15)-H(15B)
C(17)-C(16)-C(15)
C(17)-C(16)-H(16A)
C(15)-C(16)-H(16A)

(
(

H(14A)
C(14)

)=
)-H(15A)
)=
)=

C(17)-C(16)-H(16B)
C(15)-C(16)-H(16B)
H(16A)-C(16)-H(16B)
C(16)-C(17)-C(18)
C(16)-C(17)-H(17A)
C(18)-C(17)-H(17A)
C(16)-C(17)-H(17B)
C(18)-C(17)-H(17B)
H(17A)-C(17)-H(17B)
C(17)-C(18)-C(19)
C(17)-C(18)-H(18A)
C(19)-C(18)-H(18A)
C(17)-C(18)-H(18B)
C(19)-C(18)-H(18B)
H(18A)-C(18)-H(18B)
C(14)-C(19)-C(18)
C(14)-C(19)-H(19A)
C(18)-C(19)-H(19A)
C(14)-C(19)-H(19B)
C(18)-C(19)-H(19B)
H(19A)-C(19)-H(19B)
C(28)-C(20)-C(21)
C(28)-C(20)-P(1)
C(21)-C(20)-P(1)
C(22)-C(21)-C(26)
C(22)-C(21)-C(20)
C(26)-C(21)-C(20)
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107
110.42(17)
109.6
109.6
109.6
109.6
108.1
111.6(2)
109.3
109.3
109.3
109.3

108
111.3(2)
109.4
109.4
109.4
109.4

108
110.8(2)
109.5
109.5
109.5
109.5
108.1
111.3(2)
109.4
109.4
109.4
109.4

108
105.18(13)
123.30(12)
130.18(12)
117.16(15)
136.09(16)
106.70(14)



C(23)-C(22
C(23)-C(22
C(21)-C(22
C(22)-C(23)-C(24)

C(22)-C(23)-H(23A)

(22)-C(21)
(22)-
(22)-
(23)-
(23)-
C(24)-C(23)-H(23A)
(24)-
(24)-
(24)-
(25)-
(25)-

H(22A)
H(22A)

C(25)-C(24)-C(23)
C(25)-C(24)-H(24A)
C(23)-C(24)-H(24A)
C(24)-C(25)-C(26)
C(24)-C(25)-H(25A)
C(26)-C(25)-H(25A)
N(1)-C(26)-C(25)
N(1)-C(26)-C(21)
C(25)-C(26)-C(21)
N(1)-C(27)-H(27A)
N(1)-C(27)-H(27B)
H(27A)-C(27)-H(27B)
N(1)-C(27)-H(27C)
H(27A)-C(27)-H(27C)
H(27B)-C(27)-H(27C)
N(1)-C(28)-C(20)
N(1)-C(28)-C(29)
C(20)-C(28)-C(29)
0(1)-C(29)-N(2)
0(1)-C(29)-C(28)
N(2)-C(29)-C(28)
N(2)-C(30)-C(31)
N(2)-C(30)-C(32)
C(31)-C(30)-C(32)
N(2)-C(30)-H(30A)
C(31)-C(30)-H(30A)
C(32)-C(30)-H(30A)
C(30)-C(31)-H(31A)
C(30)-C(31)-H(31B)
H(31A)-C(31)-H(31B)
C(30)-C(31)-H(31C)

2.4

119.48(19)
120.3
120.3
121.60(19)
119.2
119.2
120.83(18)
119.6
119.6
117.41(19)
121.3
121.3
127.76(16)
108.89(14)
123.35(16)
109.5
109.5
109.5
109.5
109.5
109.5
110.86(14)
122.87(14)
126.24(14)
120.20(14)
117.99(14)
121.80(14)
111.22(16)
111.69(16)
110.88(17)
107.6
107.6
107.6
109.5
109.5
109.5
109.5
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H(31A)-C(31)-H(31C) 109.5

H(31B)-C(31)-H(31C) 109.5
C(30)-C(32)-H(32A) 109.5
C(30)-C(32)-H(32B) 109.5
H(32A)-C(32)-H(32B) 109.5
C(30)-C(32)-H(32C) 109.5
H(32A)-C(32)-H(32C) 109.5
H(32B)-C(32)-H(32C) 109.5
N(2)-C(33)-C(35) 111.81(15)
N(2)-C(33)-C(34) 113.06(15)
C(35)-C(33)-C(34) 112.16(18)
N(2)-C(33)-H(33A) 106.4
C(35)-C(33)-H(33A) 106.4
C(34)-C(33)-H(33A) 106.4
C(33)-C(34)-H(34A) 109.5
C(33)-C(34)-H(34B) 109.5
H(34A)-C(34)-H(34B) 109.5
C(33)-C(34)-H(34C) 109.5
H(34A)-C(34)-H(34C) 109.5
H(34B)-C(34)-H(34C) 109.5
C(33)-C(35)-H(35A) 109.5
C(33)-C(35)-H(35B) 109.5
H(35A)-C(35)-H(35B) 109.5
C(33)-C(35)-H(35C) 109.5
H(35A)-C(35)-H(35C) 109.5
H(35B)-C(35)-H(35C) 109.5
CI(3)-C(36)-CI(2) 115.4(2)
CI(3)-C(36)-H(36A) 108.4
CI(2)-C(36)-H(36A) 108.4
CI(3)-C(36)-H(36B) 108.4
CI(2)-C(36)-H(36B) 108.4
H(36A)-C(36)-H(36B) 107.5

Symmetry transformations used to generate equivalent atoms:
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Table 2.9 Anisotropic displacement parameters (A?x10%) for C1

The anisotropic displacement factor exponent takes the form: -2m?[hZa*?U!+...+2hka*b*U*?]

Ull U22 U33 U23 Ul3 U12
P(1) 25(1) 26(1) 28(1) 2(1) 3(1) 8(1)
o(1) 27(1) 33(1) 53(1) -4(1) 4(1) 12(1)
Pd(1) 26(1) 32(1) 29(1) 1(1) 5(1) 12(1)
cl(1) 45(1) 50(1) 49(1) -13(1) 1(1) 27(1)
cl(2) 133(1) 112(1) 115(1) 22(1) 62(1) 16(1)
Cl(3) 221(2) 91(1) 154(1) 31(1) 54(1) 80(1)
N(1) 33(1) 30(1) 31(1) 4(1) 0(1) 12(1)
N(2) 30(1) 27(1) 36(1) 5(1) 7(1) 11(1)
c(1) 30(1) 37(1) 46(1) -3(1) 1(1) 15(1)
C(2) 48(1) 43(1) 49(1) -3(1) -5(1) 21(1)
C(@3) 67(2) 60(1) 63(1) -13(1) -24(1) 33(1)
C(4) 40(1) 66(2) 104(2) -21(2) -15(1) 23(1)
C(5) 34(1) 61(1) 101(2) -13(1) 11(1) 14(1)
C(6) 35(1) 48(1) 69(1) -3(1) 14(1) 14(1)
C(7) 62(2) 84(2) 72(2) 11(1) 35(1) 24(1)
C(8) 32(1) 32(1) 28(1) 2(1) 4(1) 11(1)
C(9) 53(1) 39(1) 40(1) 2(1) 14(1) 21(1)
C(10) 71(1) 60(1) 41(1) 1(1) 19(1) 33(1)
C(11) 64(1) 73(2) 47(1) 18(1) 27(1) 28(1)
C(12) 60(1) 49(1) 45(1) 17(1) 18(1) 17(1)
C(13) 47(1) 34(1) 38(1) 6(1) 10(1) 10(1)
C(14) 31(1) 29(1) 43(1) 6(1) 4(1) 6(1)
C(15) 36(1) 36(1) 54(1) 3(1) -4(1) 5(1)
C(16) 45(1) 40(1) 91(2) 6(1) -8(1) -3(1)
C(17) 55(2) 68(2) 117(3) 31(2) 16(2) -14(1)
C(18) 75(2) 64(2) 83(2) 39(1) 19(2) 0(1)
C(19) 50(1) 51(1) 49(1) 18(1) 11(1) 7(2)
C(20) 28(1) 27(1) 31(1) 3(1) 4(1) 10(1)
C(21) 33(1) 29(1) 36(1) 5(1) 7(1) 13(1)
C(22) 46(1) 32(1) 53(1) -1(1) 2(1) 16(1)
C(23) 61(1) 32(1) 73(2) 4(1) 7(1) 23(1)
C(24) 59(1) 43(1) 69(1) 17(1) 5(1) 30(1)
C(25) 45(1) 44(1) 47(1) 14(1) 3(1) 21(1)
C(26) 34(1) 32(1) 35(1) 8(1) 7(1) 14(1)
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C(27) 46(1) 43(1) 36(1) 1(1) -7(1) 12(1)
C(28) 28(1) 28(1) 29(1) 4(1) 5(1) 11(1)
C(29) 28(1) 27(1) 27(1) 0(1) 2(1) 10(1)
C(30) 32(1) 39(1) 51(1) 8(1) 16(1) 14(1)
C(31) 59(1) 63(1) 58(1) 6(1) 31(1) 16(1)
C(32) 32(1) 66(1) 68(1) 8(1) 7(1) 14(1)
C(33) 41(1) 26(1) 47(1) 8(1) 7(1) 11(1)
C(34) 81(2) 47(1) 56(1) 19(1) -1(1) 29(1)
C(35) 76(2) 36(1) 59(1) -6(1) 6(1) 24(1)
C(36) 136(3) 90(2) 72(2) 18(2) 20(2) 16(2)
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Table 2.10 Hydrogen coordinates (x10%) and isotropic displacement parameters (A2x103) for C1

X y z U(eq)
H(2A) 9056 7276 4095 57
H(3A) 11210 7856 4865 78
H(4A) 12898 8581 4030 88
H(5A) 12463 8668 2440 81
H(7A) 9382 7999 1002 106
H(7B) 10347 7353 905 106
H(7C) 10883 8666 1044 106
H(8A) 7653 8426 4376 37
H(9A) 5383 8987 3940 51
H(9B) 6793 9846 4359 51
H(10A) 6753 9080 5794 65
H(10B) 5487 9384 5571 65
H(11A) 4972 7590 6072 70
H(11B) 4216 7524 5043 70
H(12A) 5105 6122 5054 61
H(12B) 6510 6998 5462 61
H(13A) 5121 6864 3611 48
H(13B) 6389 6564 3836 48
H(14A) 7780 10348 2898 43
H(15A) 9244 10121 4137 55
H(15B) 9971 9697 3407 55
H(16A) 9913 11894 3630 78
H(16B) 11162 11587 3932 78
H(17A) 11237 11109 2358 106
H(17B) 11256 12340 2493 106
H(18A) 9758 11315 1117 95
H(18B) 9029 11740 1843 95
H(19A) 7799 9863 1308 62
H(19B) 9032 9525 1583 62
H(22A) 6190 10762 2657 53
H(23A) 5153 11835 1910 65
H(24A) 3562 11097 572 65
H(25A) 2879 9221 2 53
H(27A) 2101 6970 12 66
H(27B) 3070 6326 -69 66

2.4
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H(27C) 3238 7400 -581 66
H(30A) 2413 6435 1689 47
H(31A) 2835 6033 3244 89
H(31B) 1958 4771 2934 89
H(31C) 1318 5692 2914 89
H(32A) 1306 4902 456 84
H(32B) 382 5152 1113 84
H(32C) 858 4144 1255 84
H(33A) 2613 3853 1761 46
H(34A) 4317 4598 3089 91
H(34B) 5321 4540 2423 91
H(34C) 4241 3437 2606 91
H(35A) 3187 3957 220 85
H(35B) 3485 3011 741 85
H(35C) 4629 4133 684 85
H(36A) 8249 4999 3232 126
H(36B) 9486 4931 3869 126
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Table 2.11 Torsion angles [°] for C1

C(29)-O(1)-Pd(1)-C(1)
C(29)-0(1)-Pd(1)-P(1)
C(29)-0(1)-Pd(1)-CI(1)
C(20)-P(1)-Pd(1)-C(1)
C(8)-P(1)-Pd(1)-C(1)
C(14)-P(1)-Pd(1)-C(1)
C(20)-P(1)-Pd(1)-0(1)
C(8)-P(1)-Pd(1)-0(1)
C(14)-P(1)-Pd(1)-0O(1)
C(20)-P(1)-Pd(1)-CI(1)
C(8)-P(1)-Pd(1)-CI(1)
C(14)-P(1)-Pd(1)-CI(1)
O(1)-Pd(1)-C(1)-C(6)
P(1)-Pd(1)-C(1)-C(6)
CI(1)-Pd(1)-C(1)-C(8)
O(1)-Pd(1)-C(1)-C(2)
P(1)-Pd(1)-C(1)-C(2)
CI(1)-Pd(1)-C(1)-C(2)
C(6)-C(1)-C(2)-C(3)
Pd(1)-C(1)-C(2)-C(3)
C(1)-C(2)-C(3)-C(4)
C(2)-C(3)-C(4)-C(5)
C(3)-C(4)-C(5)-C(6)
C(2)-C(1)-C(6)-C(5)
Pd(1)-C(1)-C(6)-C(5)
C(2)-C(1)-C(6)-C(7)
Pd(1)-C(1)-C(6)-C(7)
C(4)-C(5)-C(6)-C(1)
C(4)-C(5)-C(6)-C(7)
C(20)-P(1)-C(8)-C(9)
C(14)-P(1)-C(8)-C(9)
Pd(1)-P(1)-C(8)-C(9)
C(20)-P(1)-C(8)-C(13)
C(14)-P(1)-C(8)-C(13)
Pd(1)-P(1)-C(8)-C(13)
C(13)-C(8)-C(9)-C(10)

2.4

137.1(4)
-5.40(15)
171.84(15)
162.47(8)
-80.01(8)
44.68(9)
-22.36(7)
95.17(7)
-140.14(8)
-88.7(3)
28.8(3)
153.5(3)
105.8(5)
-111.65(15)
71.19(15)
-67.1(5)
75.40(14)
-101.76(14)
1.2(3)
174.24(16)
1.0(3)
-1.5(4)
-0.2(4)
-2.7(3)
-175.68(16)
175.3(2)
2.4(3)
2.3(4)
-175.8(2)
-49.83(14)
59.96(14)
-168.22(11)
75.03(13)
-175.18(12)
-43.37(13)
53.8(2)
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P(1)-C(8)-C(9)-C(10)
C(8)-C(9)-C(10)-C(11)
C(9)-C(10)-C(11)-C(12)
C(10)-C(11)-C(12)-C(13)
C(11)-C(12)-C(13)-C(8)
C(9)-C(8)-C(13)-C(12)
P(1)-C(8)-C(13)-C(12)
C(20)-P(1)-C(14)-C(19)
C(8)-P(1)-C(14)-C(19)
Pd(1)-P(1)-C(14)-C(19)
C(20)-P(1)-C(14)-C(15)
C(8)-P(1)-C(14)-C(15)
Pd(1)-P(1)-C(14)-C(15)
C(19)-C(14)-C(15)-C(16)
P(1)-C(14)-C(15)-C(16)
C(14)-C(15)-C(16)-C(17)
C(15)-C(16)-C(17)-C(18)
C(16)-C(17)-C(18)-C(19)
C(15)-C(14)-C(19)-C(18)
P(1)-C(14)-C(19)-C(18)
C(17)-C(18)-C(19)-C(14)
C(8)-P(1)-C(20)-C(28)
C(14)-P(1)-C(20)-C(28)
Pd(1)-P(1)-C(20)-C(28)
C(8)-P(1)-C(20)-C(21)
C(14)-P(1)-C(20)-C(21)
Pd(1)-P(1)-C(20)-C(21)
C(28)-C(20)-C(21)-C(22)
P(1)-C(20)-C(21)-C(22)
C(28)-C(20)-C(21)-C(26)
P(1)-C(20)-C(21)-C(26)
C(26)-C(21)-C(22)-C(23)
C(20)-C(21)-C(22)-C(23)
C(21)-C(22)-C(23)-C(24)
C(22)-C(23)-C(24)-C(25)
(
(

(
(

—_— o~ A~ o~

(
(
(
(

C(23)-C(24)-C(25)-C(26)
C(28)-N(1)-C(26)-C(25)
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177.81(14)
-54.9(2)
55.7(3)
-55.7(3)
55.6(2)
-54.5(2)
178.63(14)
-69.54(15)
178.30(13)
50.71(15)
164.47(14)
52.31(16)
-75.28(15)
55.0(2)
-179.74(17)
-56.5(3)
57.3(3)
-56.1(4)
-54.7(3)
177.53(18)
54.8(3)
-101.01(14)
147.44(14)
19.87(15)
94.26(16)
-17.29(17)
-144.85(14)
172.4(2)
-20.7(3)
-4.80(18)
162.01(13)
-3.3(3)
179.7(2)
-0.3(3)
2.4(4)
-0.8(3)
179.72(18)



C(27)-N(1)-C(26)-C(25)
C(28)-N(1)-C(26)-C(21)
C(27)-N(1)-C(26)-C(21)
C(24)-C(25)-C(26)-N(1)
C(24)-C(25)-C(26)-C(21)
C(22)-C(21)-C(26)-N(1)
C(20)-C(21)-C(26)-N(1)
C(22)-C(21)-C(26)-C(25)
C(20)-C(21)-C(26)-C(25)
C(26)-N(1)-C(28)-C(20)
C(27)-N(1)-C(28)-C(20)
C(26)-N(1)-C(28)-C(29)
C(27)-N(1)-C(28)-C(29)
C(21)-C(20)-C(28)-N(1)
P(1)-C(20)-C(28)-N(1)
C(21)-C(20)-C(28)-C(29)
P(1)-C(20)-C(28)-C(29)
Pd(1)-0(1)-C(29)-N(2)
Pd(1)-0(1)-C(29)-C(28)
C(30)-N(2)-C(29)-O(1)
C(33)-N(2)-C(29)-O(1)
C(30)-N(2)-C(29)-C(28)
C(33)-N(2)-C(29)-C(28)
N(1)-C(28)-C(29)-O(1)
C(20)-C(28)-C(29)-0(1)
N(1)-C(28)-C(29)-N(2)
C(20)-C(28)-C(29)-N(2)
C(29)-N(2)-C(30)-C(31)
C(33)-N(2)-C(30)-C(31)
C(29)-N(2)-C(30)-C(32)
C(33)-N(2)-C(30)-C(32)
C(29)-N(2)-C(33)-C(35)
C(30)-N(2)-C(33)-C(35)
C(29)-N(2)-C(33)-C(34)
C(30)-N(2)-C(33)-C(34)

11.8(3)
-1.08(19)
-169.03(16)
176.05(19)
-3.0(3)
-174.17(16)
3.68(19)
5.1(3)
-177.08(17)
-2.15(19)
165.34(16)
176.03(14)
-16.5(3)
4.31(18)
-163.65(12)
-173.78(15)
18.3(2)
-135.66(13)
43.2(2)
173.76(15)
-0.9(2)
-5.0(2)
-179.70(14)
126.73(17)
-55.4(2)
-54.4(2)
123.43(18)
-108.07(19)
66.7(2)
127.47(18)
-57.7(2)
-64.3(2)
120.59(18)
63.5(2)
-111.68(19)

Symmetry transformations used to generate equivalent atoms:

2.4



Table 2.12 Hydrogen bonds for C1 [A] and [°]

D—H-A d(D-H) d(H-A) d(D-A) Z(DHA)
C(27)-H(27B)-CI(1)#1 0.96 2.74 3.4154(19) 127.8
C(30)-H(30A)-N(1) 0.98 2.42 3.155(2) 131.8
C(32)-H(32B)-CI(1)#2 0.96 2.82 3.747(2) 162.9
C(34)-H(34B)-O(1) 0.96 2.41 2.919(3) 112.8
C(35)-H(35A)-CI(1)#1 0.96 2.98 3.932(3) 170.4
C(35)-H(35C)-O(1) 0.96 2.43 2.927(3) 112.2
C(36)-H(36A)- CI(1) 0.97 2.52 3.395(4) 150.1

Symmetry transformations used to generate equivalent atoms:
#1 -x+1,-y+1,-z #2x-1,y,z

Prob = 50
i Temp = 237
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3. Chapter 3: Palladium-Catalysed Chemoselective Borylation of
Polyhalogenated Triflates and Their Application in Consecutive

Reactions

3.1 Introduction

Arylboronates have emerged as widely utilised synthons for the synthesis of pharmaceuticals,
agrochemicals, and functional materials.*~2 Driven by the high demand for this class of attractive
compounds due to their reactivity, stability, and cost-effectiveness, a diverse array of methods
has been rapidly developed in recent decades.®>*2 Since the pioneering work of Miyaura on the
Pd-catalysed borylation reaction,*® this approach has become a practical means of employing a
variety of electrophiles to prepare arylboronates, with a high tolerance for functional groups.
Persistent efforts to advance novel ligand designs and further synthetic strategies have expanded
the substrate compatibility and the scope of electrophiles for the Pd-catalysed borylation reaction
(Scheme 3.1).14°20

Previous works: Borylation of single electrophilic site

h h
== + Bypin Pd/L = .
X =1, Br, Cl, OTf, OTs, OMs

Scheme 3.1 Prior research: Borylation focused on a single electrophilic site

The borylation of arenes featuring multiple electrophilic sites would be a strategically
attractive synthetic approach, enabling the targeted electrophile to be selectively converted into
a nucleophile and producing a multifunctional synthon with both electrophilic and nucleophilic

moieties (Scheme 3.2).

Despite the potential of such an approach, several issues have persisted in achieving a
chemoselective borylation reaction. First, it remains challenging to control the borylation process
to selectively react at the desired electrophilic site, aligning with the actual synthetic needs.
Second, the predominant formation of diborylated products often fails to yield a pure product that
activates solely on one side of the aryl (pseudo)halide. Third, the simultaneous presence of
electrophilic and nucleophilic sites within the compound may lead to undesired self-coupling

reactions of the product.?* (Scheme 3.2)
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Borylation of substrates with more than one electrophilic site

® ®

multifunctional diversified
synthon complex molecules

Challenges (targeted (O) and undesired (X) product):
o @— —@ - Challenging reactivity order: C-Cl > C-OTf
% @_ _@ - Hard to achieve mono-selectivity

- Multiple borylation reaction occur easily
« @) curcomoren -

- Self-coupling reactions occur from —Bpin and —-Bpin,
x @_ . _@ or —OTf and —Bpin during the reaction process

Scheme 3.2 Borylation of substrates with multiple electrophilic sites: Opportunities and
challenges

While the potential of chemoselective borylation reactions catalysed by transition metals is
recognised, the research efforts in this area have been limited. Nonetheless, a few notable
examples have been reported, such as the work by Yoshida et al.,?> who described a copper-
catalysed borylation of bromoaryl triflates, demonstrating Ar-Br chemoselectivity (two examples
with bis(pinacolato)diboron). Furthermore, Noonan et al. have recently introduced a rhodium-
catalysed chemoselective borylation strategy targeting the Ar-I bond in bromoiodoarenes.*
While the available examples have been limited in substrate scope, they have largely adhered to
the classical reactivity order, such as Ar-I > Ar-Br?-2 or Ar-Br > Ar-OTf.25"2’ To the best of our
knowledge, there is no prior report of a transition-metal-catalysed chemoselective borylation

reaction that can selectively target the C-Cl bond over the C-OTf bond in chloroaryl triflates.

Attaining unconventional chemoselectivity, where the C-Cl bond is preferentially activated
over the C-OTf bond, is a highly desirable approach that can facilitate the alteration of reactivity
orders to better suit synthetic applications.?®~*® Nonetheless, this remains a paramount challenge.
So far, only the research groups of Fu,*? Neufeldt,® and our own®’ have reported the inversion of
the typical C-CI > C-OTf reactivity order in the Suzuki—Miyaura reaction, with a single example
also demonstrated in the Stille coupling reaction.® In our previous work, we designed and
synthesised a novel type of indolyl-based phosphine ligand, and found that the preagostic
interaction and steric hindrance offered by the C2-cyclohexyl group enabled Pd-catalysed
chemoselective activation of the C-Cl bond in Suzuki—-Miyaura reactions involving

polyhalogenated aryl triflates and arylboronic acids.3” Expanding on this, we now report our efforts
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in developing the first Pd-catalysed chemoselective C-CI (over C-OTf) borylation reaction
(Scheme 3.3).

This work:
: intermolecular chemoselective:
Pd(OAc),/SelectPhos \._.one-pot-two-step reaction _ .
1-5 mol% Pd R R
AL N N
R ‘] > bOTf > bOTf
{4 KOAc, CPME Z KsPO, =
110 °C, 15-60 min 110 °C, 60 min

allow late-state
diversification

Reactivity order: C-CI/ > C-OTf
+ very fast
+ ample functional group tolerance

+ broad substrate scope including electronic biased substrate
+ gram scale synthesis

Scheme 3.3 Pioneering Pd-catalysed chemoselective borylation: C-Cl over C-OTf
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3.2 Result and Discussion

3.2.1 Initial screening of ligands

We initiated our investigation by employing 4-chlorophenyl triflate 7a and
bis(pinacolato)diboron 8 as the model substrates. An array of commercially available ligands as
well as 2-alkyl-indolyl phosphines were explored, with a total of 37 ligands spanning various
scaffolds being screened (Table 3.1). Interestingly, the indolyl phosphine ligands featuring a
secondary alkyl group at the C2 position (L1-L2) exhibited an inversion of the common selectivity
order, preferentially activating the C-CI bond and providing the best chemoselectivity and

reactivity for the formation of the desired product 9a.

Among the screened indolyl phosphine ligands, L1 was a more favourable candidate than
L2. The former demonstrated excellent chemoselectivity, coupling exclusively at the —Cl site, in
contrast to the latter, which produced only trace amounts of the diborylated product 11a. Ligands
bearing a C2 tertiary alkyl group lacking a methine hydrogen (L3 and L4) or a small C2 methyl
group (L5) exhibited inferior reactivity or poor chemoselectivity, respectively. Additionally, the
indolylphosphine ligand with a C2 aryl ring (L6) showed selectivity solely for the C-OTf bond,
further highlighting the crucial role of the C2 alkyl group of the ligand in this reaction. Among the
commercially available phosphine ligands evaluated (L7-L11), only Pt-Bus (L9), Pt-Bus—Pd-G4
(L10), and P(o-tolyl)s (L11) demonstrated selective C—Cl activation, though the yields were low.
The ligand [Pd(u-I1)Pt-Bus]. (L12) proved to be inactive in this reaction. CataCXium®A (L22)
exhibited C-Cl selectivity but provided a low yield. MorDalphos (L23) was found to be ineffective
in this catalysis. Ligands with heteroaryl bottom rings (L13-L14) or aryl bottom rings (L15-L21)
and diphosphine ligands (L24-L35) followed the general reactivity order of C-OTf > C-Cl. NHC
ligands (L36-L37) showed poor chemoselectivity and reactivity.
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Table 3.1 Screening of ligands for Pd-catalysed chemoselective borylation of 4-chlorophenyl

triflate 7a and bis(pinacolato)diboron 82

100

90

% Yield
N w B @ @ N
s & & & & o

=}

OTf OTf Bpin Bpin
5 mol% Pd(OAc),
10 mol% L = N .
B,pin,
Cl KOAc, TH'.: Bpin Cl Bpin
7a  reflux, Smin 9a 10a 11a

m9%a m10a Ma

L1 L2 L3 L4 L5 L6 L7 L8 L9 L9°L10°L11L12°L13 L14 L15 L16 L17 L18 L19 L20 L21 L22 L23 124 125 L26 L27 L28 129 L30 L31 L32 L33 L34 L35 L36 L37

Ligand

Yiel | Yiel | Yiel
Recover
Cod ) dof | dof | dof
Ligand y of 7a
e 9a 10a | 1lla
(%)°
(%)° | (%)° | (%0)°
P(i-Pr),
L1 SelectPhos N 74 0 <1 13
N
Me
PCYz
L2 | CySelectPhos N\ 72 | 0 5 14
N
Me
2-(adamantan-1- PCy,
)-3-(diphenyl
Lg | Y03 (dipheny N 8 2 3 12
phosphaneyl)-1- N
\
methyl-1H-indole Me
2-(tert-butyl)-3-
(dicyclohexyl PCy2
L4 phosphaneyl)- N—tBu 6 0 0 5
N
1-methyl-1H- Me
indole
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3-(dicyclohexyl

PCYz
hosphaneyl)-
s | PP ¥ N—Me 9 | 13 | 2 73
1,2-dimethyl-1H- N
\
indole Me
P(i-Pr),
i-
L6 O N O 1 | 67 | 10 13
PrPhendolePhos N
Me
triphenyl
L7 P .y PPhs 0 85 1 9
phosphine
tricyclohexyl
L8 _ PCys <1 1 0 94
phosphine
L9 tri-tert- 14 2 12
) P(t-Bu)s
Lo butylphosphine 16 <1 59
L10d Pt-Bus-Pd-G4 ! ! 17 2 0 24
MsO-Pld-NHMe
P(t—BU)3
tri(o- P
L11 _ 12 3 0 83
tolyl)phosphine M€
3
/I\
L12¢ | [Pd(u-1)Pt-Bus)> (+Bu)sP-Pd—Pd-P(t-Bu); <1 <1 0 94
|
Cy2P
L13 CM-Phos 0 | 85 | 6 2
N
Me
Cy2P
N
L14 | PhMezole-Phos @ N 0 <1 0 86
N
Me
L15 |  CydohnPhos 0 | 91| 7 2
PCy2
PCYZ
L16 DavePhos O O <1 77 13 3
MezN
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o
L17 SPhos OMe 0 | 44 | 27 17
oy
e
L18 RuPhos an 0 | 41 | 22 30
PrO O
Wa
-Pr
L19 XPhos o | 65 | 15 7
S
i-Pr
@,PC){Z
L20 | CataCXium®PCy Nz 4 | 51 | 23 16
| mpc}lz
CataCXium®PInC N
L21 6 | 45 | 27 20
y O
n-I|3u
L22 | CataCXium®A P 5 0 0 95
Sy
L23 MorDalphos N—> <1 <1 <1 91
>
=
L24 dppf Fe 1 | 57 | 1 4
&> pph,
&= —PCy2
L25 dcypf Fe 1 73 12 7
L —rcy,
L26 DPEPhos @\O/Q <1 | 60 | 2 3
PPh,  PPh,

3.2 Result and Discussion

160



Me Me
L27 XantPhos O O 0 63 <1 18
0
PPh, PPh,
H
N
L28 NiXantphos <1 47 1 24
0
PPh, PPh,
SO
L29 BINAP PPh, 1 36 1 57
PPh,
L30 dppBz 0 13 <1 66
PPh,
L31 dppm PhaP_PPh2 <1 5 2 87
L32 dppe PhoPe~ppn, <1 | 26 | <1 56
L33 dppp PhoPa~-PPhz <1 11 <1 72
L34 dppb PhoPe™~~"ppn, 2 | 38 | «1 33
L35 deype CY2P\/\pr2 2 | 34 | 2 56
Me Me
‘—‘
L36 IMes-HCI NN 19 | 25 | 21 29
Me %Cl Me
Me Mg
j-Pr i-Pr
‘_\
L37 IPr-HCI NN 7 8 | 11 69
8c
i-Pr i-Pr

#Reaction conditions: 4-chlorophenyltrifiate (0.20 mmol), Bzpin, (0.20 mmol), Pd(OAc). (5.0
mol%), ligand (10 mol%), KOAc (0.60 mmol), and THF (0.60 mL) were heated to reflux in a pre-
heated oil bath (110 °C) with stirring under N for 5 minutes. "Calibrated GC yields were reported
using dodecane as an internal standard. ‘Pd.(dba); (2.5 mol%) and tert-butylphosphine (Pt-Bus,
5.0 mol%) were used instead, with a Pd: L ratio of 1: 1. ¢ Pt-Bus—Pd-G4 (5.0 mol%) was used
without Pd(OAC).. °[Pd(u-1)Pt-Bus]. (2.5 mol%) was used without Pd(OAC)..
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3.2.2 Optimisation of reaction conditions

Intrigued by the promising initial ligand screening results, we proceeded to explore other
reaction parameters (Table 3.2). A series of palladium sources were evaluated, with both
PdCl,(MeCN). and Pd(OAc). exhibiting high catalytic activity, in contrast to the relatively lower
catalytic performance of Pd.(dba)s; and [Pd(mr-cinnamyl)Cl]. (Table 3.2, entries 1-4). Notably,
Pd(OAc), demonstrated enhanced selectivity for the C-CI bond compared to PdCl,(MeCN)..
Further optimisation efforts focused on the palladium-to-ligand ratio, revealing that a 1: 2 ratio
provided the highest yield (Table 3.2, entries 1 and 5-7). Reducing the catalyst loading to 0.2
mol% Pd and extending the reaction time to 30 minutes resulted in a 72% product yield (Table
3.2, entry 9). Solvent screening identified cyclopentyl methyl ether (CPME) as the optimal choice,
delivering the desired product with a 94% yield and excellent C-CI bond chemoselectivity (Table
3.2, entries 11-14). Among the commonly used bases, KOAc was found to be superior to CsF,
KsPO4, KsPO4'H20, and K,COs3 (Table 3.2, entries 14-18), because its relatively small size could
facilitate in the transmetalation and its moderate basicity and solubility in organic solvents help
stabilize reaction intermediates and prevent further coupling of borylated products with aryl
(pseudo)halides.

Table 3.2 Optimisation of reaction conditions for Pd-catalysed chemoselective C-Cl (over
C-0OTHf) borylation of 4-chlorophenyl triflate 7a with bis(pinacolato)diboron 82

oTf oTf Bpin Bpin

Pd source P(i-Pr),
SelectPhos . © . @ W

N

base, solvent I‘VI
° : e
7a 110 °C, time 9a 10a 11a SelectPhos
Yield | Yield | Yield
. Recovery
Pd source | Pd: Time | of of of
Entry Base Solvent _ of 7a
(mol%) L (min) | 9a 10a | 11a %)
0
(%0)° | (%)° | (%)
5 mol% 1
1 KOAc THF 5 69 <1 <1 27
Pd(OAc): 2
5 mol% 1
2 KOAc THF 5 72 <1 4 8
PdCI>(ACN). | 2
2.5 mol% 1
3 KOAc THF 5 32 1 1 58
sz(dba)g 2
2.5 mol% L
4 [Pd(T- 2' KOAC THF 5 15 | <1 | <1 79
cinamyl)Cl],
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5 mol% 1:
5 KOAC THF 5 68 1 3 6
Pd(OACc): 1
5 mol% 1
6 KOAc THF 5 27 <1 <1 61
Pd(OAc): 3
5 mol% 1
7 KOACc THF 5 8 <1 0 79
Pd(OAc): 4
0.5 mol% 1
8 KOAc THF 30 89 <1 5 4
Pd(OAc): 2
0.2 mol% 1:
9 KOAC THF 30 72 0 2 10
Pd(OAc): 2
0.1 mol% 1:
10 KOAC THF 30 37 1 2 52
Pd(OAc): 2
0.2 mol% 1:
11 KOAc t-BuOH 30 57 0 3 12
Pd(OAc): 2
0.2 mol% 1:
12 KOAc toluene 30 63 0 <1l 25
Pd(OAc): 2
0.2 mol% 1: _
13 KOAc dioxane 30 53 0 <1 21
Pd(OAc): 2
0.2 mol% 1:
14 KOACc CPME 30 94 0 0 6
Pd(OAc): 2
0.2 mol% 1:
15 CsF CPME 30 15 5 2 61
Pd(OAc): 2
0.2 mol% 1:
16 K3PO4 CPME 30 20 1 1 67
Pd(OAc): 2
0.2 mol% 1:
17 KsPO4H,O | CPME 30 22 3 2 37
Pd(OAC)2 2
0.2 mol% 1:
18 K.COs3 CPME 30 23 2 2 67
Pd(OACc)2 2

#Reaction conditions: 4-chlorophenyltriflate (0.20 mmol), Bzpin, (0.20 mmol), Pd(OAc)., ligand L1,
base (0.60 mmol), and solvent (0.60 mL) were stirred under N, at 110 °C for the indicated time.

PCalibrated GC yields were reported using dodecane as an internal standard.
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3.2.3 Palladium-catalysed chemoselective borylation of polyhalogenated aryl triflates

With the optimised reaction conditions established, a wide range of chloroaryl triflates were
examined. These reactions were completed within 60 minutes under a 1-5 mol% palladium
catalyst loading and displayed excellent chloro-selectivity (Table 3.3). For instance, para- and
meta-chlorophenyl triflates were directly transformed into their respective products, delivering
95% and 90% vyields (Table 3.3, 9a and 9b). Notably, the chloro-selectivity was maintained
regardless of the presence of additional deactivating (—-OMe, -Me, —Bz) or activating (-F)
substituents on the aryl triflates (Table 3.3, compounds 9¢c-9f and 9i-9l). The substrate scope
was further expanded to include chloropyridyl triflate and chloroquinolyl triflate, which delivered
the desired products in 80% and 60% yields respectively (Table 3.3, 9g and 9h). In contrast,
when 2-chloro-4-pyridyl triflate was used, only a trace amount of the borylated product at the
C-OTf position was detected by GC-MS. Similarly, 4-chloro-2-pyridyl triflate gave a poor yield
(~15%) of the borylated product at the C-Cl site, as observed by GC-MS.

The set of substrates utilised demonstrated the broad functional group tolerance of this
borylation protocol. Chloroaryl triflates bearing nitrile, aldehyde, and ketone groups were
efficiently borylated, providing the corresponding boronic acid pinacol esters in good yields (Table
3.3, 9Im-90). Interestingly, when 3,5-dichlorophenyl triflate was employed as the substrate,
smooth diborylation occurred, which could be leveraged for the synthesis of terphenyls or
polyphenyls (Table 3.3, 9p). To further expand the substrate scope, the researchers explored the
generality of the C—-Br coupling preference. The borylation of poly(pseudo)halogenated arenes
displayed complete selectivity, delivering the products resulting from C-Br borylation in good
yields, while leaving the C-Cl and C-OTf sites intact (Table 3.3, 99-9s).

3.2 Result and Discussion 164



165

R\/=\/0Tf Pd(OAc),/SelectPhos R
(1-5 mol% Pd) -~ _|_
\ |/ > (j
A /
KOAc, CPME TfO
7 110 °C, 15-60 min 9

Table 3.3 Pd-catalysed chemoselective borylation of polyhalogenated aryl triflates®

P(i-Pr),

N
N
\
Me
SelectPhos

X = CI (CI > OTf)

rio—(_)

9a
1 mol% Pd, 30 min, 95%,
86%", 47%7

TfO,

¢

9d
5 mol% Pd, 15 min, 84%

n

TfO,

\—7

9g
5 mol% Pd, 30 min, 80%

TfO,

Me

©
—"

5 mol% Pd, 30 min, 95%

TfO

NC

©
3

1 mol% Pd, 60 min, 65%°¢

Q—Bpin

TO g4
5 mol% Pd, 60 min, 68%%9

TfO

14

1 mol% Pd, 30 min, 90%

1 mol% Pd, 60 min, 89%

TfO

Ny 7

©
=

5 mol% Pd, 30 min, 60%

TfO

e

Ph

9k
1 mol% Pd, 60 min, 88%

R

)

0

TfO
R=H,9n
1 mol% Pd, 60 min, 79%
R = Me, 90
5 mol% Pd, 15 min, 67%

Bpin

5

TfO

9r
5 mol% Pd, 60 min, 77%9
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|6

MeO
9c
5 mol% Pd, 15 min, 79%

TfO

F
1 mol% Pd, 60 min, 91%

©
-

Me

e

TfO

9i
1 mol% Pd, 60 min, 94%

TfO

MeO

©

1 mol% Pd, 60 min, 93%
OTf

)

9p
5 mol% Pd, 30 min, 71%"

X = Br (Br > Cl > OTf)

TfO—@—Bpin

9s
5 mol% Pd, 60 min, 84%9Y



#Reaction conditions: polyhalogenated aryl triflate (1.0 mmol), Bopin, (1.0 mmol), Pd(OACc),,
ligand L1 (Pd: L = 1: 2), KOAc (3.0 mmol) and CPME (3.0 mL) were stirred under Nz at 110 °C
for the indicated time. Isolated yields were reported. A chemoselectivity of 97-100% was
observed for all compounds, and the conversion and selectivity ratio of each compound are
provided in the latter characterisation section. "A Pd: L ratio of 1: 1 was used. “The reaction was
conducted at 90 °C. Calibrated GC yield was reported using dodecane as an internal standard.
©>91% chemoselectivity was observed. ‘Bopin, (2.0 mmol) was used instead. %Toluene was used

as the solvent.
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3.2.4 Palladium-catalysed sequential chemoselective borylation and Suzuki—-Miyaura coupling

The successful borylation of aryl triflates prompted us to investigate the feasibility of
employing the Pd/L1 system for the chemoselective Suzuki coupling of aryl chlorides. We
pursued a one-pot, two-step approach, which could further improve the practical utility of the
method and broaden the versatility of the catalyst system. The Pd(OAc)./ L1 catalytic approach
proved effective in facilitating both the borylation and the subsequent Suzuki cross-coupling

reactions.

No additional palladium source or ligand was required for the reaction mixture after the
borylation step, as the boronic acid pinacol ester intermediates were not isolated. Substituted
chloroaryl triflates underwent successful borylation at the chloro site, and the resulting
intermediates were then seamlessly coupled with a second aryl chloride bearing functional groups
such as ketones, esters, and aldehydes (Table 3.4, 13a, 13b, 13g, 13h, and 13k). Additionally, a
variety of heteroaryl chlorides, including 2-picoline, quinoline, and 3-methylbenzo[b]thiophene,
were reacted with diverse chloroaryl triflates in a one-pot fashion, producing aryl-heteroaryl
compounds in 67-80% yield (Table 3.4, 13c, 13e, 13f, and 13i). The catalyst system also allowed
for the use of nonactivated aryl chlorides as cross-coupling partners in the second step (Table
3.4, compounds 13h, 13j, and 13I). Interestingly, this system provided an inversion of the
common borylation selectivity order of OTf > Cl| and represented the first example of an
intermolecular chemoselective Suzuki coupling of aryl chloride with borylated aryl triflates in a
sequential manner. Furthermore, the triflate group was preserved after the sequential reactions,

enabling further transformation through a cross-coupling approach.
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Table 3.4 Chemoselective borylation and Suzuki-Miyaura coupling of chloroaryl triflates in a

streamlined one-pot, two-step Pd-catalysed protocol®

Pd(OAc),/SelectPhos R
oTf (1—(5 mo)ﬁ% Pd) R |\,\—0Tf :
A \’\ — P(i-Pr),
gL ‘] > bOTf 12 >
{4 KOAc, CPME = K3PO, A\
110 °C, 15-60 min 110 °C, 60 min N
intermolecular |‘Vle
7 without isolation chemoselectivity 13 SelectPhos
MeO
Y O
TfO Me TfO
13a 13b 13¢c
1 mol% Pd, 60 min, 80% 1 mol% Pd, 60 min, 74% 1 mol% Pd, 60 min, 80%

Me

o
|6

)
TfO TfO TfO

13d 13e 13f
1 mol% Pd, 60 min, 67% 5 mol%, 15 min, 80% 5 mol%, 15 min, 72%

O

G Y
TfO
13g 13h 13i
3 mol% Pd, 30 min, 86% 3 mol%, 30 min, 77% 3 mol%, 30 min, 68%
TfO—@ TfO
TfO
Ph
13j 13k 131
1 mol% Pd, 60 min, 74% 3 mol% Pd, 30 min, 74% 3 mol% Pd, 30 min, 78%

1%t Step: Chloroaryl triflate (0.22 mmol), B2pin, (0.22 mmol), Pd(OAc),, L1 (Pd: L = 1: 2), KOAc
(0.66 mmol), and CPME (0.60 mL) were stirred under N at 110 °C for the specified duration. 2"

Step: Aryl chlorides (0.20 mmol) and KzPO. (0.60 mmol) were added, and the reaction mixture

was then stirred under N2 at 110 °C for 1 hour. Isolated yields were reported.
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3.2.5 Gram-scale palladium-catalysed chemoselective borylation

A large-scale reaction was carried out in order to test the practicality of the borylation protocol.

This reaction is capable of being scaled up significantly, up to 100 times, to generate the coupling

product. The 0.5 mol% Pd catalyst facilitated the smooth coupling of 4-chlorophenyl triflate and

4-chloro-2-methoxyphenyl triflate with bis(pinacolato)diboron, resulting in the desired products in
91% and 74% vyields, respectively (Scheme 3.4, 9a and 9I).
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o)

7a

TfO

MeO

7b
20 mmol

Pd(OAc),/SelectPhos
(0.5 mol% Pd)

KOAc, CPME
110 °C, 2 h

o)

9a P(i-Pr),
91% (6.4 g)
N
MeQ N‘
TfO il
SelectPhos
9l

74% (5.7 g)

Scheme 3.4 Pd-catalysed chemoselective borylation on a large scale

Chapter 3 Chemoselective Borylation



3.3 Summary

In conclusion, we developed a Pd-catalysed chemoselective borylation of polyhalogenated
aryl triflates, which selectively coupled at the chloride group over the triflate. Using a Pd(OAc)-
and SelectPhos (L1) catalyst system, we were able to borylate a wide range of polyhalogenated
aryl triflates containing sensitive functional groups and heterocycles at the C-Cl site. Furthermore,
this catalyst system enabled a one-pot sequential chemoselective borylation and intermolecular
Suzuki—Miyaura cross-coupling. We anticipate further advancements in the reactivity, selectivity,

and versatility of this ligand series.
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3.4 Experimental Section

3.4.1 General considerations

All reagents were purchased from commercial suppliers and used as received, unless
otherwise noted. Borylation and Suzuki coupling reactions were carried out in a resealable screw
cap Schlenk tube (approximately 20 mL volume) containing a Teflon-coated magnetic stirrer bar
(5 mm x 10 mm). Dioxane, CPME, and toluene were freshly distilled from sodium under
nitrogen.*® THF was freshly distilled from sodium benzophenone ketyl under nitrogen.*° t-BuOH
was freshly distilled from anhydrous CaH: under nitrogen.*® KF, KOAc, KsPQO4, KsPO4-H20, K2COs,
and NasPO4 were purchased from Dieckmann. CsOAc and Cs,CO; were obtained from Energy.
KsP0O4-3H,0 was purchased from Aladdin. All bases were used as received. Pd(OAc)2, Pdz(dba)s,
PdClx(MeCN)2, and [Pd(mr-cinnamyl)Cl]. were acquired from Strem. Ligands L7-L10 and
L14-L36 were purchased from commercial suppliers. Alkyl-indolyl-based phosphine ligands
L1-L5, and i-PrPhendolePhos L6 were prepared according to the reported literature.®” CM-Phos
L12 and PhMezole-Phos L13 were prepared following the literature procedures.*#2 [Pd(u—I)Pt-
Bus], L11 was synthesised using a published method.*® A fresh bottle of n-BuLi was used. Thin-
layer chromatography was carried out using pre-coated silica gel 60 Fz4 plates. Column
chromatography was performed using silica gel (Grace, 60 A, 40-63 ym). Melting points were
measured on an uncorrected Stuart Melting Point SMP30 instrument. NMR spectra were
recorded on a Briiker (400 MHz for *H, 100 MHz for *C, 376 MHz for °F and 162 MHz for 3'P)
and Jeol JNM-ECZ500R/S1 (200.43 MHz for 3!P) spectrometers. Spectra were referenced
internally to the residual proton resonance in CDClz (3 7.26 ppm) for H NMR and the middle
peak of CDCls (8 77.0 ppm) for 3C NMR. F NMR chemical shifts were determined relative to
CFCl; as the external standard, with low field being positive. 3*P NMR spectra were referenced
to 85% HsPO, externally. Coupling constants (J) were reported in Hertz (Hz). EI-MS were
recorded on an HP 5977A MSD Mass Spectrometer. HRMS were obtained on an Agilent 6540
ESI-QToF-MS and a Waters GCT Premier EI-ToF-MS. GC-MS analysis was conducted on an
HP 7890B GC system using a HP5MS column (30 m x 0.25 mm). The product yields reported
were based on the authentic samples/dodecane calibration standard from the HP 7890B GC-FID
system. All yields cited refer to the isolated yield of compounds estimated to be greater than 95%
pure as determined by capillary gas chromatography (GC) or *H NMR. Compounds described in
the literature were characterised by comparing their H, *C, and/or °F NMR spectra to the
previously reported data. The procedures described are representative, and thus the yields may

differ from those reported in the tables.
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3.4.2 Polyhalogenated aryl triflate synthesis and characterisation

The polyhalogenated aryl triflates were prepared from their corresponding phenols using
triflyl chloride in the presence of triethylamine in dry dichloromethane, following a literature

procedure.**

General procedure

In a nitrogen atmosphere, the corresponding phenol (20 mmol, 1.0 equiv.) was dissolved in
freshly distilled dichloromethane (50 mL) at room temperature. Triethylamine (28 mmol, 1.4 equiv.)
was then added to the solution. The reaction mixture was cooled to -78 °C using a dry ice/acetone
bath, and triflyl chloride (20 mmol, 1.0 equiv.) was added dropwise via syringe. The reaction was
allowed to warm to room temperature and stirred for 1 hour. Ethyl acetate and water were then
added, and the organic phase was separated. The organic layer was washed several times with
water, dried over Na,SO4, and concentrated. The crude product was purified by column
chromatography, eluting with ethyl acetate/hexane. The desired fractions were collected, and the

solvent was removed to give the final product.
The characterisation data for the new polyhalogenated aryl triflates are provided below.

3-Chloro-5-methylphenyl trifluoromethanesulfonate
Cl

Me’ i OTf

The product was obtained as a colourless liquid in 82% vyield (4.49 g). Flash column
chromatography was performed using hexane as the eluent (Ry= 0.60). *H NMR (400 MHz, CDCls)
0 2.39 (s, 3H), 7.00 (s, 1H), 7.11 (s, 1H), 7.21 (s, 1H); *C NMR (100 MHz, CDCls) 5 21.1, 118.7
(g, J =321.4 Hz), 118.9, 120.3, 129.4, 135.1, 142.1, 149.3; **F NMR (376 MHz, CDCl3) d -72.9;
HRMS (El): calculated m/z for CgHsCIF30sS* [M]*: 273.9673, found 273.9680.

2-Benzyl-4-chlorophenyl trifluoromethanesulfonate
Cl

Ph OTf
The product was obtained as a colourless liquid in 75% vyield (5.26 g). Flash column
chromatography was performed using hexane as the eluent (Ry= 0.46). *H NMR (400 MHz, CDCls)
0 4.09 (s, 2H), 7.20-7.22 (m, 3H), 7.28-7.33 (m, 3H), 7.36-7.40 (m, 2H); 3C NMR (100 MHz,
CDClIs) 6 35.6, 118.5 (q, J = 318.2 Hz), 122.6, 127.0, 128.2, 128.8, 129.1, 131.6, 134.1, 136.0,

3.4 Experimental Section 172



137.5, 146.1; °F NMR (376 MHz, CDCls) 5 -73.6; HRMS (El): calculated m/z for C14H10CIF303S*
[M]*: 349.9986, found 350.0000.

2-Acetyl-5-chlorophenyl trifluoromethanesulfonate
Cl

OTf

0~ Me
The product was obtained as a light-yellow solid in 16% vyield (1.00 g). Flash column
chromatography was performed using ethyl acetate/hexane (1: 20) as the eluent (Rs = 0.23). The
melting point was determined to be 49.2-50.0 °C. *H NMR (400 MHz, CDCls) & 2.61, (s, 3H),
7.33 (s, 1H), 7.46 (d, J = 8.4 Hz, 1H), 7.78 (d, J = 8.4 Hz, 1H); *3C NMR (100 MHz, CDCls) 5 29.3,
118.5 (q, J = 318.7 Hz), 123.3, 128.9, 130.3, 131.7, 139.3, 146.9, 195.3; °F NMR (376 MHz,
CDCls) 8 -73.2; HRMS (EI): calculated m/z for CoHeCIF304S* [M]*: 301.9622, found 301.9625.
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3.4.3 General procedure for ligand and reaction condition screenings

General procedure for the initial ligand and reaction condition screening for the
chemoselective borylation of 4-chlorophenyl triflate with 5.0 mol% Pd catalyst loading

A Schlenk tube was charged with a Teflon-coated magnetic stir bar (5 mm x 10 mm) and
equipped with a screw cap. Pd source (0.010 mmol), ligand (0.010-0.040 mmol, for Pd: L = 1:
1-4), bis(pinacolato)diboron (0.20 mmol), and KOAc (0.60 mmol) were added to the Schilenk tube.
The tube was carefully evacuated and flushed with nitrogen (3 cycles). 4-Chlorophenyl triflate
(0.20 mmol) and the freshly distilled THF (0.60 mL) were added to the reaction mixture via
syringes. The tube was sealed and stirred for 1 minute at room temperature, then magnetically
stirred in a preheated oil bath (110 °C) for 5 minutes. The reaction was allowed to reach room
temperature. Ethyl acetate (~4.0 mL), dodecane (45.2 L, internal standard), and water (~2.0 mL)
were added, and the organic layer was subjected to GC analysis. The GC yield was previously

calibrated by an authentic sample/dodecane calibration curve.

General procedure for the initial reaction condition screening for the chemoselective
borylation of 4-chlorophenyl triflate with 0.10-0.50 mol% Pd catalyst loading

A Pd(OACc)2 and ligand L1 (Pd: L = 1: 2) stock solution was prepared in freshly distilled THF (25
mL) and stirred continuously at room temperature for 1 minute. An array of Schlenk tubes were
equipped with magnetic stirrer bars (5 mm x 10 mm) and subjected to cycles of evacuation and
nitrogen backfilling (3 cycles). The stock solution (0.20 mol% Pd per 1.0 mL) was then added to
the respective Schlenk tubes using syringes. The solvent was removed from the Schlenk tubes
under reduced pressure. The tubes were then charged with bis(pinacolato)diboron (0.20 mmol)
and bases (0.60 mmol), and the evacuation/backfilling process was repeated (3 cycles). 4-
Chlorophenyl triflate (0.20 mmol) and freshly distilled solvent (0.60 mL) were subsequently added
to the tubes via syringe. Each tube was sealed and magnetically stirred in a preheated oil bath
(110 °C) for 30 minutes. After the reaction period, the tubes were allowed to cool to room
temperature. Ethyl acetate (~4.0 mL), dodecane (45.2 pL, internal standard), and water (~2.0 mL)
were added. The organic layers were then subjected to GC analysis, using a previously calibrated

authentic sample/dodecane calibration curve.
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3.4.4 General procedure for borylation of polyhalogenated aryl triflates

Pd(OAc)2 (2.3 mg, 0.010 mmol, 1.0 mol% Pd) or (11.2 mg, 0.050 mmol, 5.0 mol% Pd) and ligand
L1 (6.6 mg, 0.020 mmol, 2.0 mol% L1 or 33 mg, 0.10 mmol, 10 mol% L 1) were added to an array
of Schlenk tubes equipped with magnetic stirrer bars (5 mm x 10 mm). The Schlenk tubes were
then charged with bis(pinacolato)diboron (1.0 mmol), polyhalogenated aryl triflates (1.0 mmol, if
solid), and potassium acetate (3.0 mmol). Each tube was evacuated and backfilled with nitrogen
for 3 cycles. If polyhalogenated aryl triflates were liquids, they were added to the Schlenk tubes
via syringe, along with freshly distilled solvent (3.0 mL). The tubes were then resealed and
magnetically stirred in a preheated oil bath (110 °C) for 15 minutes to 1 hour. The crude reaction
products were purified by bulb-to-bulb distillation. The distilled product was dissolved in hexane
and washed with water 5 times. The organic fraction was then concentrated and dried under

vacuum to afford the desired product.
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3.4.5 General procedure for one-pot-two-step chemoselective borylation/Suzuki coupling

General procedure for one-pot-two-step chemoselective borylation/Suzuki coupling of
chloroaryl triflates with 1.0 mol% Pd catalyst loading

Initially, a stock solution of Pd(OAc). (0.020 mmol) and ligand L1 (0.040 mmol, Pd: L = 1: 2) in
freshly distilled THF (10 mL) was prepared with continuous stirring at room temperature for 1
minute. An array of Schlenk tubes were each charged with a magnetic stirrer bar (5 mm x 10 mm)
and evacuated and backfilled with nitrogen for 3 cycles. Then, 1.0 mL (1.0 mol% Pd) of the stock
solution was added by syringe to each Schlenk tube, and the solvent was removed under reduced
pressure. The Schlenk tubes were then charged with chloroaryl triflates (0.22 mmol, if solid),
bis(pinacolato)diboron (0.22 mmol), and potassium acetate (0.66 mmol), and again evacuated
and backfilled with nitrogen for 3 cycles. If chloroaryl triflates were liquids, they were added to the
Schlenk tubes via syringe along with freshly distilled CPME (0.60 mL). The batch of Schlenk tubes
was resealed and magnetically stirred in a preheated oil bath (110 °C) for 15 minutes to 1 hour.
The reactions were then allowed to reach room temperature. Under a nitrogen atmosphere, aryl
chlorides (0.20 mmol) were added to the Schlenk tubes, either by syringe if the aryl chloride was
a liquid, or as a solid along with potassium phosphate (0.60 mmol). The batch of Schlenk tubes
was resealed and magnetically stirred in the preheated oil bath (110 °C) for 1 hour. After the
reactions reached room temperature, ethyl acetate (~4.0 mL) and water (~2.0 mL) were added.
The organic layer was subjected to GC analysis, and the aqueous layer was washed with ethyl
acetate. The combined organic layers were concentrated, and the crude products were purified

by column chromatography on silica gel (230-400 mesh) to afford the desired products.

General procedure for one-pot-two-step chemoselective borylation/Suzuki coupling of

chloroaryl triflates with 3.0-5.0 mol% Pd catalyst loading

Pd(OAc); (1.3 mg, 0.0060 mmol, 3.0 mol% Pd or 2.2 mg, 0.010 mmol, 5.0 mol% Pd) and ligand
L1 (4.0 mg, 0.012 mmol, 6.0 mol% L or 6.6 mg, 0.020 mmol, 10 mol% L) were added to an array
of Schlenk tubes, each containing a magnetic stirrer bar (5 mm x 10 mm). The Pd: L ratio was
maintained at 1: 2. The Schlenk tubes were then charged with chloroaryl triflates (0.22 mmol, if
solid), bis(pinacolato)diboron (0.22 mmol), and potassium acetate (0.66 mmol), and evacuated
and backfilled with nitrogen for 3 cycles. If chloroaryl triflates were liquids, they were added to the
Schlenk tubes via syringe along with freshly distilled CPME (0.60 mL). The batch of Schlenk tubes
was resealed and magnetically stirred in a preheated oil bath (110 °C) for 15 minutes to 1 hour.
The reactions were then allowed to reach room temperature. Under a nitrogen atmosphere, aryl
chlorides (0.20 mmol) were added to the Schlenk tubes, either by syringe if the aryl chloride was
a liquid, or as a solid along with potassium phosphate (0.60 mmol). The batch of Schlenk tubes
was resealed and magnetically stirred in the preheated oil bath (110 °C) for 1 hour. After the

reactions reached room temperature, ethyl acetate (~4.0 mL) and water (~2.0 mL) were added.
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The organic layer was subjected to GC analysis, and the aqueous layer was washed with ethyl
acetate. The combined organic layers were concentrated, and the crude products were purified
by column chromatography on silica gel (230-400 mesh) to afford the desired products.

General procedure for gram-scale chemoselective borylation of chloroaryl triflates

In a Schlenk tube equipped with a magnetic stirrer bar (5 mm x 10 mm), Pd(OAc). (23 mg, 0.10
mmol), ligand L1 (66 mg, 0.20 mmol), bis(pinacolato)diboron (20 mmol), and potassium acetate
(60 mmol) were added. The Schlenk tube was evacuated and backfilled with nitrogen for 3 cycles.
Chloroaryl triflates (20 mmol) were then added to the tube via syringe, along with freshly distilled
CPME (60 mL). The sealed Schlenk tube was magnetically stirred in a preheated oil bath (110
°C) for 2 hours. After the reaction reached room temperature, approximately 60 mL of water was
added, and the organic layer was subjected to GC analysis. The aqueous layer was washed with
dichloromethane, and the combined organic layers were concentrated. The crude products were
then purified by bulb-to-bulb distillation. The distilled product was dissolved in hexane and
washed with water 5 times. The organic layer was concentrated and dried under vacuum to afford

the desired product.
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3.4.6 Characterisation data for coupling products

4-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl trifluoromethanesulfonate (Table 3.3
and Scheme 3.4, compound 9a)*
Me
,0 Me
ﬂ0—< >—B
\O Me
Me
For Table 3.3, the product was obtained in 95% yield (0.950 mmol, 334 mg). The % conversion
of starting material = 97%. The % of minor product (reacting C—OTTf site): major product (reacting
C-Cl site): diborylated product (reacting both C-OTf & C-Cl site) = 0: 99.3: 0.7. For Scheme 3.4,
the product was obtained in 91% vyield (18.2 mmol, 6.4 g). The % conversion of starting material
= 97%. The % of minor product (reacting C-OTf site): major product (reacting C-ClI site):
diborylated product (reacting both C-OTf & C-Cl site) = 0: 100: 0. Bulb-to-bulb distillation was
used at 130 °C (<2 mmHg). *H NMR (400 MHz, CDCls) & 1.37 (s, 12H), 7.29 (d, J = 8.6 Hz, 2H),
7.92 (d, J = 8.6 Hz, 2H); *C NMR (100 MHz, CDCls) 5 24.8, 84.3, 118.7 (q, J = 319.1 Hz), 120.5,
136.9, 151.8; °F NMR (376 MHz, CDCl3) 5 -72.9.

3-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl trifluoromethanesulfonate (Table 3.3,
compound 9b)*
Me

P

‘o~ \~"Me
Tf0 Me
The product was obtained in 90% yield (0.901 mmol, 317 mg). The % conversion of starting
material = 95%. The % of minor product (reacting C-OTf site): major product (reacting C—Cl
site): diborylated product (reacting both C-OTf & C-Cl site) = 0: 100: 0. Bulb-to-bulb distillation
was used at 130 °C (<1 mmHg). *H NMR (400 MHz, CDCls) & 1.35 (s, 12H), 7.35 (d, J = 8.2 Hz,
1H), 7.45 (t, J = 8.0 Hz, 1H), 7.67 (s, 1H), 7.81 (d, J = 7.3 Hz, 1H); 3C NMR (100 MHz, CDCls)
524.8,84.4,118.7 (q, J = 318.7 Hz), 123.9, 127.0, 129.7, 134.6, 149.4; 9F NMR (376 MHz,
CDCls) 6 -73.0.

3-Methoxy-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl trifluoromethanesulfonate
(Table 3.3, compound 9c)
TfO Me
P Me
B
\O Me
MeO Me

The product was obtained as a colourless liquid in 79% yield (0.791 mmol, 302 mg). The %

conversion of starting material = 97%. The % of minor product (reacting C-OTf site): major
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product (reacting C—-Cl site): diborylated product (reacting both C-OTf & C-Cl site) = 0: 100: 0.
Bulb-to-bulb distillation was used at 170 °C (<1 mmHg). *H NMR (400 MHz, CDCls) d 1.34 (s,
12H), 3.85 (s, 3H), 6.88 (m, 1H), 7.27 (m, 1H), 7.32 (m, 1H); *C NMR (100 MHz, CDCls) 5 24.8,
55.8, 84.4, 110.7, 118.7 (q, J = 318.7 Hz), 119.0, 119.1, 149.9, 160.4; **F NMR (376 MHz,
CDCls) & -73.0; HRMS (El): calculated m/z for C14H1sBF306S* [M]*: 382.0866, found 382.0880.

3-Fluoro-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl trifluoromethanesulfonate

(Table 3.3, compound 9d)
Me
,O Me
B
\O Me
Me

F
The product was obtained as a colourless liquid in 84% yield (0.838 mmol, 310 mg). The %
conversion of starting material = 98%. The % of minor product (reacting C-OTf site): major
product (reacting C—Cl site): diborylated product (reacting both C-OTf & C-Cl site) = 0: 100: 0.
Bulb-to-bulb distillation was used at 160 °C (<1 mmHg). *H NMR (400 MHz, CDCls) & 1.35 (s,
12H), 7.08-7.12 (m, 1H), 7.49 (s, 1H), 7.52-7.54 (m, 1H); 3C NMR (100 MHz, CDCls) & 24.8,
84.8,112.1 (d, J = 25.5 Hz), 118.7 (g, J = 318.7 Hz), 121.3 (d, J = 19.1 Hz), 122.8 (d, J = 3.3 Hz),
149.3 (d, J = 10.0 Hz), 162.4 (d, J = 250.8 Hz); °F NMR (376 MHz, CDCls) 5 -109.3 (s, 1F), -72.9
(s, 3F); HRMS (EI): calculated m/z for C13H1sBF4OsS* [M]*: 370.0666, found 370.0682.

2-Methyl-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl trifluoromethanesulfonate
(Table 3.3, compound 9e)
Me
TfOQB’OiMe
\O Me
Md Me
The product was obtained as a colourless liquid in 89% yield (0.886 mmol, 325 mg). The %
conversion of starting material = 100%. The % of minor product (reacting C-OTf site): major
product (reacting C—Cl site): diborylated product (reacting both C-OTf & C-Cl site) = 0: 100: 0.
Bulb-to-bulb distillation was used at 180 °C (<1 mmHg). *H NMR (400 MHz, CDCls) & 1.34 (s,
12H), 2.38 (s, 3H), 7.23 (d, J = 8.2 Hz, 1H), 7.69 (d, J = 8.2 Hz, 1H), 7.75 (s, 1H); 13C NMR (100
MHz, CDCls) d 16.1, 24.8, 84.2, 118.6 (q, J = 318.1 Hz), 120.5, 130.0, 134.2, 138.8, 150.8; °F
NMR (376 MHz, CDCIs) & -73.8; HRMS (EI): calculated m/z for C14H1sBF3O0sS* [M]*: 366.0917,
found 366.0930.

2-Fluoro-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl trifluoromethanesulfonate
(Table 3.3, compound 9f)

179 Chapter 3 Chemoselective Borvlation



Me
Tfo~§j>—|3’0:tvle
‘o~ \"Me
F Me
The product was obtained as a white solid in 91% yield (0.910 mmol, 337 mg). The % conversion
of starting material = 100%. The % of minor product (reacting C—OTf site): major product (reacting
C-CI site): diborylated product (reacting both C-OTf & C-CI site) = 0: 100: 0. Bulb-to-bulb
distillation was used at 180 °C (<1 mmHg). The melting point was determined to be 48.7-49.9
°C. 'H NMR (400 MHz, CDCls3) & 1.34 (s, 12H), 7.30-7.34 (m, 1H), 7.62-7.69 (m, 2H); *C NMR
(100 MHz, CDCIs) 6 24.8, 84.6, 118.7 (q, J = 318.7 Hz), 122.9, 123.4 (d, J = 16.5 Hz), 131.4 (d,
J=4.0Hz), 138.9 (d, J = 13.5 Hz), 153.2 (d, J = 252.5 Hz); **F NMR (376 MHz, CDCls) 5 -129.0
(m, 1F), -73.3 (m, 3F); HRMS (EI): calculated m/z for Ci3HisBF4OsS* [M]*: 370.0666, found
370.0679.

5-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)pyridin-3-yl trifluoromethanesulfonate
(Table 3.3, compound 99)
TfO Me
- ,O Me
OB‘OIMG
Me
The product was obtained as a white solid in 80% vyield (0.801 mmol, 283 mg). The % conversion
of starting material = 97%. The % of minor product (reacting C—OTf site): major product (reacting
C-CI site): diborylated product (reacting both C-OTf & C-Cl site) = 2.2: 97.8: 0. Bulb-to-bulb
distillation was used at 180 °C (<1 mmHg). The melting point was determined to be 87.8—-88.9
°C. 'H NMR (400 MHz, CDCls) & 1.36 (s, 12H), 7.95 (s, 1H), 8.63 (s, 1H), 8.94 (s, 1H); *C NMR
(100 MHz, CDCls) & 24.8, 84.9, 118.6 (q, J = 318.8 Hz), 134.5, 144.8, 146.7, 154.9; °F NMR

(376 MHz, CDCls) & -72.7; HRMS (EI): calculated m/z for C12H1sBF3sNOsS* [M]*: 353.0713, found
353.0700.

5-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)quinolin-8-yl trifluoromethanesulfonate
(Table 3.3, compound 9h)

N
\ // Me
/O Me
TfO B, l
o) Me
Me
The product was obtained as white crystalline solid in 60% yield (0.596 mmol, 240 mg). The %
conversion of starting material = 97%. The % of minor product (reacting C-OTf site): major
product (reacting C—Cl site): diborylated product (reacting both C-OTf & C-Cl site): = 0: 100: 0.

Bulb-to-bulb distillation was used at 210 °C (<2 mmHg). The melting point was determined to be
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141.3-142.7 °C. *H NMR (400 MHz, CDCls) & 1.41 (s, 12H), 7.54-7.60 (m, 2H), 8.16 (d, J = 7.7
Hz, 1H), 9.04 (d, J = 4.0 Hz, 1H), 9.18 (d, J = 8.6 Hz, 1H); 3C NMR (100 MHz, CDCls) & 24.9,
84.4, 118.9 (g, J = 318.2 Hz), 119.9, 122.7, 133.7, 135.4, 136.7, 140.7, 148.4, 151.1; 9F NMR
(466 MHz, CDCls) & -73.7; HRMS (EI): calculated m/z for C1sH17BFsNOsS* [M]*: 403.0870, found
403.0868.

2-Methyl-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl trifluoromethanesulfonate
(Table 3.3, compound 9i)
Me
L
6] Me
TfO Me
The product was obtained as a white solid in 94% vyield (0.942 mmol, 345 mg). The % conversion
of starting material = 99%. The % of minor product (reacting C-OTTf site): major product (reacting
C-CI site): diborylated product (reacting both C-OTf & C-CI site) = 0: 100: 0. Bulb-to-bulb
distillation was used at 200 °C (<2 mmHg). The melting point was determined to be 67.8-69.2
°C. 'H NMR (400 MHz, CDCls) d 1.34 (s, 12H), 2.40 (s, 3H), 7.30 (d, J = 7.5 Hz, 1H), 7.64 (s, 1H),
7.70 (d, J = 7.5 Hz, 1H); 3C NMR (100 MHz, CDCls) 5 16.6, 24.8, 84.2, 118.6 (q, J = 318.0 Hz),
127.1, 131.7, 134.0, 134.5, 148.4; F NMR (376 MHz, CDCls) & -74.0; HRMS (EI): calculated
m/z for C14H1sBF30sS* [M]*: 366.0917, found 366.0925.

3-Methyl-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl trifluoromethanesulfonate
(Table 3.3, compound 9j)

TfO, Me

,O Me
B‘oiMe
Mé Me
The product was obtained as a light-yellow liquid in 95% yield (0.954 mmol, 349 mg). The %
conversion of starting material = 98%. The % of minor product (reacting C-OTf site): major
product (reacting C—Cl site): diborylated product (reacting both C-OTf & C-Cl site) = 0: 97.8: 2.2.
Bulb-to-bulb distillation was used at 180 °C (<2 mmHg). *H NMR (400 MHz, CDCls) & 1.37 (s,
12H), 2.42 (s, 3H), 7.18 (s, 1H), 7.50 (s, 1H), 7.66 (s, 1H); 3C NMR (100 MHz, CDCls) & 21.0,
24.8,84.3,118.7 (q, J = 318.6 Hz), 123.9, 124.3, 135.3, 140.3, 149.4; 1F NMR (376 MHz, CDCl5)

0 -73.1; HRMS (El): calculated m/z for C14H1sBF30sS™ [M]*: 366.0917, found 366.0904.

2-Benzyl-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl trifluoromethanesulfonate
(Table 3.3, compound 9Kk)
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Me

/O Me
TfO B
\O Me
Ph Me

The product was obtained as a colourless liquid in 88% yield (0.876 mmol, 387 mg). The %
conversion of starting material = 99%. The % of minor product (reacting C-OTf site): major
product (reacting C—Cl site): diborylated product (reacting both C-OTf & C-Cl site) = 0: 100: 0.
Bulb-to-bulb distillation was used at 200 °C (<2 mmHg). *H NMR (400 MHz, CDCls) & 1.35 (s,
12H), 4.11 (s, 2H), 7.20 (d, J = 7.7 Hz, 2H), 7.24 (d, J = 7.2 Hz, 1H), 7.28-7.33 (m, 3H), 7.76-7.78
(m, 2H); 3C NMR (100 MHz, CDCl3) d 24.9, 36.0, 84.3, 118.6 (q, J = 318.3 Hz), 120.7, 126.5,
128.6, 128.8, 132.9, 135.0, 138.7, 138.8, 150.3; *°F NMR (376 MHz, CDCl;) d -73.8; HRMS (EI):
calculated m/z for CxoH22BF3;0sS* [M]*: 442.1231, found 442.1253.

2-Methoxy-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl trifluoromethanesulfonate
(Table 3.3 and Scheme 3.4, compound 9l)
Me
/O Me
TfO B\
') Me
MeO Me
For Table 3.3, the product was obtained as a white solid in 93% yield (934 mmol, 357 mg). The
% conversion of starting material = 99%. The % of minor product (reacting C-OTf site): major
product (reacting C—Cl site): diborylated product (reacting both C-OTf & C-Cl site) = 0: 100: 0.

For Scheme 3.4, the product was obtained in 74% vyield (14.9 mmol, 5.7 g). The % conversion of
starting material = 97%. The % of minor product (reacting C—-OTTf site): major product (reacting
C-CI site): diborylated product (reacting both C-OTf & C-CI site) = 0: 100: 0. Bulb-to-bulb
distillation was used at 200 °C (<2 mmHg). The melting point was determined to be 87.1-88.2
°C. 'H NMR (400 MHz, CDClz) & 1.35 (s, 12H), 3.95 (s, 3H), 7.21 (d, J = 8.0 Hz, 1H), 7.42-7.45
(m, 2H); 3C NMR (100 MHz, CDCls) d 24.8, 56.2, 84.3, 118.7 (q, J = 318.4 Hz), 118.9, 121.8,
127.6, 141.0, 150.8; F NMR (376 MHz, CDCl;) & -73.9; HRMS (El): calculated m/z for
C14H18BF306S* [M]*: 382.0866, found 382.0859.

2-Cyano-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl trifluoromethanesulfonate
(Table 3.3, compound 9m)
Me
,O Me
TfO B
: ‘o:t'\/'e
NC Me
The product was obtained as a colourless liquid in 65% yield (0.646 mmol, 244 mg). The %

conversion of starting material = 93%. The % of minor product (reacting C-OTf site): major
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product (reacting C—Cl site): diborylated product (reacting both C-OTf & C-Cl site) = 0: 92.0: 8.0.
Bulb-to-bulb distillation was used at 185 °C (<2 mmHg). *H NMR (400 MHz, CDCls) & 1.35 (s,
12H), 7.47 (d, J = 8.4 Hz, 1H), 8.10 (d, J = 8.4 Hz, 1H), 8.18 (s, 1H); *3C NMR (100 MHz, CDCls)
0 24.8, 85.0, 106.7, 113.4, 118.6 (q, J = 319.0 Hz), 121.7, 140.8, 140.9, 151.4; °F NMR (376
MHz, CDCI3) & -72.7; HRMS (EI): calculated m/z for C1sH1sBFsNOsS* [M]*: 377.0713, found
377.0727.

2-Formyl-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl trifluoromethanesulfonate
(Table 3.3, compound 9n)
Me
H ,O:tMe
B\

0 [e) Me

TfO Me
The product was obtained as a white solid in 79% vyield (0.788 mmol, 300 mg). The % conversion
of starting material = 99%. The % of minor product (reacting C-OTTf site): major product (reacting
C-CI site): diborylated product (reacting both C-OTf & C-CI site) = 0: 100: 0. Bulb-to-bulb
distillation was used at 185 °C (<2 mmHg). The melting point was determined to be 50.5-51.7
°C. 'H NMR (400 MHz, CDClz) 8 1.35 (s, 12H), 7.76 (s, 1H), 7.92-7.97 (m, 2H), 10.28 (s, 1H);
13C NMR (100 MHz, CDCl3) d 24.8, 84.9, 118.6 (q, J = 318.6 Hz), 128.0, 129.9, 130.0, 134.9,
149.3, 186.7; **F NMR (376 MHz, CDClz) d -73.0; HRMS (EI): calculated m/z for C14H16BF306S*
[M]*: 380.0710, found 380.0697.

2-Acetyl-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl trifluoromethanesulfonate
(Table 3.3, compound 90)

Me ,O M:Ae

O)_QB‘oiMe
TiO Me

The product was obtained as a white solid in 67% yield (0.672 mmol, 265 mg). The % conversion
of starting material = 90%. The % of minor product (reacting C-OTTf site): major product (reacting
C-CI site): diborylated product (reacting both C-OTf & C-CI site) = 0: 100: 0. A Bulb-to-bulb
distillation was used at 190 °C (<2 mmHg). The melting point was determined to be 77.8-78.8
°C. 'H NMR (400 MHz, CDCls3) d 1.35 (s, 12H), 2.63 (s, 3H), 7.70 (s, 1H), 7.76 (d, J = 7.6 Hz, 1H),
7.87 (d, J = 7.6 Hz, 1H); *3C NMR (100 MHz, CDCls) 5 24.8, 29.5, 84.8, 118.6 (g, J = 318.6 Hz),
128.3, 129.8, 134.1, 134.6, 146.2, 197.0; F NMR (376 MHz, CDCls) d -73.3; HRMS (El):
calculated m/z for C15sH1sBF306S™ [M]*: 394.0867, found 394.0873.

3,5-Bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl trifluoromethanesulfonate
(Table 3.3, compound 9p)
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oTf

Me O‘B/©\B’O Me
Meﬁ(o' (')\Z<Me
Me Me Me Me

The product was obtained as a white solid in 71% yield (0.712 mmol, 340 mg). The % conversion
of starting material = 100%. The % of minor product (reacting C—OTf site): major product (reacting
C-ClI site): diborylated product (reacting both C-OTf & C-Cl site) = 0: 97.9: 2.1. Bulb-to-bulb
distillation was used at 190 °C (<2 mmHg). The melting point was determined to be 145.7-146.9
°C. 'H NMR (400 MHz, CDCls) & 1.34 (s, 24H), 7.74 (s, 2H), 8.25 (s, 1H); *3C NMR (100 MHz,

CDCly) 5 24.8, 84.4, 118.7 (q, J = 318.4 Hz), 129.6, 140.9, 149.2; °F NMR (376 MHz, CDCl3) &
-73.3; HRMS (El): calculated m/z for CioH27B2Fs07S* [M]*: 478.1617, found 478.1615.

3-Chloro-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl trifluoromethanesulfonate
(Table 3.3, compound 9q)

TfO Me
/O Me
B
\O Me
cl Me

The product was obtained as a colourless liquid in 68% vyield (0.680 mmol, 263 mg). The %
conversion of starting material = 89%. The % of minor product (reacting C—-OTTf site): % of minor
product (reacting C-CI site): major product (reacting C-Br site): diborylated product (reacting
both C-Br & C-CI site): diborylated product (reacting both C-Br & C-OTf site): diborylated
product (reacting both C-Cl & C-OTf site) : triborylated product (reacting both C-Br, C-Cl &
C-OTf site) = 0: 0: 91.3: 8.7: 0: 0: 0. Bulb-to-bulb distillation was used at 230 °C (<2 mmHg). H
NMR (400 MHz, CDCls) & 1.35 (s, 12H), 7.36 (s, 1H), 7.57 (s, 1H), 7.80 (s, 1H); 3*C NMR (100
MHz, CDCls) & 24.8, 84.8, 118.7 (q, J = 318.8 Hz), 124.2, 125.2, 134.7, 135.2, 149.2; *F NMR
(376 MHz, CDCls3) 6 -72.9; HRMS (El): calculated m/z for C13H15sBCIF305S* [M]*: 386.0371, found
386.0390.

2-Chloro-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl trifluoromethanesulfonate
(Table 3.3, compound 9r)
Me
,o Me
Cl B
: ‘oi'\/'e
Tf0 Me
The product was obtained as a white crystalline solid in 77% yield (0.769 mmol, 297 mg). The %
conversion of starting material = 95%. The % of minor product (reacting C—-OTTf site): % of minor

product (reacting C-CI site): major product (reacting C-Br site): diborylated product (reacting
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both C-Br & C-CI site): diborylated product (reacting both C-Br & C-OTTf site): diborylated
product (reacting both C-CI & C-OTf site) : triborylated product (reacting both C-Br, C-CI &
C-OTf site) = 0: 0: 100: 0: 0: 0: 0. Bulb-to-bulb distillation was used at 200 °C (<2 mmHg). The
melting point was determined to be 45.6-46.6 °C. *H NMR (400 MHz, CDCls) d 1.34 (s, 12H),
7.51(d, J = 8.2 Hz, 1H), 7.72-7.74 (m, 2H); *C NMR (100 MHz, CDCl;) 5 24.8, 84.6, 118.6 (q, J
= 318.5 Hz), 128.7, 130.1, 130.8, 135.3, 145.4; **F NMR (376 MHz, CDCls) d -73.5; HRMS (EI):
calculated m/z for C13H1sBCIF;0sS* [M]*: 386.0371, found 386.0382.

2-Chloro-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl trifluoromethanesulfonate
(Table 3.3, compound 9s)
Me
TfoQE{OiMe
') Me
cl Me
The product was obtained as an off-white solid in 84% yield (0.838 mmol, 324 mg). The %
conversion of starting material = 95%. The % of minor product (reacting C-OTTf site): % of minor
product (reacting C—CI site): major product (reacting C-Br site): diborylated product (reacting
both C-Br & C-CI site): diborylated product (reacting both C-Br & C-OTTf site): diborylated
product (reacting both C-Cl & C-OTf site) : triborylated product (reacting both C-Br, C-Cl &
C-OTf site) = 0: 0: 100: 0: 0: 0: 0. Bulb-to-bulb distillation was used at 200 °C (<2 mmHg). The
melting point was determined to be 47.1-48.1 °C. *H NMR (400 MHz, CDCls) d 1.34 (s, 12H),
7.34(d, J=8.2 Hz, 1H), 7.75 (d, J = 8.2 Hz, 1H), 7.95 (s, 1H); 3C NMR (100 MHz, CDCls) 5 24.8,
84.6, 118.6 (q, J = 318.6 Hz), 122.3, 126.7, 134.6, 137.5, 147.6; *°F NMR (466 MHz, CDCls) d -
73.4; HRMS (EI): calculated m/z for C13H1sBCIF;0sS* [M]*: 386.0371, found 386.0367.

4’-Benzoyl-5-methoxy-[1,1’-biphenyl]-3-yl trifluoromethanesulfonate (Table 3.4, compound
13a)

The product was obtained as a white solid in 80% vyield. (0.160 mmol, 69.7 mg). Flash column
chromatography was performed using ethyl acetate/hexane (1: 20) as the eluent (R; = 0.22). The
melting point was determined to be 76.3-77.3 °C. *H NMR (400 MHz, CDCls) & 3.90 (s, 3H), 6.84
(s, 1H), 7.13 (s, 1H), 7.18 (s, 1H), 7.48-7.52 (m, 2H), 7.61 (t, J = 7.4 Hz, 1H), 7.66 (d, J = 8.4 Hz,
2H), 7.83 (d, J = 7.8 Hz, 2H), 7.90 (d, J = 8.3 Hz, 2H); 3C NMR (100 MHz, CDCls) 5 55.3, 106.7,
112.3, 113.2, 118.7 (q, J = 318.8 Hz), 127.0, 128.3, 130.0, 130.7, 132.5, 137.3, 137.4, 142.9,
143.1, 150.5, 161.1, 196.0; F NMR (376 MHz, CDCls) & -72.8; HRMS (EI): calculated m/z for
C21H1sF30sS™ [M]*: 436.0587, found 436.0593.
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4’-Benzoyl-3-methyl-[1,1’-biphenyl]-4-yl trifluoromethanesulfonate (Table 3.4, compound

13b)
O

Me

The product was obtained as a white solid in 74% yield (0.149 mmol, 62.5 mg). Flash column
chromatography was performed using ethyl acetate/hexane (1: 20) as the eluent (Rf= 0.33). The
melting point was determined to be 66.8-67.6 °C. *H NMR (400 MHz, CDCls) 5 2.47 (s, 3H), 7.35
(d, J = 8.5 Hz, 1H), 7.49-7.53 (m, 3H), 7.57 (s, 1H), 7.61 (t, J = 7.3 Hz, 1H), 7.66 (d, J = 8.2 Hz,
2H), 7.84 (d, J = 7.7 Hz, 2H), 7.90 (d, J = 8.2 Hz, 2H); 3C NMR (100 MHz, CDCls) 5 16.5, 118.6
(g, J = 318.1 Hz), 121.8, 126.5, 127.0, 128.3, 129.9, 130.7, 131.0, 131.4, 132.5, 136.8, 137.5,
140.2, 143.3, 148.3, 196.1; °F NMR (376 MHz, CDCls) d -73.7; HRMS (EI): calculated m/z for
Co1H1sF304S* [M]*: 420.0638, found 420.0645.

3-(6-Methylpyridin-2-y)phenyl trifluoromethanesulfonate (Table 3.4, compound 13c)

\ 4
TfO Me
The product was obtained as a colourless liquid in 80% yield (0.160 mmol, 50.8 mg). Flash
column chromatography was performed using ethyl acetate/hexane (1: 9) as the eluent (Rs =
0.42). '"H NMR (400 MHz, CDCls) 8 2.63 (s, 3H), 7.15 (d, J = 7.6 Hz, 1H), 7.29 (d, J = 8.1 Hz, 1H),
7.50-7.54 (m, 2H), 7.66 (t, J = 7.7 Hz, 1H), 7.97-8.01 (m, 2H); 3C NMR (100 MHz, CDCls) &
24.6,117.6,118.8(q,J=318.8 Hz),119.9,121.1,122.6, 126.6, 130.3, 137.1, 142.4, 150.1, 154.3,
158.8; 1°F NMR (376 MHz, CDCls) & -72.9; HRMS (El): calculated m/z for C13H10FsNO3sS* [M]*:
317.0328, found 317.0326.

5-Fluoro-3’,5’-dimethoxy-[1,1’-biphenyl]-3-yl  trifluoromethanesulfonate (Table 3.4,
compound 13d)

R OMe

()

TfO OMe

The product was obtained as a light-yellow liquid in 67% vyield (0.133 mmol, 50.7 mg). Flash
column chromatography was performed using ethyl acetate/hexane (1: 20) as the eluent (R =
0.61). 'H NMR (400 MHz, CDCls) & 3.86 (s, 6H), 6.52-6.53 (m, 1H), 6.65-6.66 (m, 2H), 7.00-7.03
(m, 1H), 7.26-7.27 (m, 1H), 7.30-7.33 (m, 1H); **C NMR (100 MHz, CDCls) & 55.5, 100.5, 105.5,

108.3 (d, J = 26.1 Hz), 114.4 (d, J = 22.0 Hz), 116.0 (d, J = 3.2 Hz), 118.7 (q, J = 318.8 Hz),
140.1, 145.2 (d, J = 8.9 Hz), 149.7 (d, J = 12.0 Hz), 161.4, 162.8 (d, J = 249.1 Hz); °F NMR (376
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MHz, CDCls) & -108.2 (s, 1F), -72.7 (s, 3F); HRMS (El): calculated m/z for CisH12F40sS* [M]*:
380.0336, found 380.0334.

3-Methyl-5-(quinolin-2-yl)phenyl trifluoromethanesulfonate (Table 3.4, compound 13e)
Me

8

TfO
The product was obtained as a white solid in 80% yield (0.159 mmol, 58.5 mg). Flash column
chromatography was performed using ethyl acetate/hexane (1: 4) as the eluent (R; = 0.64). The
melting point was determined to be 67.7-68.6 °C. *H NMR (400 MHz, CDCls) 8 2.50 (s, 3H), 7.17
(s, 1H), 7.55 (t, J = 7.3 Hz, 1H), 7.73-7.83 (m, 3H), 7.91 (s, 1H), 7.99 (s, 1H), 8.17 (d, J = 8.5 Hz,
1H), 8.21 (d, J = 8.6 Hz, 1H); 3C NMR (100 MHz, CDCls) d 21.4, 117.4, 118.5, 118.8 (q, J =
318.8 Hz), 122.2, 126.8, 127.39, 127.45, 128.0, 129.7, 129.9, 137.1, 141.2, 141.9, 148.1, 150.0,

154.9; °F NMR (376 MHz, CDCls) & -72.9; HRMS (El): calculated m/z for C17H12FsNO3S* [M]*:
367.0485, found 368.0487.

2-Methyl-5-(6-methylpyridin-2-yl)phenyl trifluoromethanesulfonate (Table 3.4, compound
13f)
Me }\1 y/
TfO Me

The product was obtained as a colourless liquid in 72% yield (0.145 mmol, 47.9 mg). Flash
column chromatography was performed using ethyl acetate/hexane (1: 4) as the eluent (Rs =
0.65). *H NMR (400 MHz, CDCls) & 2.42 (s, 3H), 2.62 (s, 3H), 7.12 (d, J = 7.6 Hz, 1H), 7.37 (d, J
=8.0 Hz, 1H), 7.47 (d, J = 7.8 Hz, 1H), 7.63 (t, J = 7.7 Hz, 1H), 7.89 (d, J = 7.9 Hz, 1H), 7.93 (s,
1H); 3C NMR (100 MHz, CDCls) 6 16.2, 24.6, 117.3, 118.7 (q, J = 318.3 Hz), 119.8, 122.3, 126.4,
131.0, 132.2, 137.0, 139.9, 148.9, 154.5, 158.7; *°F NMR (376 MHz, CDCls) d -73.8; HRMS (EI):
calculated m/z for C14H12,F3NO3S* [M]*: 331.0485, found 331.0480.

Methyl 4’-(4-(((trifluoromethyl)sulfonyl)oxy)benzoyl)-[1,1’-biphenyl]-4-carboxylate (Table

v

TfO

3.4, compound 139)

The product was obtained as a white solid in 86% yield (0.172 mmol, 80.0 mg). Flash column
chromatography was performed using ethyl acetate/hexane (1: 9) as the eluent (R; = 0.34). The
melting point was determined to be 148.5-149.5 °C. *H NMR (400 MHz, CDCl3) & 3.95 (s, 3H),
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7.42 (d, J = 8.8 Hz, 2H), 7.71 (d, J = 8.4 Hz, 2H), 7.75 (d, J = 8.4 Hz, 2H), 7.89 (d, J = 8.4 Hz,
2H), 7.94 (d, J = 8.8 Hz, 2H), 8.14 (d, J = 8.4 Hz, 2H); *C NMR (100 MHz, CDCls) & 52.2, 118.7
(q, J = 318.7 Hz), 121.4, 127.2, 127.4, 129.9, 130.2, 130.6, 132.1, 136.0, 137.5, 144.0, 144.5,
151.9, 166.7, 194.1; °F NMR (376 MHz, CDCls) & -72.7; HRMS (El): calculated m/z for
C22H15F306S* [M]*: 464.0536, found 464.0526.

4’-Acetyl-3-methoxy-[1,1’-biphenyl]-4-yl trifluoromethanesulfonate (Table 3.4, compound

13h)

MeO

The product was obtained as a light-yellow solid in 77% yield (0.153 mmol, 57.4 mg). Flash
column chromatography was performed using ethyl acetate/hexane (1: 9) as the eluent (Rf =
0.12).The melting point was determined to be 89.5-90.4 °C. *H NMR (400 MHz, CDCls) d 2.64
(s, 3H), 3.99 (s, 3H), 7.19 (d, J = 8.4 Hz, 1H), 7.23 (s, 1H), 7.30 (d, J = 8.4 Hz, 1H), 7.64 (d, J =
8.4 Hz, 2H), 8.04 (d, J = 8.4 Hz, 2H); *C NMR (100 MHz, CDCls)  26.6, 56.3, 112.1, 118.7 (q, J
=318.7 Hz), 119.8, 122.8, 127.4, 129.0, 136.5, 138.7, 141.4, 144.2, 151.6, 197.5; *°F NMR (376
MHz, CDCl5) & -73.8; HRMS (El): calculated m/z for CieHi13F30sS* [M]": 374.0430, found
374.0432.

4-(3-Methylbenzo[b]thiophen-5-yl)phenyl trifluoromethanesulfonate (Table 3.4, compound
13i)
Me

~

TfO s

The product was obtained as a white solid in 68% yield (0.135 mmol, 50.3 mg). Flash column
chromatography was performed using hexane as the eluent (R; = 0.20). The melting point was
determined to be 51.4-52.6 °C. *H NMR (400 MHz, CDCls) & 2.50 (s, 3H), 7.16 (s, 1H), 7.38 (d,
J = 8.8 Hz, 2H), 7.54 (d, J = 8.3 Hz, 1H), 7.73 (d, J = 8.8 Hz, 2H), 7.87 (s, 1H), 7.93 (d, J = 8.4
Hz, 1H); *C NMR (100 MHz, CDCls) 5 13.9, 118.8 (q, J = 318.8 Hz), 120.3, 121.6, 122.7, 123.2,
123.4, 129.1, 132.3, 135.4, 140.1, 140.2, 142.1, 148.8; F NMR (376 MHz, CDCls) & -72.7,
HRMS (EI): calculated m/z for C16H11F303S2* [M]*: 372.0096, found 372.0099.

3’-Methyl-[1,1’-biphenyl]-4-yI trifluoromethanesulfonate (Table 3.4, compound 13j)3’

Me
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The product was obtained in 74% yield (0.149 mmol, 47.0 mg). Flash column chromatography
was performed using hexane as the eluent (R¢ = 0.37). *H NMR (400 MHz, CDCls3) & 2.45 (s, 3H),
7.22-7.24 (m, 1H), 7.34-7.38 (m, 5H), 7.65 (d, J = 8.8 Hz, 2H); *C NMR (100 MHz, CDCls) 5
21.5,118.8 (q, J = 318.8 Hz), 121.5, 124.3, 128.0, 128.78, 128.85, 128.9, 138.6, 139.3, 141.8,
148.9; °F NMR (376 MHz, CDCl3) 5 -72.8.

4’-Formyl-[1,1’-biphenyl]-4-yl trifluoromethanesulfonate (Table 3.4, compound 13Kk)

The product was obtained as a yellow solid in 74% yield (0.149 mmol, 49.1 mg). Flash column
chromatography was performed using ethyl acetate/hexane (1: 9) as the eluent (R; = 0.31). The
melting point was determined to be 56.4-57.6 °C. *H NMR (400 MHz, CDCl;) & 7.40 (d, J = 8.8
Hz, 2H), 7.69-7.73 (m, 4H), 7.98 (d, J = 8.2 Hz, 2H), 10.07 (s, 1H); *C NMR (100 MHz, CDCls)
0 118.7 (q, J=319.0 Hz), 121.9, 127.8, 129.2, 130.3, 135.7, 140.2, 145.0, 149.6, 191.6; °F NMR
(376 MHz, CDCl3) & -72.8; HRMS (EI): calculated m/z for C14HoF304S* [M]*: 330.0168, found
330.0174.

3-Benzyl-3’-methoxy-[1,1’-biphenyl]-4-yl trifluoromethanesulfonate (Table 3.4, compound
130)
OMe

o= )4 )

Ph

The product was obtained as a light-yellow liquid in 78% yield (0.156 mmol, 65.8 mg). Flash
column chromatography was performed using ethyl acetate/hexane (1: 20) as the eluent (R =
0.50). *H NMR (400 MHz, CDCls) & 3.89 (s, 3H), 4.20 (s, 2H), 6.97 (d, J = 8.1 Hz, 1H), 7.07 (s,
1H), 7.12 (d, J = 8.0 Hz, 1H), 7.27-7.32 (m, 3H), 7.36-7.42 (m, 4H), 7.47 (s, 1H), 7.54 (d, J = 8.5
Hz, 1H); **C NMR (100 MHz, CDCls) 6 35.9, 55.2, 113.09, 113.11, 118.6 (g, J = 318.1 Hz), 119.6,
121.6, 126.7, 126.8, 128.7, 129.0, 129.9, 130.5, 134.2, 138.4, 140.8, 141.5, 147.4, 160.0; *°F
NMR (376 MHz, CDCls) 6 -73.7; HRMS (EI): calculated m/z for Cz1H17F304S* [M]*: 422.0794,
found 422.0803.
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4. Chapter 4: Palladium-Catalysed Chemoselective Suzuki-Miyaura

Cross-Coupling Reaction of Poly(pseudo)halogenated Arenes

4.1 Introduction

The formation of carbon—carbon bonds via Pd-catalysed cross-coupling reactions, including
Suzuki-Miyaura coupling, is an extremely versatile strategy in organic synthesis.'® Yet,
maintaining high chemoselectivity when working with polyhalogenated arenes continues to pose
challenges. The preferential oxidative addition of the palladium catalyst to one of the potential
electrophilic sites is a key factor that dictates the chemoselectivity. The typical reactivity order
observed is Ar-I1 > Ar-OTf = Ar-Br > Ar—Cl, with aryl iodides being the most reactive.®”” However,
the electronic and steric attributes of the substrate can override these general patterns, resulting

in unexpected or divergent chemoselectivities.®™°

Various strategies have been investigated to achieve the selective cross-coupling of
polyhalogenated arenes.’*"'! While ligand effects can help modulate the selectivity, the optimal
conditions often depend on the specific substrate.'>** Certain defined Pd(l) catalysts have
demonstrated promise for preferential C-Br activation in Kumada and Negishi couplings.”-15718
Extending this approach to Suzuki coupling could potentially offer a broadly applicable and

predictable protocol for the chemoselective functionalisation of polyhalogenated arenes.

Despite these developments, several unresolved limitations persist. The chemoselective
cross-coupling of substrates bearing multiple (pseudo)halides typically requires a high catalyst
loading (3.0-5.0 mol% Pd),'°** which contrasts sharply with the cross-coupling of
mono(pseudo)halide reactions that only need trace amounts of the Pd-catalyst to achieve an
excellent substrate scope and yield.?®*?2 As a result, higher catalyst loadings, longer reaction
times, and more reactive nucleophiles are necessary to compensate for the reduced reactivity
and substrate scope, which also restricts their application in routine synthesis (Scheme 4.1).
Therefore, the development of a generally applicable palladium catalyst system for

chemoselective reactions to access polyfunctionalised arenes remains in high demand.

Pd-catalysed chemoselective coupling reactions

Br—:

o “Re
[M] =B(OH),, MgX, ZnX
Reaction sequence: C-Br > C-OTf > C-CI

/\] R—IM]___R"—[M] R_C\]

Scheme 4.1 Pd-catalysed chemoselective coupling reactions
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The key to advancing cross-coupling reactions lies in the design and development of
innovative ligand frameworks.?™2° Ligands with an aryl bottom ring have exhibited several
advantages in recent decades, including increased stability, enhanced reductive elimination, and
enabling high reactivity.*°-3!

Our research group has recently designed and developed a series of alkyl-heteroaryl-based
phosphine ligands (SelectPhos and t-BuPhSelectPhos) and successfully employed them in
chemoselective Suzuki-Miyaura,*? Sonogashira coupling,® borylation,3** carbonyl compound a-
arylation,*® and desulfination® reactions, exhibiting an inverted conventional chemoselectivity
order of C-Cl > C-OTf. The methine hydrogen and the steric hindrance of the C2-cyclohexyl
group in SelectPhos were found to be critical factors in reactivity and chemoselectivity. Notably,
the SelectPhos ligands can be readily synthesised and purified on a large scale, facilitating their

practical applications.

In the field of biaryl and terphenyl derivative synthesis, the Suzuki—Miyaura coupling reaction
has undoubtedly demonstrated its effectiveness for bromoaryl triflates and bromochloroaryl
triflates.®> Nonetheless, exploring a broader range of possible substrates could be beneficial,
particularly considering the advantages of minimising palladium catalyst usage. This untapped
potential presents an exciting opportunity to expand both the scope and applicability of the

reaction.

In this study, we demonstrate a series of general examples showcasing the Pd-catalysed
chemoselective Suzuki—Miyaura cross-coupling reactions of bromo(hetero)aryl triflates. Notably,
these reactions display a reactivity order of C-Br > C-OTf, even with low palladium catalyst
loadings as minimal as 0.020 mol% Pd. Interestingly, this selectivity is unaffected by the electronic
and steric properties of the substrates, as well as the relative positioning of the competing reaction
sites. Additionally, we have successfully performed one-pot sequential couplings without the need
for intermediate purification, further revealing the reactivity order of C-Br > C-Cl > C-OTf
(Scheme 4.2).

This work: 1) Pd(OAc),/SelectPhos S
8 R'—B(OH), % N\
T ) T
oTf oTf NI\\/I
. . - - - e
Reaction sequence: C-Br > C-CIl > C-OTf SelectPhos

+ C-Br (over C-0OTf) and C-CI (over C-OTf) selective

+ low catalyst loading down to 0.02 mol% Pd

+ broad substrate scope (35 examples for 15! step) and (9 examples for one-pot-two step)
+ ample functional group tolerance

Scheme 4.2 Pd-catalysed chemoselective Suzuki—Miyaura cross-coupling reaction
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4.2 Result and Discussion

4.2.1 Initial screening of ligands

Our investigation began by using 4-bromophenyl triflate 14a and 2-tolylboronic acid 15a as
model substrates. We initially screened a range of commercially available ligands, as well as C2-
alkyl-indolyl phosphines (Table 4.1). In this evaluation, L1 emerged as a better ligand candidate
than L5, as the former demonstrated excellent chemoselectivity by coupling exclusively at the
C-Br site, while L5 produced a small amount of the diarylated product. L2-L4 exhibited inferior
reactivity. Additionally, the commercially available phosphine ligands tested (L6—L10) showed

poor chemoselectivity or reactivity at the C—Br site.

Table 4.1 Screening of ligands for chemoselective C—-Br (over C-OTf) Suzuki—-Miyaura cross-

coupling reaction of 4—bromophenyl triflate 14a?

OTf tolyl o-tolyl
B(OH), Pd(OAc)/L ooy Y
(4 mol% Pd)
KF, THF
Br t o-tolyl o-tolyl
14a 16a 17a 18a
Ligands:
PR, O
PCYQ
N—r PCy2 -Pr -Pr
N MeO OMe O
e ®
L1: R = i-Pr, R' = Cy (SelectPhos) i-Pr
L2: R = Cy, R"= Cy (CySelectPhos) L6: SPhos L7: XPhos

L3: R = Ph, R' = Cy (PhSelectPhos)
L4: R =Cy, R'= 1-Ad

L5: R = i-Pr, R' = Ph OO
Q\Pth Ph,P

="
L8: dppe L9: dppf L10: BINAP

80
mi6ami17ar 18a

50
T
<
£ 40
=R
30
20
10 I I
) - M
L1 L2 L3 L4

L5 L6 L7 L8 L9 L10
Ligand
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Entry Ligands Yield of 16a (%) Yield of 17a (%) Yield of 18a (%)
1 L1 66 1 1
2 L2 57 1 1
3 L3 50 1 1
4 L4 48 1 1
5 L5 68 1 10
6 L6 3 1 57
7 L7 21 1 43
8 L8 6 1 0
9 L9 37 1 1
10 L10 13 1 1

#Reaction conditions: 4-bromophenyltriflate (0.20 mmol), 2-tolylboronic acid (0.20 mmol),
Pd(OAC): (4.0 mol%), ligand (4.0 mol%), KF (0.60 mmol), and THF (0.60 mL) were stirred under
N at room temperature for 1 hour. Calibrated GC yields were reported using dodecane as the
internal standard.
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4.2.2 Optimisation of reaction conditions

In order to enhance the effectiveness of the Pd/L1 catalyst system, we explored the reaction
conditions with different solvents and bases (Table 4.2). We screened a range of commonly used
solvents (Table 4.2, entries 1-6), and found that THF and tert-butanol provided comparable
product yields of 16a. Upon extending the reaction time to 1 hour, tert-butanol emerged as the
optimal solvent for this transformation (Table 4.2, entries 7—-8). Furthermore, we surveyed various

inorganic bases (Table 4.2, entries 5 versus 9-11), with KF exhibiting the best performance.

Table 4.2 Optimisation of reaction conditions for chemoselective C-Br (over C-OTf)

Suzuki—-Miyaura cross-coupling reaction of 4-bromophenyl triflate 14a*

id B(OH), 0.025 mol% Pd(OAc), TfO Ve P(-Pr),
R Me\© 0.050 mol% SelectPhos O W
base, solvent O N

OTf 110 °C, 30 min I‘\/Ie
14a 15a 16a SelectPhos
Entry Base Solvent Time (min) Yield of 16a

(%)°

1 KF THF 30 58

2 KF dioxane 30 20

3 KF toluene 30 16

4 KF CPME 30 42

5 KF t-BuOH 30 60

6 KF DMF 30 trace

7 KF THF 60 75

8 KF t-BuOH 60 99% (90%)°

9 NaF t-BuOH 30 trace

10 K2COs3 t-BuOH 30 51

11 Na,CO3 t-BuOH 30 47

#Reaction conditions: 4-bromophenyl triflate (0.20 mmol), 2-tolylboronic acid (0.20 mmol),
Pd(OAC)2 (0.025 mol%), L1 (0.050 mol%), base (0.60 mmol), and solvent (0.60 mL) were stirred
under N at 110 °C for 30 minutes.  Calibrated GC yields were reported using dodecane as the

internal standard. © Isolated yield.
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4.2.3 Palladium-catalysed chemoselective Suzuki-Miyaura coupling of bromoaryl triflates

Building upon the excellent selectivity and high practicality observed in the C—Br coupling
preference, we set out to explore the generality of this approach (Table 4.3). Notably, the C-Br
bond was selectively arylated, regardless of the relative positioning of the competing reaction
sites or the nature of the arylboronic acids. This selectivity extended to a diverse range of
substrates, including heteroarylboronic acids such as 4-dibenzofuranylboronic acid, 4-
dibenzothienylboronic acid, benzo[b]thien-2-ylboronic acid, and 2-benzofuranylboronic acid
(Table 4.3, 16i-16l). Furthermore, the mild reaction conditions were compatible with common
functional groups like ester, aldehyde, and nitrile (Table 4.3, 160-16q). Interestingly, even
sterically hindered substrates did not compromise the selectivity of C-Br over C-OTf, allowing
for the synthesis of tri-ortho-substituted biaryl compounds (Table 4.3, 16n-16s). Additionally,
bromochloroaryl triflates were found to be viable cross-coupling partners, with both the C-Cl and
C-OTf sites remaining untouched (Table 4.3, 16t—-16y). Remarkably, we achieved a high turnover
frequency (average TOF > 2200) and high chemoselectivity (> 99: 1 C—-Br selectivity) for a wide
array of bromoaryl and bromochloroaryl triflates (Table 4.3, 16b-16f, 16h, 16i, 16m, 16n, and
16u). These results offer an efficient pathway for chemoselective coupling reactions involving
electrophiles with multiple reactive sites, surpassing the limitations reported in previous
studies.®~° With its high reactivity and exceptional chemoselectivity, the Pd/L1 catalyst system
presents great potential for further applications.
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Table 4.3 Pd-catalysed chemoselective C—-Br (over C-OTf) Suzuki—Miyaura cross-coupling

reaction of bromo(chloro)aryl triflates?

P(i-Pr),
?Tf Ff” Pd(OAc), cl)Tf Fle" A
Br +<___>—B OH), SelectPhos > - =
R'/\\__/>7 \_7 KF, -BuOH R.é\- /- \ 7/ N
110 °C, 2 h Me
SelectPhos
16b 16c 16d
92% 97% 97%
(0.02 mol% Pd) (0.02 mol% Pd) (0.02 mol% Pd)
16e 16f 169
85% 96% 85%
(0.02 mol% Pd) (0.02 mol% Pd) (0.05 mol% Pd)
TfO TfO O O
TfO
O O
16h 16j
97% 96% 98%
(0.02 mol% Pd) (0.02 mol% Pd) (0.05 mol% Pd)
o )\ )
TfO TfO
S (@] OMe O
16k 16l 16m
85% 92% 99%
(0.2 mol% Pd)? (0.2 mol% Pd)? (0.02 mol% Pd)
OTf
O O oo
o}
H
16n 160 16p
77% 83% 50%
(0.02 mol% Pd) (0.25 mol% Pd)%9e (0.5 mol% Pd)%%e
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o L o

OTf
Me
@ D,

16q 16r 16s

87% 50% 96%
(0.25 mol% Pd)c9e (0.1 mol% Pd)®’ (0.1 mol% Pd)®’

Cl Me
o~
O -0
Cl
TfO Cl

16t 16u 16v

82% 79% 94%
(0.25 mol% Pd)®e (0.02 mol% Pd) (0.5 mol% Pd)?:9."

Cl
TfO
VaWa "
e
o~ )~
TfO  ClI
OTf

16w 16x 16y

90% 77% 85%
(0.5 mol% Pd)29" (0.5 mol% Pd)&%" (0.5 mol% Pd)%h

#Reaction conditions: bromo(chloro)aryl triflate (0.2 mmol), arylboronic acid (0.2 mmol), Pd(OAc).:
L1 = 1: 2, KF (0.6 mmol), and t-BuOH (0.6 mL) were stirred under N, at 110 °C for 2 hours.
Isolated yields were reported. "Reaction time of 1 hour. 1.5 equiv. of arylboronic acid was used.
YToluene was the solvent. ®Reaction time of 4 hours. 'Reaction time of 3 hours. 91.2 equiv.

arylboronic acid was used. "Reaction time of 1.5 hours.
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4.2.4 Palladium-catalysed chemoselective Suzuki-Miyaura coupling of bromopyridyl triflates

Bromopyridy! triflates were investigated as substrates for this chemoselective Suzuki
coupling reaction (Table 4.4). Generally, the reactivity of pyridine C-X bonds towards Pd(0)
follows the order C2 > C4 > C3/C5.° In our cases, the selectivity for C-Br occurred, leaving the
more activated C-OTf site untouched, especially the C2-OTf site (Table 4.4, 16aa-16ac,
16ae—16ai). The reaction proved to be completely selective, affording the products resulting from
C-Br arylation with good-to-excellent yields. The synthesis of biheteroaryl derivatives is a
challenging reaction, but in our catalyst system, bromopyridyl triflates reacted effectively with

benzothienyl boronic acids at the C-Br site (Table 4.4, 16af-16ai).

Table 4.4 Pd-catalysed chemoselective C-Br (over C-OTf) Suzuki—Miyaura cross-coupling

reaction of bromopyridyl triflates?

P(i-Pr),
R" Pd(OA R"
TfO( \ —Br -l- B(OH) Sel(ectlfllzos {N\\ _l- \
L + 2 > TfO
\/ \ 7 KF, toluene '\'/\/ \ 7/ N
60 °C, 16 h R Me
16 SelectPhos
/ OMe
) N
TfO
16aa (R'=
73%
912602 (1.0 mol% Pd)P ;gﬁ/:
(0.5 mol% Pd)P 16ab9£1|§/0= H) (0.5 mol% Pd)
(0.5 mol% Pd)
N= = IN
OMe
/>\ /> < > X oty
TfO
16ad MeO 16ae 16af
85% 89% 95%
(0.5 mol% Pd) (0.5 mol% Pd) (0.5 mol% Pd)
16ag 16ah 16ai
90% 86% 76%
(0.5 mol% Pd) (0.5 mol% Pd) (0.5 mol% Pd)

& Reaction condition: bromo(chloro)aryl triflate (0.20 mmol), arylboronic acid (0.30 mmol),
Pd(OAc)2: L1 = 1: 2, KF (0.6 mmol), and toluene (0.60 mL) were stirred under N> at 60 °C for 16
hours. Isolated yields were reported. "Reaction time of 18 hours.
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4.2.5 Palladium-catalysed sequential double functionalisation of bromochloroaryl triflates

An unconventional chemoselective sequence of C-Br > C-CI > C-OTf was achieved through
a one-pot process involving C-Br reaction followed by C-CI functionalisation, without purifying
the intermediate (Table 4.5). This sequence enabled the synthesis of disubstituted products in
good-to-excellent yields using a single catalyst comprising Pd(OAc). and L1. Remarkably, the
C-OTf site remained intact throughout the process. Importantly, no additional catalyst was added
before the second chemoselective C-Cl Suzuki—-Miyaura step. This precise selectivity control
permits the use of bromochloroaryl triflates for the unsymmetrical synthesis of structurally
complex molecules in sequential cross-coupling strategies, as the C-OTf site is preserved for

further functionalisation.
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Table 4.5 Sequential two-stage functionalisation of bromochloroaryl triflates®

1) Pd(OAc),/SelectPhos

KF, toluene, 110 °C, 2 h
R'—B(OH),

Br—-

Z
<

OTf
19

2)110 °C,2h

P(i-Pr)y
z
" R._Q ] p
\ \
oTf Me
20 SelectPhos

O

20a

80%
(0.5 mol% Pd)

oTf

G
20d
88%

(0.5 mol% Pd)?

TfO l
Me I

209
1%

(0.5 mol% Pd)?

a1st Step: bromochloroaryl triflate (0.20 mmol), arylboronic acid (0.20 mmol), Pd(OAc). (0.50
mol%), L1 (1.0 mol%), KF (1.2 mmol), and toluene (0.60 mL) were stirred under N at 110 °C for
2 hours. 2" Step: An additional arylboronic acid (0.40 mmol) was then added, and the reaction
mixture was stirred under N, at 110 °C for 2 hours. Isolated yields were reported. *1.2 equiv. of

arylboronic acid was used in the first step. 1.5 equiv. of arylboronic acid was used in the second

step.
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20b O 20c

O

80% 71%
(0.5 mol% Pd) (0.5 mol% Pd)
oTf

OTf

C

LG
Me

20e 20f
93% 90%

(0.5 mol% Pd)>° (0.5 mol% Pd)

OTf
O n-Bu

Me  20n 20i

82% 61%
(0.5 mol% Pd)? (0.5 mol% Pd)



4.3 Summary

In summary, a Pd-catalysed Suzuki-Miyaura cross-coupling reaction has been developed,
involving polyhalogenated aryl triflates and (hetero)arylboronic acids. This reaction exhibits an
unconventional reactivity order of C—-Br > C-CI > C-OTf, and utilises a catalyst system comprising
Pd(OAc); and SelectPhos (L1). The catalyst loading is as low as 0.020 mol% Pd, and a wide
range of bromo/bromochloro(hetero)aryl triflates and (hetero)arylboronic acids are coupled with
excellent yield, chemoselectivity, and functional group compatibility. Remarkably, the one-pot
process successfully carries out both C-Br and C-Cl functionalisation without requiring
intermediate purification. Given the good reactivity and chemoselectivity of this approach, it is
anticipated to provide a new platform for constructing complex molecules for pharmaceuticals,
materials, and other applications.
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4.4 Experimental Section

4.4.1 General considerations

All reagents used in the study were purchased from commercial suppliers and employed without
further purification, unless otherwise noted. Suzuki coupling reactions were carried out in
resealable screw cap Schlenk tubes (approximately 20 mL volume) containing a Teflon-coated
magnetic stirrer bar (5 mm x 10 mm). Solvents such as dioxane, cyclopentyl methyl ether (CPME),
and toluene were freshly distilled from sodium under nitrogen.** THF was freshly distilled from
sodium benzophenone ketyl under nitrogen.*! tert-Butanol (t-BuOH) was freshly distilled from
anhydrous CaH; under nitrogen.** Anhydrous N,N-dimethylacetamide (DMF) was purchased in
Sure/Seal bottles from Dieckmann and used as received. Inorganic bases, including KF, NaF,
K2COs3, and Na>COs3, were obtained from Dieckmann and used without further treatment. Ligands
L1-L5 were prepared according to literature procedures,®? while ligands L6-L10 were acquired
from commercial suppliers. A fresh bottle of n-BuLi was used, and its concentration was
determined by titration prior to use. Thin layer chromatography was performed on pre-coated
silica gel 60 Fz4 plates, and silica gel (Grace, 60 A, 40-63 um) was utilised for column
chromatography. Melting points were recorded on an uncorrected Stuart Melting Point SMP30
instrument. The NMR spectra were collected using a Briker spectrometer operating at 400 MHz
for 'H NMR, 100 MHz for 13C NMR, 376 MHz for 1°F NMR, and 162 MHz for 3P NMR. The spectra
were internally referenced to the residual proton resonance in CDCls (& 7.26 ppm). Chemical
shifts (&) are reported in parts per million (ppm) downfield from the tetramethylsilane (TMS)
standard. The 3C NMR spectra were referenced to the middle peak of CDCls (d 77.0 ppm). The
19F NMR chemical shifts were determined relative to CFCl; as the external standard, with low
field being positive. The 3!P NMR spectra were referenced to 85% HsPO. externally. Coupling
constants (J) are reported in Hertz (Hz). Mass spectra were recorded using an HP 5977A MSD
Mass Spectrometer in the electron ionisation (EI-MS) mode. High-resolution mass spectra
(HRMS) were obtained on an Agilent 6540 ESI-QToF-MS or APPI-QToF-MS, and a Waters GCT
Premier EI-ToF-MS. GC-MS analysis was conducted on an HP 7890B GC system using an
HP5MS column (30 m x 0.25 mm). The GC vyields reported refer to the isolated yields of
compounds estimated to be greater than 95% pure, as determined by capillary gas
chromatography (GC) or *H NMR. Compounds described in the literature were characterised by
comparing their *H, *C and/or °F NMR spectra to the previously reported data. The procedures
described in this section are representative, and therefore the yields may differ from those

reported in the tables.
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4.4.2 Polyhalogenated aryl triflate synthesis and characterisation

The polyhalogenated aryl triflates were synthesised from their respective phenol precursors.
This was done by reacting the phenols with triflyl chloride, in the presence of triethylamine, in dry
dichloromethane. The procedure follows the method described in the literature.*?

General procedure

The phenol precursor (20 mmol, 1.0 equiv.) was dissolved in freshly distilled dichloromethane (50
mL) at room temperature under a nitrogen atmosphere. Triethylamine (28 mmol, 1.4 equiv.) was
then added to the solution. The reaction mixture was cooled to -78 °C using a dry ice/acetone
bath. Triflyl chloride (19 mmol, 0.95 equiv.) was then added dropwise using a syringe. The
reaction was allowed to warm to room temperature and stirred for 1 hour. Ethyl acetate and water
were added, and the organic phase was separated. The organic layer was washed with water
several times, dried over Na,SO4, and then concentrated. The concentrated solution was
subjected to column chromatography and eluted with a mixture of ethyl acetate and hexane. The

solution was then evaporated to yield the product.
The characterisation data for the new polyhalogenated aryl triflates are provided below.

2-Bromo-4-formylphenyl trifluoromethanesulfonate
0]

TfO
Br

The product was obtained as a white solid in 91% vyield (6.06 g). Flash column chromatography
was performed using ethyl acetate/hexane (1: 9) as the eluent (Rt = 0.27). The melting point was
determined to be 28.4-29.4 °C. *H NMR (400 MHz, CDCl3) & 7.53 (d, J = 8.4 Hz, 1H), 7.91 (dd,
J = 8.4, 2.0 Hz, 1H), 8.18 (s, 1H), 9.97 (s, 1H); 3C NMR (100 MHz, CDCls) & 117.1, 118.5 (q, J
=318.8 Hz), 123.6, 130.1, 135.2, 136.6, 150.6, 188.8; °F NMR (376 MHz, CDCl;) d -73.2; HRMS
(El): calculated m/z for CgH4BrFz04S*: 331.8966, found 331.8968.

6-Bromopyridin-2-yl trifluoromethanesulfonate
Bra Ny _OTf

The product was obtained as a colourless liquid in 87% vyield (5.29 g). Flash column
chromatography was performed using ethyl acetate/hexane (1: 9) as the eluent (Rs = 0.48). 'H
NMR (400 MHz, CDCl3) 6 7.17 (d, J = 8.0 Hz, 1H), 7.59 (d, J = 7.8 Hz, 1H), 7.76 (t, J = 7.9 Hz,
1H); *3C NMR (100 MHz, CDCl3) 5 114.0, 118.6 (g, J = 318.9 Hz), 128.8, 139.7, 142.4, 154.1; *°F
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NMR (376 MHz, CDCls) & -72.9; HRMS (APPI): calculated m/z for CeHiBrFzsNOsS™: 305.9042,
found 305.9051.
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4.4.3 General procedure for ligand and reaction condition screenings

General procedure for the initial ligand screening of the chemoselective Suzuki-=Miyaura
coupling of 4-bromophenyltriflate with 4.0 mol% Pd catalyst loading

A Schlenk tube equipped with a Teflon-coated magnetic stir bar (5 mm x 10 mm) and a screw
cap was carefully evacuated and flushed with nitrogen (3 cycles). The following reagents were
then added to the tube: Pd source (0.0080 mmol), ligand (0.0080 mmol), 2-tolylboronic acid (0.20
mmol), and KF (0.60 mmol). 4-Bromophenyltriflate (0.20 mmol) and freshly distilled THF (0.60
mL) were added to the tube via syringe. The sealed tube was then magnetically stirred at room
temperature for 1 hour. After the reaction, ethyl acetate (~4.0 mL), dodecane (45.2 L, internal
standard), and water (~2.0 mL) were added. The organic layer was subjected to GC analysis,
with the GC yield previously calibrated using an authentic sample and a dodecane calibration

curve.

General procedure for the reaction conditions screening of the chemoselective
Suzuki-Miyaura coupling of 4-bromophenyltriflate with 0.025 mol% Pd catalyst loading

A stock solution of Pd(OAc). (0.010 mmol) with ligand L1 (Pd: L =1: 2) in freshly distilled THF (20
mL) was initially prepared by stirring at room temperature for 1 minute. An array of Schlenk tubes
were charged with magnetic stirrer bars (5 mm x 10 mm) and were evacuated and backfilled with
nitrogen (3 cycles). The stock solution (0.10 mL, 0.025 mol% Pd) was then added to the Schlenk
tubes via syringe, and the solvent was removed under reduced pressure. The Schlenk tubes were
then charged with 2-tolylboronic acid (0.20 mmol) and bases (0.60 mmol), and were again
evacuated and backfilled with nitrogen (3 cycles). 4-Bromophenyltriflate (0.20 mmol) and freshly
distilled solvent (0.60 mL) were added to the Schlenk tubes via syringe. The tubes were then
resealed and magnetically stirred in a preheated oil bath (110°C) for 30 minutes to 1 hour. After
the reaction, the mixtures were allowed to cool to room temperature. Ethyl acetate (~4.0 mL),
dodecane (45.2 L, internal standard), and water (~2.0 mL) were then added. The organic layer
was subjected to GC analysis, with the GC yield previously calibrated using an authentic sample

and a dodecane calibration curve.
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4.4.4 General procedure for chemoselective Suzuki-Miyaura coupling of polyhalogenated aryl
triflates

A stock solution of Pd(OAc). (2.3 mg, 0.010 mmol) with ligand L1 (6.6 mg, 0.020 mmol) in freshly
distilled 25 mL THF (0.20 mol% Pd per 1.0 mL stock solution) was initially prepared by continuous
stirring at room temperature for 1 minute. A Schlenk tube was charged with a magnetic stirrer bar
(5 mm x 10 mm) and was evacuated and backfilled with nitrogen (3 cycles). The corresponding
volume of the stock solution was then added to the tube via syringe, and the solvent was removed
under reduced pressure. Aryl boronic acids (0.20-0.30 mmol), polyhalogenated aryl triflates (0.20
mmol, if solid), and potassium fluoride (0.60 mmol) were added to the tube, which was again
evacuated and backfilled with nitrogen (3 cycles). Polyhalogenated aryl triflates (0.20 mmol, if
liquid) and freshly distilled t-BuOH or toluene (0.60 mL) were then added to the tube via syringe.
The tube was resealed and magnetically stirred in a preheated oil bath (60 °C or 110 °C) for
1.5-18 hours. After the reaction, the mixture was allowed to cool to room temperature. Ethyl
acetate (~4.0 mL) and water (~2.0 mL) were added, and the organic layer was subjected to GC
analysis. The aqueous layer was washed with ethyl acetate, and the combined organic layers
were concentrated. The crude products were then purified by column chromatography on silica
gel (230-400 mesh) to afford the desired product.
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4.4.5 General procedure for sequential double functionalisation of bromochloroaryl triflates

A stock solution was initially prepared by combining Pd(OAc): (2.3 mg, 0.010 mmol) and ligand
L1 (6.6 mg, 0.020 mmol) in freshly distilled 25 mL THF (0.20 mol% Pd per 1 mL stock solution),
with continuous stirring at room temperature for 1 minute. A Schlenk tube was charged with a
magnetic stirrer bar (5 mm x 10 mm) and was evacuated and backfilled with nitrogen (3 cycles).
The corresponding volume of the stock solution was then added to the tube via syringe, and the
solvent was removed under reduced pressure. Aryl or alkyl boronic acids (0.20-0.24 mmol),
polyhalogenated aryl triflates (0.20 mmol, if solid), and KF (1.2 mmol) were added to the tube,
which was again evacuated and backfilled with nitrogen (3 cycles). Polyhalogenated aryl triflates
(0.20 mmol, if liquid) and toluene (0.60 mL) were then added to the tube via syringe. The tube
was resealed and magnetically stirred in a preheated oil bath (110 °C) for 2 hours. After the
reaction was complete, the reaction tube was allowed to cool to room temperature. The second
aryl boronic acids (0.30—-0.40 mmol) were then loaded into the tube under nitrogen. The tube was
placed back into the preheated oil bath (110 °C) for an additional 2 hours. After the second
reaction was complete, the reaction tube was allowed to cool to room temperature. Ethyl acetate
(~4.0 mL) and water (~2.0 mL) were added, and the organic layer was subjected to GC analysis.
The crude product in the organic layer was then extracted, and the aqueous layer was washed
with ethyl acetate. The filtrate was concentrated under reduced pressure, and the crude products
were purified by flash column chromatography on silica gel (230-400 mesh) to afford the desired

product.
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4.4.6 Characterisation data for coupling products

2’-Methyl-[1,1’-biphenyl]-4-yl trifluoromethanesulfonate (Table 4.2, entry 8, compound 16a)*2
Me

Flash column chromatography was performed using hexane as the eluent (Rf = 0.24). 'H NMR
(400 MHz, CDCls) 6 2.29 (s, 3H), 7.23 (d, J = 7.2 Hz, 1H), 7.29-7.36 (m, 5H), 7.42 (d, J = 8.5 Hz,
2H); ¥C NMR (100 MHz, CDCIls) & 20.3, 118.8 (q, J = 318.7 Hz), 121.0, 126.0, 127.9, 129.6,
130.5, 131.0, 135.2, 139.9, 142.4, 148.5; *°F NMR (376 MHz, CDClz) d -72.9.

4’-Methyl-[1,1’-biphenyl]-4-yl trifluoromethanesulfonate (Table 4.3, compound 16b)*?

Flash column chromatography was performed using hexane as the eluent (Rf = 0.24). 'H NMR
(400 MHz, CDCl3) 6 2.42 (s, 3H), 7.28 (d, J = 7.9 Hz, 2H), 7.34 (d, J = 8.8 Hz, 2H), 7.47 (d, J =
8.1 Hz, 2H), 7.64 (d, J = 8.8 Hz, 2H); 1*C NMR (100 MHz, CDCl3) 5 21.1, 118.8 (q, J = 318.8 Hz),
121.5, 127.0, 128.6, 129.5, 136.4, 138.0, 141.6, 148.7; °F NMR (376 MHz, CDCl3) & -72.8.

4’-(tert-Butyl)-[1,1’-biphenyl]-4-yl trifluoromethanesulfonate (Table 4.3, compound 16¢)3*

Flash column chromatography was performed using hexane as the eluent (Rf = 0.40). 'H NMR
(400 MHz, CDCls) 6 1.38 (s, 9H), 7.34 (d, J = 8.8 Hz, 2H), 7.46-7.56 (m, 4H), 7.65 (d, J = 8.8 Hz,
2H); *C NMR (100 MHz, CDCl3) 8 31.3, 34.6, 118.8 (q, J = 318.9 Hz), 121.5, 125.9, 126.8, 128.7,
136.4, 141.5, 148.7, 151.2; *F NMR (376 MHz, CDCl;) & -72.8.

4’-Fluoro-[1,1’-biphenyl]-4-yl trifluoromethanesulfonate (Table 4.3, compound 16d)*?

Flash column chromatography was performed using hexane as the eluent (Rs = 0.40). 'H NMR
(400 MHz, CDCls) 8 7.13-7.18 (m, 2H), 7.35 (d, J = 8.8 Hz, 2H), 7.50-7.54 (m, 2H), 7.56-7.62
(m, 2H); 3C NMR (100 MHz, CDCl3) & 115.9 (d, J = 21.6 Hz), 118.8 (q, J = 318.9 Hz), 121.7,
128.7,128.8 (d, J = 8.1 Hz), 135.4 (d, J = 3.2 Hz), 140.7, 148.9, 162.9 (d, J = 246.3 Hz); °F NMR
(376 MHz, CDCl3) & -114.3 (s, 1F), -72.8 (s, 3F).

[1,1%:2’,1”-Terphenyl]-4-yl trifluoromethanesulfonate (Table 4.3, compound 16€e)*?
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Flash column chromatography was performed using hexane as the eluent (Rf = 0.52). 'H NMR
(400 MHz, CDCl3) & 7.36-7.41 (m, 4H), 7.46-7.51 (m, 5H), 7.67-7.73 (m, 4H); 3*C NMR (100
MHz, CDCls) & 118.7 (q, J = 318.9 Hz), 120.7, 126.8, 127.7, 128.0, 128.2, 129.8, 130.3, 130.7,
131.6, 138.6, 140.7, 140.8, 142.0, 148.3; *°F NMR (376 MHz, CDCl3) d -72.8.

4’-Methoxy-[1,1’-biphenyl]-4-yl trifluoromethanesulfonate (Table 4.3, compound 16f)*2

Flash column chromatography was performed using ethyl acetate/hexane (1: 20) as the eluent
(Rf = 0.28). *H NMR (400 MHz, CDCls) 5 3.86 (s, 3H), 7.00 (d, J = 8.8 Hz, 2H), 7.32 (d, J = 8.8
Hz, 2H), 7.50 (d, J = 8.8 Hz, 2H), 7.60 (d, J = 8.8 Hz, 2H); ¥*C NMR (100 MHz, CDCls) & 55.3,
114.4, 118.8 (q, J = 318.8 Hz), 121.5, 128.2, 128.3, 131.7, 141.3, 148.5, 159.7; °F NMR (376
MHz, CDCls3) 6 -72.8.

Methyl  4’-(((trifluoromethyl)sulfonyl)oxy)-[1,1’-biphenyl]-4-carboxylate  (Table 4.3,

Flash column chromatography was performed using ethyl acetate/hexane (1: 9) as the eluent (Rs
= 0.46). 'H NMR (400 MHz, CDCl3) & 3.95 (s, 3H), 7.37 (d, J = 8.7 Hz, 2H), 7.62 (d, J = 8.4 Hz,
2H), 7.68 (d, J = 8.8 Hz, 2H), 8.12 (d, J = 8.4 Hz, 2H); *C NMR (100 MHz, CDCls) & 52.2, 118.7
(g, J = 318.9 Hz), 121.8, 127.1, 129.1, 129.7, 130.2, 140.4, 143.5, 149.4, 166.7; °F NMR (376
MHz, CDCls3) 6 -72.8.

compound 16g)*

4-(Naphthalen-1-yl)phenyl trifluoromethanesulfonate (Table 4.3, compound 16h)3?

10—
W

Flash column chromatography was performed using hexane as the eluent (Rf = 0.38). 'H NMR
(400 MHz, CDCls) 8 7.41-7.43 (m, 3H), 7.46-7.59 (m, 5H), 7.81 (d, J = 8.3 Hz, 1H), 7.91-7.95
(m, 2H); C NMR (100 MHz, CDCl3) 6 118.8 (q, J = 318.9 Hz), 121.2, 125.3, 125.4, 126.0, 126.5,
127.1, 128.40, 128.44, 131.3, 131.8, 133.8, 138.1, 141.2, 148.8; *°F NMR (376 MHz, CDCls) & -
72.8.

4-(Dibenzo[b,d]furan-4-yl)phenyl trifluoromethanesulfonate (Table 4.3, compound 16i)%?
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Flash column chromatography was performed using ethyl acetate/hexane (1: 9) as the eluent (Rs
= 0.62). *H NMR (400 MHz, CDCls) 8 7.37-7.52 (m, 5H), 7.56 (d, J = 7.5 Hz, 1H), 7.61 (d, J = 8.1
Hz, 1H), 7.96-8.01 (m, 4H); *C NMR (100 MHz, CDCls) & 111.8, 118.8 (q, J = 318.8 Hz), 120.5,
120.7,121.5, 123.0, 123.3, 123.7, 123.9, 125.1, 126.6, 127.5, 130.5, 136.8, 149.0, 153.1, 156.1;
19F NMR (376 MHz, CDCls) & -72.7.

4-(Dibenzo[b,d]thiophen-4-yl)phenyl trifluoromethanesulfonate (Table 4.3, compound 16j)%?

w0

s

Flash column chromatography was performed using ethyl acetate/hexane (1: 9) as the eluent (Rs
= 0.67). 'H NMR (600 MHz, CDCls) & 7.42-7.45 (m, 3H), 7.49-7.50 (m, 2H), 7.56 (t, J = 7.5 Hz,
1H), 7.80 (d, J = 8.3 Hz, 2H), 7.84 (d, J = 7.1 Hz, 1H), 8.17-8.20 (m, 2H); 3C NMR (151 MHz,
CDCl3) © 118.8 (q, J = 321.3 Hz), 121.1, 121.7, 121.8, 122.6, 124.6, 125.2, 126.9, 127.0, 130.1,
134.9, 135.5, 136.4, 138.3, 139.2, 140.9, 149.1; *F NMR (565 MHz, CDCl3) d -72.7.

4-(Benzo[b]thiophen-2-yl)phenyl trifluoromethanesulfonate (Table 4.3, compound 16k)3?

Flash column chromatography was performed using ethyl acetate/hexane (1: 9) as the eluent (Rs
= 0.67).*H NMR (600 MHz, CDCl3) 8 7.33 (d, J = 8.2 Hz, 2H), 7.35-7.40 (m, 2H), 7.54 (s, 1H),
7.75 (d, J = 8.2 Hz, 2H), 7.80 (d, J = 7.6 Hz, 1H), 7.84 (d, J = 7.7 Hz, 1H); *C NMR (151 MHz,
CDCls) 6 118.7 (q, J = 321.4 Hz), 120.8, 121.9, 122.3, 123.9, 124.8, 124.9, 128.0, 134.7, 139.7,
140.4, 141.7, 149.1; *F NMR (565 MHz, CDCl3) & -72.7.

4-(Benzofuran-2-yl)phenyl trifluoromethanesulfonate (Table 4.3, compound 161)%3

Flash column chromatography was performed using ethyl acetate/hexane (1: 9) as the eluent (Rs
= 0.63). 'H NMR (600 MHz, CDCls) & 7.03 (s, 1H), 7.25 (t, J = 7.2 Hz, 1H), 7.30-7.34 (m, 3H),
7.52 (d, J =8.2 Hz, 1H), 7.59 (d, J = 7.6 Hz, 1H), 7.89 (d, J = 8.0 Hz, 2H); 1*C NMR (151 MHz,
CDClz) 6 102.7, 111.3, 118.7 (q, J = 321.3 Hz), 121.2, 121.8, 123.2, 125.0, 126.5, 128.8, 130.8,
149.1, 153.7, 155.0; °F NMR (565 MHz, CDCl;) 5 -72.7.
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2-Methoxy-4-(naphthalen-1-yl)phenyl trifluoromethanesulfonate (Table 4.3, compound 16m)

MeQ

¢
WA

The product was obtained as a colourless liquid. Flash column chromatography was performed
using ethyl acetate/hexane (1: 50) as the eluent (R = 0.33). *H NMR (400 MHz, CDCls) d 3.94 (s,
3H), 7.11 (d, J = 8.3 Hz, 1H), 7.18 (s, 1H), 7.36 (d, J = 8.2 Hz, 1H), 7.44 (d, J = 7.0 Hz, 1H),
7.48-7.58 (m, 3H), 7.88 (d, J = 8.4 Hz, 1H), 7.93 (d, J = 8.4 Hz, 1H), 7.95 (d, J = 8.7 Hz, 1H); 13C
NMR (100 MHz, CDCls) 6 56.2, 114.9, 118.8 (q, J = 318.5 Hz), 122.1, 122.4, 125.2, 125.5, 126.0,
126.4,126.9, 128.3, 128.4, 131.2, 133.7, 138.0, 138.5, 142.2, 151.1; F NMR (376 MHz, CDCls)
0 -73.8; HRMS: calculated m/z for C1gH13F304S: 382.0487, found 382.0487.

2’-Methyl-[1,1’-biphenyl]-2-yl trifluoromethanesulfonate (Table 4.3, compound 16n)’
OTf
Me
Flash column chromatography was performed using hexane as the eluent (Rf = 0.21). 'H NMR
(400 MHz, CDCl3) & 2.18 (s, 3H), 7.22-7.35 (m, 4H), 7.36-7.41 (m, 2H), 7.43-7.47 (m, 2H); 3C

NMR (100 MHz, CDCls) 6 19.8, 118.3 (q, J = 318.4 Hz), 121.6, 125.6, 128.2, 128.6, 129.1, 130.1,
130.3, 132.3, 135.0, 135.5, 136.4, 147.0; **F NMR (376 MHz, CDCls) 6 -74.4.

Methyl 4’-methoxy-6-(((trifluoromethyl)sulfonyl)oxy)-[1,1’-biphenyl]-3-carboxylate (Table
4.3, compound 160)
OMe

(0]
Q-
OTf

The product was obtained as a colourless liquid. Flash column chromatography was performed
using ethyl acetate/hexane (1: 9) as the eluent (R = 0.46). *H NMR (400 MHz, CDCl3) 5 3.86 (s,
3H), 3.94 (s, 3H), 7.00 (d, J = 8.8 Hz, 2H), 7.39-7.44 (m, 3H), 8.05 (d, J = 8.6 Hz, 1H), 8.15 (s,
1H); 3C NMR (100 MHz, CDCls) 6 52.5, 55.3, 113.5, 118.3 (q, J = 318.7 Hz), 122.2, 126.9, 129.7,
130.3, 130.6, 133.3, 135.5, 149.7, 160.0, 165.6; *F NMR (376 MHz, CDCl3) & -73.9; HRMS
(APPI): calculated m/z for C16H13F306S*: 390.0385, found 390.0388.

5-Formyl-4’-methoxy-[1,1’-biphenyl]-2-yl trifluoromethanesulfonate (Table 4.3, compound
16p)*?
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(0]
-
OTf

Flash column chromatography was performed using ethyl acetate/hexane (1: 9) as the eluent (Rs
= 0.36). 'H NMR (400 MHz, CDCls) & 3.87 (s, 3H), 7.01 (d, J = 8.8 Hz, 2H), 7.42 (d, J = 8.8 Hz,
2H), 7.54 (d, J = 8.4 Hz, 1H), 7.91 (dd, J = 8.4, 2.1 Hz, 1H), 7.98 (s, 1H), 10.06 (s, 1H); 3C NMR
(100 MHz, CDCl3) 6 55.3, 114.2,118.3 (q, J = 318.8 Hz), 123.0, 126.5, 129.4, 130.5, 133.1, 135.9,
136.3, 150.4, 160.1, 190.3; **F NMR (376 MHz, CDCl3) & -73.9.

5-Cyano-4’-methoxy-[1,1’-biphenyl]-2-yl trifluoromethanesulfonate (Table 4.3, compound
16q)
NC

<)o

OTf
The product was obtained as a light-yellow liquid. Flash column chromatography was performed
using ethyl acetate/hexane (1: 9) as the eluent (R = 0.37). *'H NMR (400 MHz, CDCl3) & 3.86 (s,
3H), 7.01 (d, J = 8.8 Hz, 2H), 7.38 (d, J = 8.8 Hz, 2H), 7.49 (d, J = 8.5 Hz, 1H), 7.67-7.69 (m,
1H), 7.77 (s, 1H); 3C NMR (100 MHz, CDCls) & 55.3, 112.9, 114.3, 117.1, 118.2 (q, J = 318.9
Hz), 123.3, 125.5, 130.4, 132.0, 135.6, 136.8, 149.2, 160.4; *°F NMR (376 MHz, CDCls)  -73.8;
HRMS (APPI): calculated m/z for C1sH10F3sNO4S*: 357.0277, found 357.0286.

[1,2’-Binaphthalen]-2-yl trifluoromethanesulfonate (Table 4.3, compound 16r)*

L
oo

Flash column chromatography was performed using hexane as the eluent (Rf = 0.18). 'H NMR
(400 MHz, CDCls) & 7.43-7.46 (m, 2H), 7.60-7.65 (m, 2H), 7.68-7.72 (m, 2H), 7.84-7.91 (m,
5H), 8.32 (d, J = 8.5 Hz, 2H); 13C NMR (100 MHz, CDCl3) 5 116.2, 118.7 (g, J = 318.7 Hz), 119.9,
120.3, 124.5, 124.9, 127.7, 127.76, 127.78, 128.31, 128.33, 128.5, 128.7, 128.8, 129.7, 131.3,
132.7, 132.9, 133.0, 143.3, 145.0; °F NMR (376 MHz, CDCls) & -73.4.

2,2’,6-Trimethyl-[1,1’-biphenyl]-4-yI trifluoromethanesulfonate (Table 4.3, compound 16s)3

TfO l Me
Me O

Me
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Flash column chromatography was performed using hexane as the eluent (R¢ = 0.56). 'H NMR
(400 MHz, CDCls) 6 1.96 (s, 3H), 1.98 (s, 6H), 6.98 (d, J = 7.0 Hz, 1H), 7.03 (s, 2H), 7.27-7.31
(m, 3H); *C NMR (100 MHz, CDCl3) & 19.2, 20.4, 118.7 (q, J = 318.7 Hz), 119.6, 126.3, 127.6,
128.6, 130.2, 135.4, 138.68, 138.74, 141.4, 148.2; *F NMR (376 MHz, CDCl;) & -73.1.

5-Chloro-4’-methyl-[1,1’-biphenyl]-3-yl trifluoromethanesulfonate (Table 4.3, compound 16t)
Cl

ve— )4 /)

OTf
The product was obtained as a colourless liquid. Flash column chromatography was performed
using hexane as the eluent (R = 0.45). *H NMR (400 MHz, CDCl3) & 2.42 (s, 3H), 7.25 (s, 1H),
7.29 (d, J =7.9 Hz, 2H), 7.37 (s, 1H), 7.44 (d, J = 8.0 Hz, 2H), 7.59 (s, 1H); 1*C NMR (100 MHz,
CDClz) 6 21.1, 118.1, 118.7 (q, J = 318.8 Hz), 119.9, 126.9, 127.1, 129.9, 134.9, 135.7, 139.0,
144.9, 149.7; F NMR (376 MHz, CDCls) d -72.7; HRMS (APPI): calcd. for C14H10CIFs03S™:
349.9991, found 349.9994.

3-Chloro-2’-methyl-[1,1’-biphenyl]-4-yl trifluoromethanesulfonate (Table 4.3, compound
16u)’

Me
o~ )4
Cl

Flash column chromatography was performed using hexane as the eluent (Rf = 0.36). *H NMR
(400 MHz, CDCls) & 2.28 (s, 3H), 7.20 (d, J = 7.2 Hz, 1H), 7.27-7.31 (m, 4H), 7.41 (d, J = 8.4 Hz,
1H), 7.49 (s, 1H); *C NMR (100 MHz, CDCl3) 5 20.3, 118.7 (q, J = 318.6 Hz), 122.5, 126.1, 126.8,
128.4, 129.1, 129.5, 130.6, 131.8, 135.1, 138.8, 143.5, 144.5; ®F NMR (376 MHz, CDCl3) & -
73.4.

3-Chloro-4’-methyl-[1,1’-biphenyl]-4-y| trifluoromethanesulfonate (Table 4.3, compound
16v)3®
Cl

Flash column chromatography was performed using hexane as the eluent (Rf = 0.48). 'H NMR
(400 MHz, CDCl3) 6 2.42 (s, 3H), 7.28 (d, J = 8.0 Hz, 2H), 7.39-7.45 (m, 3H), 7.51 (d, J = 8.6 Hz,
1H), 7.71 (s, 1H); *C NMR (100 MHz, CDCl3) 5 21.1, 118.6 (9, J = 318.7 Hz), 123.1, 126.6, 126.9,
127.4,129.4, 129.8, 135.2, 138.6, 142.7, 144.5; *F NMR (376 MHz, CDCl3) & -73.4.
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4-Chloro-4’-methyl-[1,1’-biphenyl]-3-y| trifluoromethanesulfonate (Table 4.3, compound
16w)
OTf

The product was obtained as a colourless liquid. Flash column chromatography was performed
using hexane as the eluent (R; = 0.38). *H NMR (400 MHz, CDCl3) 5 2.42 (s, 3H), 7.29 (d,J=7.9
Hz, 2H), 7.44 (d, J = 8.1 Hz, 2H), 7.52-7.57 (m, 3H); 3C NMR (100 MHz, CDCls) 5 21.1, 118.7
(9, J =318.6 Hz), 121.2, 125.4, 126.8, 127.4, 129.9, 131.3, 135.2, 138.6, 142.1, 145.9; °F NMR
(376 MHz, CDCls) & -73.3; HRMS (APPI): calculated m/z for C14H10CIF30sS*: 349.9991, found
349.9993.

5-Chloro-4’-methyl-[1,1’-biphenyl]-2-y| trifluoromethanesulfonate (Table 4.3, compound
16x)3%¢

Cl
UaWal
OTf

Flash column chromatography was performed using hexane as the eluent (Rf = 0.50). 'H NMR
(400 MHz, CDCl3) 8 2.42 (s, 3H), 7.27-7.39 (m, 6H), 7.46 (s, 1H); *C NMR (100 MHz, CDCls) &
21.2,118.3(q,J=318.8Hz), 123.3, 128.5, 129.0, 129.4, 131.5, 131.7, 134.1, 137.2, 138.8, 145.2;
19F NMR (376 MHz, CDCls) 5-73.9.

2-Chloro-4’-methyl-[1,1’-biphenyl]-3-yl trifluoromethanesulfonate (Table 4.3, compound 16y)

Q-0

TfO Cl

The product was obtained as a colourless liquid. Flash column chromatography was performed
using hexane as the eluent (R; = 0.57). *H NMR (400 MHz, CDCls) & 2.44 (s, 3H), 7.28 (d, J = 8.0
Hz, 2H), 7.33-7.39 (m, 5H); **C NMR (100 MHz, CDCl;) 5 21.2, 118.6 (q, J = 318.5 Hz), 121.4,
126.1, 127.5, 129.0, 129.2, 130.8, 134.9, 138.3, 143.6, 146.2; F NMR (376 MHz, CDCls) d -
73.4; HRMS (APPI): calculated m/z for C14H10CIF303S*: 349.9991, found 349.9995.

2-(4-Methoxyphenyl)pyridin-3-yl trifluoromethanesulfonate (Table 4.4, compound 16z)
X OTf

|
N

OMe
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The product was obtained as an orange liquid. Flash column chromatography was performed
using ethyl acetate/hexane (1: 2) as the eluent (Rs = 0.61). *H NMR (400 MHz, CDCl3) 5 3.86 (s,
3H), 7.01 (d, J = 8.9 Hz, 2H), 7.28-7.32 (m, 1H), 7.70 (d, J = 8.2 Hz, 1H), 7.76 (d, J = 8.9 Hz,
2H), 6.67 (d, J = 4.6 Hz, 1H); *C NMR (100 MHz, CDCls) & 55.3, 113.9, 118.3 (q, J = 318.8 Hz),
122.6, 127.5, 130.2, 130.7, 144.3, 149.0, 151.7, 160.8; **F NMR (376 MHz, CDCls) & -73.8;
HRMS (APPI): calculated m/z for C13H11F3sNO4S*: 334.0355, found 334.0358.

5-(4-Methoxyphenyl)-4-methylpyridin-2-yl trifluoromethanesulfonate (Table 4.4, compound
16aa)*

MeO
Me

N
I

N oTf
Flash column chromatography was performed using ethyl acetate/hexane (1: 9) as the eluent (Rs
=0.28). 'H NMR (400 MHz, CDCls) 5 2.36 (s, 3H), 3.87 (s, 3H), 7.00 (d, J = 8.7 Hz, 2H), 7.07 (s,
1H), 7.23 (d, J = 8.7 Hz, 2H), 8.18 (s, 1H); **C NMR (100 MHz, CDCl3) 5 20.4, 55.3, 114.1, 115.8,
118.6 (q, J = 318.5 Hz), 128.1, 130.3, 138.5, 148.3, 150.7, 154.8, 159.6; °F NMR (376 MHz,
CDCls) & -73.2.

5-(4-Methoxyphenyl)pyridin-2-yl trifluoromethanesulfonate (Table 4.4, compound 16ab)3
MeO

X
P
N OTf
Flash column chromatography was performed using ethyl acetate/hexane (1: 9) as the eluent (Rs
= 0.47). *H NMR (400 MHz, CDClz) d 3.87 (s, 3H), 7.02 (d, J = 8.8 Hz, 2H), 7.22 (d, J = 8.5 Hz,
1H), 7.50 (d, J = 8.8 Hz, 2H), 8.00 (dd, J = 8.4, 2.6 Hz, 1H), 8.53 (s, 1H); *C NMR (100 MHz,
CDCls) 6 55.3, 114.7, 115.0, 118.6 (q, J = 318.5 Hz), 128.1, 128.3, 137.4, 138.7, 146.2, 154.5,

160.3; °F NMR (376 MHz, CDCls) 5 -73.1.

6-(4-Methoxyphenyl)pyridin-2-yl trifluoromethanesulfonate (Table 4.4, compound 16ac)

/ OMe
) N
TfO

The product was obtained as a yellow liquid. Flash column chromatography was performed using
ethyl acetate/hexane (1: 9) as the eluent (Rf = 0.32). *H NMR (400 MHz, CDCl;) & 3.86 (s, 3H),
6.98-7.00 (m, 3H), 7.70 (d, J = 7.8 Hz, 1H), 7.85 (t, J = 7.9 Hz, 1H), 7.97 (d, J = 8.8 Hz, 2H); 13C
NMR (100 MHz, CDCls) 6 55.3, 111.8, 114.0, 114.3, 118.7 (q, J = 318.5 Hz), 119.1, 128.4, 141.4,
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155.7, 156.8, 161.3; F NMR (376 MHz, CDCl;) & -72.9; HRMS: calculated m/z for
C13H11F3NO4S™: 334.0355, found 334.0363.

5-(4-Methoxyphenyl)pyridin-3-yl trifluoromethanesulfonate (Table 4.4, compound 16ad)3?
N\
I

TfO Z

OMe
Flash column chromatography was performed using ethyl acetate/hexane (1: 9) as the eluent (Rs
= 0.33). 'H NMR (400 MHz, CDCls) & 3.86 (s, 3H), 7.03 (d, J = 8.8 Hz, 2H), 7.52 (t, J = 8.8 Hz,
2H), 7.74 (s, 1H), 8.51 (s, 1H), 8.83 (s, 1H); 3C NMR (100 MHz, CDCls) & 55.3, 114.8, 118.7 (q,
J=319.1Hz), 126.4,127.7, 128.4, 138.3, 140.2, 146.9, 147.5, 160.5; °F NMR (376 MHz, CDCls)
0-72.5.

4-(4-Methoxyphenyl)pyridin-2-yl trifluoromethanesulfonate (Table 4.4, compound 16ae)*

MeO \ /N

OoTf
Flash column chromatography was performed using ethyl acetate/hexane (1: 9) as the eluent (Rs
=0.33). 'H NMR (400 MHz, CDCl3) & 3.87 (s, 3H), 7.02 (d, J = 8.8 Hz, 2H), 7.30 (s, 1H), 7.53 (dd,
J=5.2,1.4Hz, 1H), 7.59 (d, J = 8.8 Hz, 2H), 8.36 (d, J = 5.2 Hz, 1H); 3C NMR (100 MHz, CDCls)
055.4,111.8, 114.8, 118.6 (q, J = 318.5 Hz), 121.5, 128.31, 128.34, 148.7, 153.6, 156.8, 161.4;
19F NMR (376 MHz, CDCl3) 6 -73.2.

6-(Benzo[b]thiophen-3-yl)pyridin-2-yl trifluoromethanesulfonate (Table 4.4, compound 16af)

The product was obtained as a colourless liquid. Flash column chromatography was performed
using ethyl acetate/hexane (1: 9) as the eluent (Rs = 0.33). *H NMR (600 MHz, CDCl3) & 7.10 (d,
J=8.0Hz, 1H), 7.43(t, J= 7.4 Hz, 1H), 7.50 (t, J = 7.6 Hz, 1H), 7.74 (d, J = 7.6 Hz, 1H), 7.90-7.91
(m, 3H), 8.59 (d, J = 8.2 Hz, 1H); *C NMR (151 MHz, CDCl3) d 112.5, 118.6 (q, J = 320.8 Hz),
122.1,122.7,124.1, 124.9, 125.0, 128.5, 133.9, 136.4, 140.7, 141.3, 154.0, 155.3; 1°F NMR (565
MHz, CDCIs3) 6 -73.1; HRMS (EI): calculated m/z for C14HgF3sNO3S>*: 358.9892, found 358.9900.

6-(Benzo[b]thiophen-2-yl)pyridin-2-yl trifluoromethanesulfonate (Table 4.4, compound 16ag)

— S

/
N

TfO
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The product was obtained as a white solid. Flash column chromatography was performed using
ethyl acetate/hexane (1: 9) as the eluent (Rf = 0.30). The melting point was determined to be
106.2-107.1 °C. *H NMR (600 MHz, CDCl3) 8 7.01 (d, J = 7.9 Hz, 1H), 7.37-7.38 (m, 2H), 7.72
(d, J = 7.6 Hz, 1H), 7.80-7.87 (m, 4H); 3C NMR (151 MHz, CDCls) & 113.1, 118.7 (g, J = 321.2
Hz), 119.5, 122.5, 123.3, 124.5, 124.7, 125.7, 140.0, 140.9, 141.4, 141.6, 152.3, 155.3; °F NMR
(565 MHz, CDCls) 6 -72.6; HRMS (EI): calculated m/z for Ci14HsFsNOsS,*: 358.9892, found
358.9883.

5-(Benzo[b]thiophen-3-yl)pyridin-2-yl trifluoromethanesulfonate (Table 4.4, compound 16ah)
S

|
A

N/ OTf

The product was obtained as a colourless liquid. Flash column chromatography was performed
using dichloromerthane/hexane (1: 20) as the eluent (Rf = 0.25). *H NMR (600 MHz, CDCls) &
7.32 (d, J=8.3 Hz, 1H), 7.45-7.46 (m, 2H), 7.52 (s, 1H), 7.80 (d, J = 4.3 Hz, 1H), 7.96 (d, J =5.7
Hz, 1H), 8.09 (d, J = 8.3 Hz, 1H), 8.60 (s, 1H); *C NMR (151 MHz, CDCl3) 5 115.2, 118.6 (q, J =
321.0 Hz), 121.9, 123.2, 124.97, 125.03, 125.8, 132.1, 132.8, 137.0, 140.6, 147.9, 154.9; °F
NMR (565 MHz, CDClIs) & -73.0; HRMS (EI): calculated m/z for C14HsFsNO3sS;*: 358.9892, found
358.9891.

5-(Benzo[b]thiophen-2-yl)pyridin-2-yl trifluoromethanesulfonate (Table 4.4, compound 16ai)

S | X

N/ OTf

The product was obtained as a white solid. Flash column chromatography was performed using
dichloromethane/hexane (1: 20) as the eluent (R = 0.25). The melting point was determined to
be 141.4-142.4 °C. 'H NMR (600 MHz, CDCls) & 7.23 (d, J = 8.4 Hz, 1H), 7.38-7.42 (m, 2H),
7.59 (s, 1H), 7.82 (d, J = 7.4 Hz, 1H), 7.85 (d, J = 7.4 Hz, 1H), 8.11 (d, J = 8.4 Hz, 1H), 8.70 (s,
1H); 3C NMR (151 MHz, CDCls) 8 115.3, 118.6 (q, J = 321.1 Hz), 121.9, 122.4, 124.1, 125.1,
125.4, 131.4, 137.7, 138.2, 139.8, 140.1, 145.8, 155.0; F NMR (565 MHz, CDCIlsz) & -73.0;
HRMS (EI): calculated m/z for C14HsFsNO3S,*: 358.9892, found 358.9885.

4”-Methoxy-2-methyl-[1,1":3’,1”-terphenyl]-4’-yl trifluoromethanesulfonate (Table 4.5,
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The product was obtained as a colourless gel. Flash column chromatography was performed
using ethyl acetate/hexane (1: 20) as the eluent (Rs = 0.40). *H NMR (400 MHz, CDCls) 8 2.33 (s,
3H), 3.87 (s, 3H), 7.01 (d, J = 8.7 Hz, 2H), 7.26-7.36 (m, 5H), 7.41-7.47 (m, 4H); 3C NMR (100
MHz, CDCls) & 20.4, 55.3, 114.0, 118.4 (q, J = 318.7 Hz), 121.8, 126.0, 127.9, 128.0, 129.2,
129.7, 130.56, 130.6, 132.6, 134.8, 135.3, 140.0, 142.4, 145.8, 159.8; °F NMR (376 MHz, CDCls)
0 -73.9; HRMS (APPI): calculated m/z for C21H17F304S*: 422.0800, found 422.0803.

3”,5”-Dimethoxy-2-methyl-[1,1’:3’,1”-terphenyl]-4’-yl trifluoromethanesulfonate (Table 4.5,

OMe

compound 20b)

The product was obtained as a colourless liquid. Flash column chromatography was performed
using ethyl acetate/hexane (1: 20) as the eluent (R = 0.24). *H NMR (400 MHz, CDClz) 8 2.34 (s,
3H), 3.86 (s, 6H), 6.56 (s, 1H), 6.69 (s, 2H), 7.26-7.32 (m, 4H), 7.38-7.50 (m, 3H); *3C NMR (100
MHz, CDCls) & 20.4, 55.4, 100.6, 107.5, 118.4 (q, J = 318.5 Hz), 121.7, 126.0, 128.0, 129.66,
129.72,130.5, 132.5, 135.0, 135.2, 137.3, 139.8, 142.4, 145.6, 160.7; °F NMR (376 MHz, CDCls)
0 -74.0; HRMS (APPI): calculated m/z for C2H20F305S*: 453.0978, found 453.0984.

4’-Methoxy-5-(naphthalen-1-y)-[1,1’-biphenyl]-2-yl| trifluoromethanesulfonate (Table 4.5,

o

The product was obtained as a white gel. Flash column chromatography was performed using
ethyl acetate/hexane (1: 20) as the eluent (Rf = 0.32). *H NMR (400 MHz, CDCls) & 3.87 (s, 3H),
7.03 (d, J = 8.7 Hz, 2H), 7.46-7.58 (m, 8H), 7.62 (s, 1H), 7.92-7.96 (m, 3H); 13C NMR (100 MHz,
CDCl3) 8 55.2, 114.0, 118.4 (q, J = 318.8 Hz), 121.9, 125.3, 125.5, 126.0, 126.5, 127.1, 127.7,
128.37, 128.44, 129.9, 130.6, 131.3, 133.3, 133.8, 135.1, 138.1, 141.3, 146.1, 159.7; F NMR
(376 MHz, CDCl3) 6 -73.9; HRMS (APPI): calculated m/z for Cz4H17F304S*: 458.0794, found
458.0802.

compound 20c¢)

4”-Methoxy-2-methyl-[1,1’:3’,1”-terphenyl]-5’-yl trifluoromethanesulfonate (Table 4.5,
compound 20d)
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TfO

W,
o

MeO

The product was obtained as a colourless liquid. Flash column chromatography was performed
using ethyl acetate/hexane (1: 20) as the eluent (Rf = 0.32). *H NMR (400 MHz, CDClz) 8 2.35 (s,
3H), 3.88 (s, 3H), 7.03 (d, J =8.8 Hz, 2H), 7.21 (s, 1H), 7.30-7.36 (m, 4H), 7.46 (s, 1H), 7.56-7.59
(m, 3H); ¥C NMR (100 MHz, CDCl3) & 20.3, 55.4, 114.5, 117.7, 118.9 (q, J = 318.8 Hz), 119.9,
126.1, 127.4, 128.2, 128.3, 129.6, 130.7, 131.4, 135.3, 139.9, 143.2, 144.7, 149.8, 160.2; °F
NMR (376 MHz, CDCls) 6 -72.7; HRMS (APPI): calculated m/z for C21H17F304S*: 422.0800, found
422.0803.

2-Methoxy-2"-methyl-[1,1’:3’,1”-terphenyl]-5’-yl trifluoromethanesulfonate (Table 4.5,
compound 20e)

TfO O
oo

The product was obtained as a colourless liquid. Flash column chromatography was performed
using ethyl acetate/hexane (1: 20) as the eluent (Rs = 0.40). *H NMR (400 MHz, CDCls) & 2.39 (s,
3H), 3.89 (s, 3H), 7.05-7.12 (m, 2H), 7.26-7.43 (m, 7H), 7.56 (s, 1H), 7.60 (s, 1H); 3C NMR (100
MHz, CDCls) 6 20.3, 55.5, 111.3, 118.8 (q, J = 319.1 Hz), 120.2, 120.7, 121.0, 126.0, 128.0,
128.2, 129.67, 129.69, 130.3, 130.59, 130.65, 135.3, 139.9, 140.5, 143.7, 149.0, 156.4; 1°F NMR
(376 MHz, CDCl3) 6 -72.7; HRMS (APPI): calculated m/z for Cz1H17F304S*: 422.0794, found
422.0800.

4-Methoxy-2"-methyl-[1,1’:4°,1”-terphenyl]-2’-yl trifluoromethanesulfonate (Table 4.5,

(D om
L C o

Flash column chromatography was performed using ethyl acetate/hexane (1: 20) as the eluent
(Rt = 0.36). 'H NMR (400 MHz, CDCls) d 2.37 (s, 3H), 3.90 (s, 3H), 7.05 (d, J = 8.7 Hz, 2H),
7.29-7.34 (m, 4H), 7.39-7.43 (m, 2H), 7.49-7.54 (m, 3H); *C NMR (100 MHz, CDCls) d 20.3,

compound 20f)32
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55.2, 114.0, 118.4 (q, J = 318.7 Hz), 122.8, 126.1, 127.7, 128.1, 129.3, 129.6, 130.55, 130.64,
131.4, 133.4, 135.3, 139.5, 142.6, 146.5, 159.7; °F NMR (376 MHz, CDCls) & -74.0.

4-Methoxy-4"-methyl-[1,1’:3’,1”-terphenyl]-4’-yl trifluoromethanesulfonate (Table 4.5,

The product was obtained as a colourless liquid. Flash column chromatography was performed
using ethyl acetate/hexane (1: 20) as the eluent (Rs = 0.44). *H NMR (400 MHz, CDClz) d 2.44 (s,
3H), 3.87 (s, 3H), 7.00 (d, J = 8.7 Hz, 2H), 7.31 (d, J = 7.9 Hz, 2H), 7.41-7.44 (m, 3H), 7.53-7.57
(m, 3H), 7.64 (s, 1H); *C NMR (100 MHz, CDCls) d 21.2, 55.3, 114.4, 118.4 (q, J = 318.6 Hz),
122.2,126.7, 128.2, 129.18, 129.21, 130.0, 131.7, 132.8, 135.7, 138.2, 141.3, 145.7, 159.7; °F
NMR (376 MHz, CDCls) 6 -73.9; HRMS (APPI): calculated m/z for C21H17F304S*: 422.0800, found
422.0803.

compound 20g)

4”-Methoxy-4-methyl-[1,1":2°,1”-terphenyl]-3’-yl trifluoromethanesulfonate (Table 4.5,

-
Lo

Me

compound 20h)

The product was obtained as a colourless liquid. Flash column chromatography was performed
using ethyl acetate/hexane (1: 20) as the eluent (Rs = 0.30). *H NMR (400 MHz, CDCls) 8 2.31 (s,
3H), 3.80 (s, 3H), 6.82 (d, J = 8.7 Hz, 2H), 6.97-7.06 (m, 6H), 7.36-7.39 (m, 1H), 7.45 (d, J = 4.7
Hz, 2H); *3C NMR (100 MHz, CDCls) & 21.0, 55.1, 113.4, 118.3 (q, J = 318.3 Hz), 120.1, 126.0,
128.4,128.6, 129.5, 130.2, 132.1, 134.0, 136.6, 136.9, 144.4, 147.8, 159.0; °F NMR (376 MHz,
CDCIls) & -74.3; HRMS (APPI): calculated m/z for C21H17F304S*: 422.0800, found 422.0800.

5-Butyl-4’-methoxy-[1,1’-biphenyl]-2-yl trifluoromethanesulfonate (Table 4.5, compound 20i)

i OTf
n-Bu O
OMe

The product was obtained as a colourless liquid. Flash column chromatography was performed
using ethyl acetate/hexane (1: 20) as the eluent (Rf = 0.43). *H NMR (400 MHz, CDClIs) & 0.95 (t,
J=7.3 Hz, 3H), 1.34-1.44 (m, 2H), 1.60-1.68 (m, 2H), 2.67 (t, J = 7.8 Hz, 2H), 3.86 (s, 3H), 6.99
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(d, J = 8.7 Hz, 2H), 7.17-7.27 (m, 3H), 7.40 (d, J = 8.7 Hz, 2H); *C NMR (100 MHz, CDCls) &
13.9, 22.3, 33.4, 35.0, 55.3, 113.9, 118.4 (q, J = 318.7 Hz), 121.7, 128.2, 128.3, 130.5, 131.7,
134.8, 143.5, 144.9, 159.9; °F NMR (376 MHz, CDCls) & -74.1; HRMS (APPI): calculated m/z for
CisH10F304S*: 388.0956, found 388.0958.
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5. Chapter 5: Conclusion 5

This dissertation presents the design and synthesis of two classes of novel phosphine
ligands: indole-amide-based phosphine ligands and C2-alkylated indole-based phosphine
ligands. The research focuses on applying these ligands in Pd-catalysed cross-coupling reactions,
underscoring their significance in achieving high reactivity and chemoselectivity under low
palladium catalyst loading conditions, thereby addressing long-standing challenges in transition

metal catalysis.

Chapter 2 presents a significant advancement in constructing sterically hindered biaryls
using a catalytic system composed of Pd»(dba)s and indole-amide-based phosphine ligands. The
developed methodology enables Suzuki-Miyaura cross-coupling reactions, delivering excellent
results in as little as 10 minutes with exceptionally low palladium catalyst loadings, as low as 50
ppm. However, this work is limited to the synthesis of tetra-ortho-substituted biaryls. This
suggests that ligand design still requires improvement to achieve highly sterically hindered

Suzuki—-Miyaura cross-coupling reactions.

Chapter 3 details the unconventional chemoselectivity exhibited by a C2-alkylated indole-
based phosphine ligand, SelectPhos, in the Pd-catalysed borylation of polyhalogenated aryl
triflates. Traditionally, the general reactivity order of C-Br > C-OTf > C-Cl is observed. However,
this research demonstrates a new reactivity order of C-Cl > C-OTf, achieved through the
specifically designed structural features of the ligand. This finding is significant as it challenges
existing paradigms and highlights the potential to drastically alter reaction pathways through
ligand design. Due to the difficulty in purifying the target pinacol arylboronic ester via
chromatography, bulb-to-bulb distillation was employed to isolate the pure product. Unfortunately,
this method is unsuitable for thermally labile pinacol heteroaryl esters, resulting in a limited
substrate scope due to challenges in isolation. Notably, a one-pot, two-step sequence combining
chemoselective borylation with subsequent intermolecular Suzuki—-Miyaura coupling, facilitating
the efficient synthesis of asymmetric biaryls bearing triflate moieties. This approach opens new
avenues for the synthesis of complex terphenyl structures, which are crucial in various advanced

applications.

Building on the insights from Chapter 3, Chapter 4 focuses on the application of SelectPhos
in Suzuki—Miyaura cross-coupling reactions. In this chapter, the observed reactivity order is C-Br
> C-CI > C-0OTf, consistent with the previous finding but achieved with exceptional reactivity and
chemoselectivity. The successful coupling of various bromo(hetero)aryl triflates with
(hetero)arylboronic acids, along with the catalyst’s efficacy at a mere 0.02 mol% palladium
loading, underscores the robustness and efficiency of SelectPhos. Additionally, the
demonstration of sequential dual functionalisation of bromochloroaryl triflates further expands the
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synthetic utility and facilitate the construction of triphenyl derivatives by showcasing the versatility
of SelectPhos.

The findings in this thesis have profound implications for palladium catalysis. The novel
phosphine ligands developed exhibit exceptional performance, providing new avenues for
reaction optimisation and challenging traditional reactivity paradigms. The ability of these ligands
to function under mild conditions with minimal catalyst loadings paves the way for more
sustainable and cost-effective synthetic processes. The efficient synthesis of biaryls and
terphenyls demonstrated in Chapter 2 and Chapter 4 holds significant promise for pharmaceutical
and materials science applications. The mild reaction conditions and high selectivity can lead to
more straightforward, scalable production of complex molecules, potentially accelerating drug
discovery and the development of advanced materials. In pharmaceutical chemistry, these biaryls
serve as core structures in many bioactive compounds, making the presented synthetic methods
invaluable for the rapid and efficient protocol of drug candidates. In materials science, the ability
to construct intricate biaryl frameworks with precision opens new possibilities for designing novel

materials with unique electronic, optical, or mechanical properties.

The success of indole-based phosphine ligands in this thesis suggests that exploring other
heterocyclic frameworks could yield additional promising candidates, offering solutions to an even
broader array of synthetic challenges. The unconventional reactivity order observed in Chapter 3
and Chapter 4 highlights the importance of ligand design in influencing reaction pathways. These
findings suggest that a structurally fine-tuned ligand can achieve desired reactivity and selectivity,
offering a powerful tool for chemists. Understanding how specific ligand features impact
chemoselectivity and reactivity could unlock new possibilities for tailor-made catalysts for a wide

range of reactions, guiding the design of even more effective catalysts.

Future research could focus on expanding the ligand toolbox with diverse structures by
synthesising and evaluating ligands based on different heterocyclic backbones, optimising their
structures for specific applications, and enhancing the versatility of Pd-catalysed reactions.
Such efforts could lead to the discovery of new catalyst systems with unprecedented reactivity

and selectivity, further broadening the scope of palladium catalysis.
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Appendix

6.

NMR and HRMS Spectra of Chapter 2
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H NMR of 3-bromo-N,N-diisopropyl-1-methyl-1H-indole-2-carboxamide (P1’)
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HRMS of 3-bromo-N,N-diisopropyl-1-methyl-1H-indole-2-carboxamide (P1°)
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3P NMR of 3-(dicyclohexylphosphanyl)-N,N-diisopropyl-1-methyl-1H-indole-2-carboxamide (L1)
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H NMR of N,N,1-trimethyl-1H-indole-2-carboxamide (P2)
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H NMR of 3-bromo-N,N,1-trimethyl-1H-indole-2-carboxamide (P2’)
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HRMS of 3-bromo-N,N,1-trimethyl-1H-indole-2-carboxamide (P2’)
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H NMR of 3-(dicyclohexylphosphanyl)-N,N,1-trimethyl-1H-indole-2-carboxamide (L2)
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3P NMR of 3-(dicyclohexylphosphanyl)-N,N, 1-trimethyl-1H-indole-2-carboxamide (L2)
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162 MHz, CDCl,
T T T T T T T
150 100 50 0 -50 -100 -150 ppm

HRMS of 3-(dicyclohexylphosphanyl)-N,N,1-trimethyl-1H-indole-2-carboxamide (L2)

x10 ® +ES| Scan (05350302 min, 11 Scans) Frag=1730V Kin-Dept03032018-S3a.d
3.

PCy2
z: 333255 A O
24 N‘ NMEQ
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Courns vs. Mass-o-Chrge {miz)
Mass Calc. Mass mDa PPM Formula
399.2559 399.2560 0.08 0.19 C24H36N20OP
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H NMR of 3-(diisopropylphosphanyl)-N,N,1-trimethyl-1H-indole-2-carboxamide (L8)
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3P NMR of 3-(diisopropylphosphanyl)-N,N, 1-trimethyl-1H-indole-2-carboxamide (L8)

-
)
1
P(i-Pr),
O
A\
N‘ NMez
Me
162 MHz, CgDg
T T T T T T T
150 100 50 0 =50 =100 =150 ppm

HRMS of 3-(diisopropylphosphanyl)-N,N,1-trimethyl-1H-indole-2-carboxamide (L 8)

x10 5 + Scan (t: 0.141-0.208 win, 5 scans) K43.d Subbact
5.254
54 .
447;“- 319.1936 P(I—PI‘)02
425 A\
4
3.754 N NMe,

\

354 Me
3.254

34
2754
254
2.254
24
1.754
1.5
1.254
1 320.1%6
0.754
054
0.254
04

o 3 3197266 IR o

3a a5 3B a5 3le sths 3l 31’?5 “3ls sths 3lo 355 s D5 34 A5 32 3B5 3B A5 W
Counts vs. Mass-to-Chaxge (m'z)

Mass Calc. Mass mDa PPM Formula
319.1936 319.1934 -0.22 -0.70 C18H28N20OP
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H NMR of 3-(diphenylphosphanyl)-N,N,1-trimethyl-1H-indole-2-carboxamide (L9)
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3P NMR of 3-(diphenylphosphanyl)-N,N,1-trimethyl-1H-indole-2-carboxamide (L9)
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N NMez
\
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162 MHz, CDCl;
T T T T T T T
150 100 50 0 -50 =100 -150 ppm

HRMS of 3-(diphenylphosphanyl)-N,N, 1-trimethyl-1H-indole-2-carboxamide (L9)

x10 %+ Sean (t: 0.123-0.290 vrin, 11 scans) K44.d Subbiact
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45

4254 387.1624 PPh,

i 0]

3.754 A\

354
3.5 N NMe,

\
34 Me
275
254
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24
1.75-
154
1.5+ 3881655
1
0.7
05
0.25- 389,168
I ety oy

Counts vs. Mass-to-Chaxge (m'z)

Mass Calc. Mass mDa PPM Formula
387.1624 387.1621 -0.32 -0.84 C24H24N20OP
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'H NMR of (1-methyl-1H-indol-2-yl)(morpholino)methanone (P3)
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H NMR of (3-bromo-1-methyl-1H-indol-2-yl)(morpholino)methanone (P3’)
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HRMS of (3-bromo-1-methyl-1H-indol-2-yl)(morpholino)methanone (P3’)

x10 %+ Sean (t: 0.353-0.3%8 win, 3 scans) $6.d Subtact

249

26
a3 323.0889 — Br
22 { o
z- GO
13- N‘ N
16+ Me Q_
(0]
144
124
14
03-
06
04
324.0418 326.0400
02
| 327.0424
T slo 3155 33 32h5 331 3215 32 325 3B 3B5 3M 325 35 3285 3% 3265 327 3205 3B 3BS 329 3B5
Counts vs. Mass-to-Chaxge (miz)
Mass Calc. Mass mDa PPM Formula
323.0389 323.0390 0.07 0.21 C14H16 BrN2 O2
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'H NMR of (3-(dicyclohexylphosphanyl)-1-methyl-1H-indol-2-yl)(morpholino)methanone (L3)
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3P NMR of (3-(dicyclohexylphosphanyl)-1-methyl-1H-indol-2-yl)(morpholino)methanone (L3)

-16,.043
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e (9
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HRMS of (3-(dicyclohexylphosphanyl)-1-methyl-1H-indol-2-yl)(morpholino)methanone (L3)

x10 5 + Sean (t: 0.172-0.205 win, 3 scans) K14.d Subbact
4.254

; 7‘;' 441.2669 PCy,
e (0]
35 A\

3.25- N \
34 \
27%- Me —>
25 (0]
225
24
1.754
15
1.254
14
0.75-
05

0.25- 443,271
438.9150 439.9935 | 4442756

436 4365 437 475 438 43%5 do wbs 4o abs 41 M5 sz abs 4 abs 4k ahs o s 4
Counts vs. Mass-to-Chaxge (m'z)

4422699

Mass Calc. Mass mDa PPM Formula
441.2669 441.2665 -0.36 -0.81 C26 H38N202P
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'H NMR of (3-(diphenylphosphanyl)-1-methyl-1H-indol-2-yl)(morpholino)methanone (L10)
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3P NMR of (3-(diphenylphosphanyl)-1-methyl-1H-indol-2-yl)(morpholino)methanone (L10)

-29, 628

162 MHz, CDCl3

T
150 100 50 0 =50 -100 -150 ppm

HRMS of (3-(diphenylphosphanyl)-1-methyl-1H-indol-2-yl)(morpholino)methanone (L10)
%10 %+ Scan (t: 0.145-0.295 rrin, 10 scans) K47.d Subhiact
6.5+

6 429172
55

2 \

45
N‘ N

4 Me

35 o)
3]
254
2.
154

430.17%0

14

054 $51.17%8

424 4245 45 4B5 4% 4B5 4207 405 4B 4B5 429 4B5 40 4505 451 45815 432 4325 433 4355 434
Counts vs. Mass-to-Chaxge (m'z)

Mass Calc. Mass mDa PPM Formula

429.1728 | 429.1726 -0.16 -0.37 C26 H26 N2 02 P
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'H NMR of 1-methyl-N,N-diphenyl-1H-indole-2-carboxamide (P4)
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HRMS of 1-methyl-N,N-diphenyl-1H-indole-2-carboxamide (P4)

x10 5+ Scan (t: 0.331-0.623 vran, 14 scans) 4.4 Subbact
6
554

327.1495 0
5- I
45 N NPh,

\
4 Me
35
34
254
24
154
1 3ZBASE
05

IDISBT 3301585
I o

305 3B 3B5 324 385 35 3B5 3% 3B5 37 3205 3B 3-S5 39 355 390 305 3% 3315 3k 33ks
Counts vs. Mass-to-Chaxge (m'z)

Mass Calc. Mass mDa PPM Formula

327.1495 | 327.1492 -0.31 -0.95 C22H19N20O
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H NMR of 3-bromo-1-methyl-N,N-diphenyl-1H-indole-2-carboxamide (P4’)

SCO6E —

1£912
B0LL°L
LSLhL
0£8L'L
pL6LL
k6l L
0£02°L
£912°L!
89€2°L
282TL -
Ze8eT L]
Sroe"L
860€°L
£rEe'L
ZEVE'L
HEL
008b°L
0005°L

‘—%“W

EEH
8& .h/
1SLLL
oEBlL
VI6LL-!
8Y6L'L
0802 L —
g9IT'L-"
8982 L
LISTL m -
ZEST'L
EP0EL ] A
B60E"L
EPEEL
zZevE'L
weL
008y’ —
0005°L —

400 MHz, CDClj;

74 73 7.2 71  ppm

75

ppm

90 85 80 75 70 65 60 55 50 45 40 35 3.0 25 20 15 1.0

95

= 00E

FLEL

=T
—ZL

|

13C of NMR of 3-bromo-1-methyl-N,N-diphenyl-1H-indole-2-carboxamide (P4’)

0g*

89"

28 "L

FE "

oL
FO"
€97
g1°
80"
aL”
68°

602

9L’

9g°Z

Z0°

TE—

9T —

100 MHz, CDClj;

!|1H| |

Ppm

256

Appendix



HRMS of 3-bromo-1-methyl-N,N-diphenyl-1H-indole-2-carboxamide (P4’)
x10 5 + Scan (t: 0.221-0.403 win, 9 scans) C.d Subtact
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321 o
34
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Counts vs. Mass-to-Chaxge (m'z)

Mass Calc. Mass mDa PPM Formula

405.0602 | 405.0597 -0.50 -1.23 C22H18BrN20O
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H NMR of 3-(dicyclohexylphosphanyl)-1-methyI-N,N-diphenyl-1H-indo|e-2-carboxamide (L4)
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13C NMR of 3-(dicyclohexylphosphanyl)-1-methyl-N,N-diphenyl-1H-indole-2-carboxamide (L4)
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3P NMR of 3-(dicyclohexylphosphanyl)-1-methyl-N,N-diphenyl-1H-indole-2-carboxamide (L4)
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HRMS of 3-(dicyclohexylphosphanyl)-1-methyl-N,N-diphenyl-1H-indole-2-carboxamide (L4)

x105 +ESI Scan(1.107-1.280 min, 12 Scars) Frag=175.0v Kin-Dept-08082018-S11a.d
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Courts vs. Mass-to-Charge m2)
Mass Calc. Mass mDa PPM Formula
523.2875 523.2873 0.22 0.43 C34H40N2OP
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'H NMR of N,N-dicyclohexyl-1H-indole-2-carboxamide (P5)
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HRMS of N,N-dicyclohexyl-1H-indole-2-carboxamide (P5)

x10 3 + Scan (t: 0.180:0.214 vrin, 3 scans) K26.d Subtiact
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Counts vs. Mass-to-Chaxge (m'z)

Mass Calc. Mass mDa PPM Formula

325.2277 | 325.2274 -0.26 -0.80 C21H29N20O
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H NMR of N,N-dicyclohexyl-1-methyl-1H-indole-2-carboxamide (P5’)

849
89z1'L
06212
goPL'L
6E91'L
29914 |
9652"L~,
vZoe'L
86.2°L
RE'L
vL6TL
000E°L
62SE'L
0ELEL
1z29°L
BLY9'L

r_,_,_,-'—"

L——‘%#

400 MHz, CDClj

6.6 ppm

6.8

7.4 T.2 7.0

76

| f

13C NMR of N,N-dicyclohexyl-1-methyl-1H-indole-2-carboxamide (P5’)

7.0
L
3

e

-
rﬂ
-

a1
FE

b4

)

£0°

TEE
R =

(11

0e—"

PST —

100 MHz, CDCl3

ool

60

262

Appendix



HRMS of N,N-dicyclohexyl-1-methyl-1H-indole-2-carboxamide (P5’)

x10 5 + Scan (t: 0.384-0.452 win, 4 scans) D.d Subtact
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H NMR of 3-bromo-N,N-dicyclohexyl-1-methyl-1H-indole-2-carboxamide (P5”)
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HRMS of 3-bromo-N,N-dicyclohexyl-1-methyl-1H-indole-2-carboxamide (P5’)

x10 7 + Scan (t: 0.161-0.211 vran, 4 scans) K88.d Subtiact
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Counts vs. Mass-to-Chaxge (m'z)

Mass Calc. Mass mDa PPM Formula

417.1540 417.1536 -0.40 -0.95 C22H30BrN20O
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H NMR of N,N-dicyclohexyl-3-(dicyclohexylphosphanyl)-1-methyl-1H-indole-2-carboxamide
(L5)
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3P NMR of N,N-dicyclohexyl-3-(dicyclohexylphosphanyl)-1-methyl-1H-indole-2-carboxamide
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HRMS of N,N-dicyclohexyl-3-(dicyclohexylphosphanyl)-1-methyl-1H-indole-2-carboxamide (L5)

x10 5 + Scan (t: 0.0960.196 win, 7 scans) K56.d Subtact
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Mass Calc. Mass mDa PPM Formula
535.3817 535.3812 -0.52 -0.98 C34H52N20P
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'H NMR of N,N-diisopropyl-1H-indole-2-carboxamide (P6)
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'H NMR of N,N-diisopropyl-1-isopropyl-1H-indole-2-carboxamide (P6’)
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HRMS of N,N-diisopropyl-1-isopropyl-1H-indole-2-carboxamide (P6’)

x10 7 + Scan (t: 0.557-0.87 vran, 15 scans) 31.d Subtact
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Counts vs. Mass-to-Chaxge (m'z)
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Mass

Calc. Mass

mDa

PPM

Formula

287.2121

287.2118

-0.31

-1.08

C18H27N20O
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H NMR of 3-bromo-N,N, 1-triisopropyl-1H-indole-2-carboxamide (P6”")

20511
68511

09t

TELLL

£ggg’ L,,
BEPE'L-)
rISE'L

8656 L
58z9'L
08e9'L
Bbt9 L
£059°'L
L659° 1
8999°L
BrLg L
SregL
81L69'L
¥ZOL L
L6BS €~
¥L65°E
8509°C
t- A1
1ZTIE
ZWEG'E
L0V6'E
98r6' S
LIS6E
BY96°E
TS5
6595t
ShIS't
ZE8S'Y
zoLTL
2T L
BYEZ L-.
0ZreT L
1252 L]
SEST'L
L 4: T
WBLT L
088Z'L
PIES'L
ZrsL
9955
6795 L
0065 L
BY65 L
1609 L
trIoL

N(i-Pr),

Br
A\
N

\

«E«T,,
ZTT L,

BYETL )W
022 L-
Emﬁ.\w

mmmﬂ..“m
¥29Z'L
1622°L
088TL \

896Z°L

gL
@yely
9955/ -
6295, —=
0065'L—
6L
1609~/ 4
erIe'L

i-Pr
400 MHz, CDCly

75 T4 7.3 7.2 ppm

76

60 55 50 45 40 35 30 25 20 15 1.0

80 75 7.0 65

8.5

9.0

9.5

— Doz
=00k
=00k

13C NMR of 3-bromo-N,N, 1-triisopropyl-1H-indole-2-carboxamide (P6”’")

0702

LA
[
£L”
Fae”
ng”

ge”

¥E”

T1E
_#

R

b

2708 —_

s e

TR
L
R p—

ZIT—_
61T,

07T
zZT—
LTT—

CEET—

EET

29T —

Br

N(i-Pr),

N
\

i-Pr
100 MHz, CDClj

L

271



HRMS of 3-bromo-N,N,1-triisopropyl-1H-indole-2-carboxamide (P6’’)

x10 5 + Scan (t: 0.558-0.855 win, 14 scans) 32.d Subtact
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Mass

Calc. Mass

mDa

PPM

Formula

365.1225

365.1223

-0.20
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C18H26 BrN2 O
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H NMR of 3-(dicyclohexylphosphanyl)-N,N,1-triisopropyl-1H-indole-2-carboxamide (L6)
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3P NMR of 3-(dicyclohexylphosphanyl)-N,N, 1-triisopropyl-1H-indole-2-carboxamide (L6)
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HRMS of 3-(dicyclohexylphosphanyl)-N,N, 1-triisopropyl-1H-indole-2-carboxamide (L6)

x103 +ESIScan(1.311-1.461 min, 10 Scans) Frag=175.0V Kin-Dept-09082018-5%d
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Counts vs. Mass-to-Charge (m'z)

Mass Calc. Mass mDa PPM Formula
483.3502 483.3499 0.35 0.67 C30H48N2OP
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'H NMR of N,N-dicyclohexyl-1-isopropyl-1H-indole-2-carboxamide (P7)
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HRMS of N,N-dicyclohexyl-1-isopropyl-1H-indole-2-carboxamide (P7)
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Formula
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H NMR of 3-bromo-N,N-dicyclohexyl-1-isopropyl-1H-indole-2-carboxamide (P7’)
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HRMS of 3-bromo-N,N-dicyclohexyl-1-isopropyl-1H-indole-2-carboxamide (P7’)

x10 3+ Scan (t: 0.190:0.207 win, 2 scans) K91.d Subtiact
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Counts vs. Mass-to-Chaxge (m'z)
Mass Calc. Mass mDa PPM Formula
445.1848 445.1849 0.10 0.23 C24H34BrN20O
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H NMR of N,N-dicyclohexyl-3-(dicyclohexylphosphanyl)-1-isopropyl-1H-indole-2-carboxamide
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3P NMR of N,N-dicyclohexyl-3-(dicyclohexylphosphanyl)-1-isopropyl-1H-indole-2-carboxamide
(L7)
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HRMS of N,N-dicyclohexyl-3-(dicyclohexylphosphanyl)-1-isopropyl-1H-indole-2-carboxamide
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x10 5 + Scan (t: 0.1460.313 win, 11 scans) K39.d Subtiact
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Counts vs. Mass-to-Chaxge (m'z)

Mass Calc. Mass mDa PPM Formula
563.4129 563.4125 -0.41 -0.75 C36 H56 N2OP
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H NMR of 2,2’,6-trimethyl-1,1’-biphenyl (Table 2.3, 2.4, and 2.5, compound 3a)
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H NMR of 2’-methoxy-2,6-dimethyl-1,1’-biphenyl (Table 2.3 and 2.4, compound 3b)
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'H NMR of 2,2’,4,6-tetramethyl-1,1’-biphenyl (Table 2.3 and 2.4, compound 3c)
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H NMR of 2’-fluoro-2,6-dimethyl-1,1’-biphenyl (Table 2.3, compound 3d)
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1F NMR of 2'-fluoro-2,6-dimethyl-1,1’-biphenyl (Table 2.3, compound 3d)
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'H NMR of 2,4-difluoro-2’,6’-dimethyl-1,1’-biphenyl (Table 2.3, compound 3e)
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1%F NMR of 2,4-difluoro-2’,6’-dimethyl-1,1’-biphenyl (Table 2.3, compound 3e)
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H NMR of 2’-methoxy-2,4,6-trimethyl-1,1’-biphenyl (Table 2.3, compound 3f)
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H NMR of 2’,6’-dimethyl-[1,1’-biphenyl]-2-amine (Table 2.3, compound 3g)

20B0°Z —

ELBEE—

26819
1608'9
ree9
85ra'e
zz9g'9
1T56'9
BSEE'9
£156'9
Y569
oo 'L
1251 L
5912
0/81°L
S00Z°L
8902°L
82T L
8652 L

‘—%W

Me

»

868L9-.
1608'9-."
vSZE9-—
Qere'9——
zzaga—"
1ZE6'9-,

B5E6'9—=
£166'9—7F
569"

9opL'L-,
bEgh Ly
Si91L-k
081 L—_
S00%' L=
880Z° L
BZT L

C

Me
HoN
400 MHz, CDCl;

.

68 ppm

741 7.0 6.9

7.2

T
5.0

T
5.5

1 .

13C NMR of 2°,6’-dimethyl-[1,1’-biphenyl]-2-amine (Table 2.3, compound 3g)

!
o
=]
ol

T
8.5

at-”

0E —

Gl A,

e

Z .mﬁ_”..f_

T
T
.EHM,,r
LET %
CRET
GZT

CLET
LETS -
YERT

»

100 MHz, CDClj3

C
Ven

289



H NMR of 4-(2,6-dimethylphenyl)quinoline (Table 2.3, compound 3h)
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HRMS of 4-(2,6-dimethylphenyl)quinoline (Table 2.3, compound 3h)

x10 % + Scan (t: 0.1120.129 rin, 2 scans) W7.d Subtiact
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H NMR of ethyl 6-ethoxy-2’,6’-dimethyl-[1,1’-biphenyl]-3-carboxylate (Table 2.3, compound 3i)
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HRMS of ethyl 6-ethoxy-2’,6’-dimethyl-[1,1’-biphenyl]-3-carboxylate (Table 2.3, compound 3i)

x10 5 + Scan (t: 0.141-0.175 win, 3 scans) W8.d Subtact
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Mass Calc. Mass mDa PPM Formula
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'H NMR of 5-methoxy-2,2’,6’-trimethyl-1,1-biphenyl (Table 2.3, compound 3j)
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13C NMR of 5-methoxy-2,2’,6’-trimethyl-1,1’-biphenyl (Table 2.3, compound 3j)
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HRMS of 5-Methoxy-2,2’,6’-trimethyl-1,1’-biphenyl (Table 2.3, compound 3j)
x10 5 + Scan (t: 0.122:0.162 win, 3 scans) kan-deptcmeo0NM2020 $2.d Subtiact
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'H NMR of 2-methoxy-2’,6’-dimethyl-[1,1’-biphenyl]-4-carbaldehyde (Table 2.3, compound 3k)
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HRMS of 2-methoxy-2’,6’-dimethyl-[1,1’-biphenyl]-4-carbaldehyde (Table 2.3, compound 3k)

x10 %+ Sean (ct: 0.383-0.516 win, 9 scans) W10.d Subtsact
284
264
244

Me
22
2- ®
184 O
] Me H
L8 MeO

241.1224

14+

124 0]

14

08

06

044 761140 2421259

o mim

> mz%lsk Y z’n 515 -zés:J Y zéc,: 253 2&0 s 2&1 s 2 "'2425 2&3 155 2&42445 2&5.“245.5 2&6

Counts vs. Mass-toChaxge (nvz)

Mass Calc. Mass mDa PPM Formula

241.1224 241.1223 -0.09 -0.39 C16 H17 02

297 6



'H NMR of 4-methoxy-2,2’,6-trimethyl-1,1’-biphenyl (Table 2.3, compound 3l)
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'H NMR of 2-fluoro-2’,6’-dimethyl-4-(trifluoromethyl)-1,1’-biphenyl (Table 2.4, compound 3m)
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1F NMR of 2-fluoro-2’,6’-dimethyl-4-(trifluoromethyl)-1,1-biphenyl (Table 2.4, compound 3m)
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kin test 11012022-ss272 584 (12.640) Cm (584:585) TOF MS El+
100 268.0879 2.51e5
Me
; MI ®
= °F CF,
269.0767
5 263.9879 265.0626 266.0730 267-0807 | 2700774 2708574 574 7078 iz
I I I I | T T
263 264 265 266 267 268 269 270 271 272 273
Mass Calc. Mass mDa PPM Formula

268.0879 268.0870 -0.94 -3.49 C15H12F4

Appendix 300



'H NMR of 2,2’,5,6'-tetramethyl-1,1-biphenyl (Table 2.4, compound 3n)
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H NMR of 2,6-dimethyl-1,1:2’,1”-terphenyl (Table 2.4, compound 30)
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H NMR of 2,6-difluoro-2’-methyl-1,1’-biphenyl (Table 2.4 and 2.5, compound 3p)
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1F NMR of 2,6-difluoro-2’-methyl-1,1’-biphenyl (Table 2.4 and 2.5, compound 3p)
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H NMR of 1-(2,6-dimethylphenyl)naphthalene (Table 2.4, compound 3q)
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H NMR of 3-methyl-4-(o-tolyl)quinoline (Table 2.4, compound 3r)
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H NMR of 6-methoxy-2’-methyl-[1,1’-biphenyl]-2-carbonitrile (Table 2.4, compound 3s)
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H NMR of 2,4,6-triethyl-2’-methyl-1,1’-biphenyl (Table 2.4, compound 3t)
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'H NMR of 4’-methoxy-2,2’,4,5,6’-pentamethyl-1,1’-biphenyl (Table 2.4, compound 3u)
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HRMS of 4’-methoxy-2,2’,4,5,6’-pentamethyl-1,1’-biphenyl (Table 2.4, compound 3u)

x10 %+ Sean (t: 0.331-0.3%8 win, 5 scans) W.d Subtiact
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Counts vs. Mass-to-Chauge (mz)
Mass Calc. Mass mDa PPM Formula
255.1744 255.1743 -0.06 -0.23 C18H230
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'H NMR of 4,4’-dimethoxy-2,2’,6-trimethyl-1,1’-biphenyl (Table 2.4, compound 3v)
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HRMS of 4,4’-dimethoxy-2,2’,6-trimethyl-1,1’-bipheny! (Table 2.4, compound 3v)

x10 % + Scan (xt: 0.1460.162 rin, 2 scans) W5.d Subtiact
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'H NMR of 2,2’,6-trimethyl-[1,1’-biphenyl]-4-yl dimethylsulfamate (Table 2.4, compound 3w)
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HRMS of 2,2’,6-trimethyl-[1,1’-biphenyl]-4-yl dimethylsulfamate (Table 2.4, compound 3w)

x10 % + Scan (t: 0.226 win) W6.d Subbiact
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320.1315 320.1315 -0.01 -0.03 C17H22N O3S
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H NMR of 4-(2,6-dimethylphenyl)dibenzo[b,d]furan (Table 2.4, compound 3x)
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HRMS of 4-(2,6-dimethylphenyl)dibenzo[b,d]furan (Table 2.4, compound 3x)

x10 %+ Sean (ct: 0.143 win) kin-deptcrmeoTHA020 $1.d Subtract
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H NMR of 4-(2,6-dimethylphenyl)dibenzol[b,d]thiophene (Table 2.4, compound 3y)
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HRMS of 4-(2,6-dimethylphenyl)dibenzo[b,d]thiophene (Table 2.4, compound 3y)

x10 % + Scan (t: 0.168-0.201 rin, 3 scans) W2.d Subtiact
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x10 5 + Scan (t: 0.132-0.165 win, 3 scans) W3.d Subtact
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H NMR of 1-(4-methoxy-2,6-dimethylphenyl)pyrene (Table 2.4, compound 3aa)
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H NMR of 9-(o-tolyl)anthracene (Table 2.4 and 2.5, compound 3ab)
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H NMR of 9-(4-methoxy-2-methylphenyl)anthracene (Table 2.4, compound 3ac)
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H NMR of 9-(naphthalen-1-yl)anthracene (Table 2.4, compound 3ad)
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H NMR of 10-(o-tolyl)anthracene-9-carbaldehyde (Table 2.4 and 2.5, compound 3ae)
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H NMR of 9-(4-methoxy-2,6-dimethylphenyl)phenanthrene (Table 2.4, compound 3af)
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NMR and HRMS Spectra of Chapter 3

'H NMR of 3-chloro-5-methylphenyl trifluoromethanesulfonate
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13C NMR of 3-chloro-5-methylphenyl trifluoromethanesulfonate
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1%F NMR of 3-chloro-5-methylphenyl trifluoromethanesulfonate

-72.92

Cl

Me” i OTf

376 MHz, CDCl;

HRMS of 3-chloro-5-methylphenyl trifluoromethanesulfonate

CMS030122020 S2 506 (10.599) TOF MS El+
100- 273.9680 1.66e4

Cl

Me f OTf

275.9657

%
1 I 1

274.9726
277.9757
270.6746 271.9568 272.9608 ‘ 276.19656

0 T T T | | T I T T 1 m/z
269 2/0 2/1 272 213 2714 275 26 2i7 2(8 279

Mass Calc. Mass mDa PPM Formula
273.9680 273.9673 -0.72 -2.63 C8H6CLF303S
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H NMR of 2-benzyl-4-chlorophenyl trifluoromethanesulfonate
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1F NMR of 2-benzyl-4-chlorophenyl trifluoromethanesulfonate

-7%,.59

Cl

Ph OTf
376 MHz, CDClj;

0 -20 -40 -60 -80 -100 -1|20 -1 :llﬂ -1 IGJJ -1 IBill ppm
HRMS of 2-benzyl-4-chlorophenyl trifluoromethanesulfonate
CMS030122020 S3 1055 (17.920) Cm (1055:1069) TOF MS El+
350.0000 5.60e4
100+
Cl
-
351.9968 Ph OTf
351.0011
: 352.9982
. 345.9526 346.9564 347.9443 349.0266 | 353.9885 -
T T T [ | I | [ |
345 346 347 348 349 350 351 352 353 354 355
Mass Calc.Mass | mDa PPM Formula
350.0000 349.9986 -1.42 -4.06 C14H10CLF3 03S
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H NMR of 2-acetyl-5-chlorophenyl trifluoromethanesulfonate
o - BT e T T -
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95 90 85 80 75 70 65 60 55 50 45 35 30 25 20 15 1.0 ppm
ELE 8
13C NMR of 2-acetyl-5-chlorophenyl trifluoromethanesulfonate
NN N |
Cl
oTf
0~ Me
100 MHz, CDCl4
SRS GIRAP U S ——"
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19F NMR of 2-acetyl-5-chloropheny! trifluoromethanesulfonate

-73,22

Cl

OTf

(@) Me
376 MHz, CDCl4

HRMS of 2-acetyl-5-chlorophenyl trifluoromethanesulfonate

CMS030122020 S1 684 (12.973) Cm (683:696) TOF MS El+
301.9625 1.81e6
100+
Cl
OTf
°\°_
(0] Me
303.9645
: 302.9749
012975404 299.0913300.0906 301.1240 | | | 304-;‘]’758305-!19636 iz
297 298 299 300 301 302 303 304 305 306 307
Mass Calc. Mass mDa PPM Formula
301.9625 301.9622 -0.31 -1.02 C9H6CLF3045S
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'H NMR of 4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl trifluoromethanesulfonate
(Table 3.3 and Scheme 3.4, compound 9a)
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1 1 R
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48

13C NMR of 4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl trifluoromethanesulfonate
(Table 3.3 and Scheme 3.4, compound 9a)
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19F NMR of 4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl trifluoromethanesulfonate

(Table 3.3 and Scheme 3.4, compound 9a)
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=72

Me

,O Me
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') Me

Me
376 MHz, CDCl,
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H NMR of 3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl trifluoromethanesulfonate
(Table 3.3, compound 9b)
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L el | L |
T T T T T T T T T T T T T T T T T T T T 1
95 9.0 85 B8O 75 70O 65 60 5.5 50 45 4.0 35 30 25 20 15 1.0 ppm

i :

13C NMR of 3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl trifluoromethanesulfonate
(Table 3.3, compound 9b)
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19F NMR of 3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl trifluoromethanesulfonate

(Table 3.3, compound 9b)

-73.04
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\O Me
TfO Me
376 MHz, CDCl3
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H NMR of 3-methoxy-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl
trifluoromethanesulfonate (Table 3.3, compound 9c¢)

=0 v 0o w0 o
HIHH: 3 3
L N N . I -
Syl e | |
Be=8E5 5
ASKEE 288
[ oo
TfO
NS S Me
/O Me
B
\O Me
MeO Me
400 MHz, CDClj3
| T T T T T 1
7.3 7.2 T4 7.0 6.9 ppm
J.J A l I J|_l ]
T T T T T T T T T T T T T T T T T T T T
95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 ppm

i A A ;

13C NMR of 3-methoxy-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl

trifluoromethanesulfonate (Table 3.3, compound 9c¢)
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1F NMR of 3-methoxy-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl
trifluoromethanesulfonate (Table 3.3, compound 9c¢)

=73.03

TfO Me
/O Me
B\
'e) Me
MeO Me

376 MHz, CDClj3

T T T
-100 -120 -140

0 =20 -40 -60 -80 -160 -180 ppm
HRMS of3-methoxy-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl
trifluoromethanesulfonate (Table 3.3, compound 9c¢)

KIN-DEPT-08122020 cmso S1 978 (16.893) Cm (978:983) TOF MS El+
100- 382.0880 1.96e4
TfO Me
B/O Me
\O Me
o MeO Me
381.0911
383.0923
384.0885
o4 377.5590 378.4765 380.0883 ‘ |  385.0787 385 9962 386.9748
377 378 379 380 381 382 383 384 385 386 387
Mass Calc. Mass | mDa PPM Formula
382.0880 382.0866 -1.36 -3.55 C14H18BF306S
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H NMR of 3-fluoro-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl
trifluoromethanesulfonate (Table 3.3, compound 9d)
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1
B9 -
13C NMR of 3-fluoro-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl
trifluoromethanesulfonate (Table 3.3, compound 9d)
VoY SN | S
TfO Me
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= Me
100 MHz, CDCls
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1F NMR of 3-fluoro-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl
trifluoromethanesulfonate (Table 3.3, compound 9d)

-T72.80
— =108, 27

TfO Me
,O [Me
5 ]
0\ "Me
F Me

376 MHz, CDCl3

HRMS of 3-fluoro-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl
trifluoromethanesulfonate (Table 3.3, compound 9d)

KIN-DEPT-08122020 cmso S2 765 (14.053) Cm (765:771) TOF MS El+
-y 370.0682 2 65e3

TfO, Me

/O Me
B\
0O Me
Me

F

%

369.0710
371.0640

366.9812 354 9325 372.0423  373.0083

N ! ’ ;
0 I | T I I T T T T 1 m/z
365 366 367 368 369 370 371 372 373 374 375

Mass Calc. Mass mDa PPM Formula
370.0682 370.0666 -1.56 -4.22 C13H15BF405S
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H NMR of 2-methyl-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl

trifluoromethanesulfonate (Table 3.3, compound 9e)
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13C NMR of 2-methyl-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl
trifluoromethanesulfonate (Table 3.3, compound 9e)
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1F NMR of 2-methyl-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl
trifluoromethanesulfonate (Table 3.3, compound 9e)

=-73.83

Me

,O Me
TfO B
\O Me
Me

Me
376 MHz, CDCl3

T T T T T T T T
-40 -60 -80 -100 -120 -140 -160 -180 ppm

HRMS of 2-methyl-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl

trifluoromethanesulfonate (Table 3.3, compound 9e)

KIN-DEPT-08122020 cmso S3 931 (16.267) Cm (931:950)
100- 366.0930

Me

P Me
TfO B
\O Me
Me

Me

365.0047

367.0934

363.9927
368.0891

369.0656 370.0673
|

301.3378 362 7546

364.5576
T T
363

0 )
364 365

361

362 366 367 368 369 370 371

TOF MS El+
6.60e3

» 1 m/z

Mass

Calc. Mass

mDa

PPM

Formula

366.0930

366.0917

-1.27

-3.48

C14H18BF305S
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H NMR of 2-fluoro-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl
trifluoromethanesulfonate (Table 3.3, compound 9f)
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T T T T T T T T T T T T T T T T T T T T
95 90 85 80 75 70 65 60 55 50 45 40 35 3.0 25 20 15 1.0 ppm

13C NMR of 2-fluoro-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl
trifluoromethanesulfonate (Table 3.3, compound 9f)
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1F NMR of 2-fluoro-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl
trifluoromethanesulfonate (Table 3.3, compound 9f)

-73,25
~713.27

-129.03
-129.04
-129.08

128,07

<

Me

/O Me
TfO B
\O Me
Me

F
376 MHz, CDCl;

T T T T T T
0 -20 -40 -60 -80 -100 -120 -140 -160 -180 -200 ppm

HRMS of 2-fluoro-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl

trifluoromethanesulfonate (Table 3.3, compound 9f)

KIN-DEPT-08122020 cmso S4 835 (14.987) Cm (809:837) TOF MS El+
100- 370.0679 0.20e3
Me
/O Me
TfO B
\O Me
# 369.0619 F Me
371.0489
366.0931
372.0497
| ‘ 367.0588 368'10492 369.5631 373.0216 373 9689 374.9866
0 T T T T T T T 1 T | m/z
365 366 367 368 369 370 371 372 373 374 375
Mass Calc. Mass mDa PPM Formula
370.0679 370.0666 -1.26 -3.41 C13H15BF405S
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'H NMR of 5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pyridin-3-yl trifluoromethanesulfonate
(Table 3.3, compound 99)

FEER LR B
qoaeeaaaq «
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98 58 g823
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9.IIJ EI.B BI.E 8:4 BI.Z BI.D |'.l|:|mI
| 1 1 L
I 9:5 9.IIJ B.IS B.IO TI.S TI.D EI.S BI.D 5.|5 5.IIJ 4:5 4.IIJ 3.|5 3:0 2I.5 2I.D 1|.5 1I.IJ I |:||'.lrnI

b :

13C NMR of 5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pyridin-3-yl trifluoromethanesulfonate
(Table 3.3, compound 99)

r= oo o = W
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— — — — o I~ ol
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F NMR of 5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pyridin-3-y! trifluoromethanesulfonate
(Table 3.3, compound 99)

-T2.a7

TO Ve
-t
N~/ o-e

Me
376 MHz, CDCl,

T T T T
0 -20 -40 -60 -80 -100 -120 -140 -160 -180 ppm

HRMS of 5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pyridin-3-yl trifluoromethanesulfonate
(Table 3.3, compound 99)

kin test 10022022-98B-2 809 (15.640) Cm (809:811) TOF MS El+
100 353.0700 9.13e3
TfO Me
X }\l / \O rMe
Me
352.0696
354.0722
351.0869 i
0 i I I I | m/z
34 349 350 351 352 353 354 355 356 357 358
Mass Calc. Mass mDa PPM Formula
353.0700 353.0713 -1.29 -3.65 C12H15BF305S
346
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H NMR of 5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)quinolin-8-yI
trifluoromethanesulfonate (Table 3.3, compound 9h)

R 2
TIIRTIT PRI :
I SN |
253888 58 [85BE2E
2883888 8% SERREAR =
?\G{nnjﬁﬂ o o REREEER N\ / Me
= VoSN o
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94 902 90 B8 86 84 82 B0 7B 76 74 ppm
[} I} h . JL_
I T T T T T T T T T T T T T T T T T T 1
95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 ppm
N :
1B3C NMR of 5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)quinolin-8-yl
trifluoromethanesulfonate (Table 3.3, compound 9h)
PEANS NV | N
NN/ Me
,O Me
TfO B
\O Me
Me
100 MHz, CDCl;
L J .
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1F NMR of 5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)quinolin-8-yl
trifluoromethanesulfonate (Table 3.3, compound 9h)

NN 7 Me

,O:C:Me
TfO B
}3 Me

=8 Me
466 MHz, CDCl;

T T LI AR R RS S WAk b WA Nl NS I il I Il R S A WA LAY AR WS SRS it s A Rkl I Bl Rk Wl NS Ml LA |
1000 800 600 400 200 L] -200 400 -600 -B0.0 -100.0 -1200 -140.0 -1600 -180.0 -2000 -220.0 -240.0 -260.0 -280.0

73T

X : parts per Million : Fluorine19

HRMS of 5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)quinolin-8-yl trifluoromethanesulfonate
(Table 3.3, compound 9h)

Kin test 10022022-212 1265 (21.721) Cm (1261:1265) TOF MS El+
403.0868 1.78e6
100-
Ny 7 Me
| TfO B’O Me
}; }3 Me
Me
4020650 404.0922
J 405.0893
o. 3987591 Seama 9017681 ® 406.0940 407 0994
|

‘ R S | m/z
398 399 400 401 402 403 404 405 406 407 408

Mass Calc. Mass mDa PPM Formula
403.0868 403.0870 -0.21 -0.52 C16 H17BF305S
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H NMR of 2-methyl-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl

trifluoromethanesulfonate (Table 3.3, compound 9i)
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s

13C NMR of 2-methyl-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl
trifluoromethanesulfonate (Table 3.3, compound 9i)
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1F NMR of 2-methyl-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl
trifluoromethanesulfonate (Table 3.3, compound 9i)

~-73,98

Me

/O Me
MeQB\ |
0 Me
TiO Me
376 MHz, CDCls

0 =20 -40 -60 -80 =100 -120 -140 -160 -180 ppm

HRMS of 2-methyl-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl
trifluoromethanesulfonate (Table 3.3, compound 9i)

KIN-DEPT-08122020 cmso S6 865 (15.387) Cm (865:878) TOF MS El+
100- 366.0925 4.12e4
Me
,O (—-Me
Me B ]
‘o \"Me
‘ TiO Me
=
365.0945
367.0949
368.0788
ol 361.7713362.6393 364.0535 ‘ | 369.0717 370.0642 ;70.5;3/2
361 362 363 364 365 366 367 368 3690 370 371
Mass Calc. Mass mDa PPM Formula
366.0925 366.0917 -0.77 -2.11 C14H18BF305S
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H NMR of 3-methyl-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl
trifluoromethanesulfonate (Table 3.3, compound 9j)
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13C NMR of 3-methyl-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl

trifluoromethanesulfonate (Table 3.3, compound 9j)
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1F NMR of 3-methyl-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl
trifluoromethanesulfonate (Table 3.3, compound 9j)

-73.15

TfO, Me

/O Me
B
\O Me
M Me
376 MHz, CDCl3

T T T T T T
0 =20 -40 -60 -80 =100 -120 -140 -160 -180 ppm

HRMS of 3-methyl-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl
trifluoromethanesulfonate (Table 3.3, compound 9j)

KIN-DEPT-08122020 cmso S7 866 (15.400) Cm (855:868) TOF MS El+
-~ 366.0904 5.12e5
TfO Mo
,O Me
B\
e} Me
Mé Me
BQ_.
365.0963 167 0920
368.0889
013614497 3626290 3640724 | 369.0861369.9825 370.9525
361 362 363 364 365 366 367 368 369 370 371
Mass Calc. Mass mDa PPM Formula
366.0904 366.0917 1.3 3.63 C14H18BF305S
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H NMR of 2-benzyl-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl
trifluoromethanesulfonate (Table 3.3, compound 9k)
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13C NMR of 2-benzyl-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl
trifluoromethanesulfonate (Table 3.3, compound 9k)
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1F NMR of 2-benzyl-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl
trifluoromethanesulfonate (Table 3.3, compound 9k)

-73.75

Me

/O Me
TfO B
\O Me
Ph Me
376 MHz, CDCl3
T T T T T T T T T T
0 20 40 -80 -80 -100 120 -140 -160 4480  ppm

HRMS of 2-benzyl-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl
trifluoromethanesulfonate (Table 3.3, compound 9k)

KIN-DEPT-08122020 cmso S9 1285 (20.987) Cm (1285:1298) TOF MS El+
100- 442 1253 6.58e3
Me
,O Me
TfO B
\O Me
Ph Me
o\?'
4411203 443.1310
| 444 1214
437.8491 439.0893 440-11705 I 445,|0638 446.0868
0 T T T T T T T T T y M/z
437 438 439 440 441 442 443 444 445 446 447
Mass Calc. Mass mDa PPM Formula
442 .1253 442 .1231 -2.17 -4.90 C20H22BF305S
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H NMR of 2-methoxy-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl

_~—T7.4518

trifluoromethanesulfonate (Table 3.3 and Scheme 3.4, compound 9l)
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13C NMR of 2-methoxy-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl
trifluoromethanesulfonate (Table 3.3 and Scheme 3.4, compound 9l)
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1F NMR of 2-methoxy-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl
trifluoromethanesulfonate (Table 3.3 and Scheme 3.4, compound 9l)

95

-13.

Me
/O Me

TfO B
\o Me

MeO Me
376 MHz, CDCl;

-40 -60 -80 -100 -120 -140 -160 -180 ppm

HRMS of 2-methoxy-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl
trifluoromethanesulfonate (Table 3.3 and Scheme 3.4, compound 9l)

KIN-DEPT-08122020 cmso S10 980 (16.920) Cm (967:1005) TOF MS El+
100- 382.0859 2 91e5
Me
,O Me
| TfO B
\o Me
= MeO Me
381.0941 383.0901
384.0774
ol ZT™ 3791105 380 1057 | 385.0377 3860169 386 9850
T T T T T T T T T \ M/Z
377 378 379 380 381 382 383 384 385 386 387
Mass Calc. Mass mDa PPM Formula
382.0859 382.0866 0.74 1.94 C14H18BF306S
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!H NMR of 2-cyano-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl

trifluoromethanesulfonate (Table 3.3, compound 9m)

13C NMR of 2-cyano-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl

88

trifluoromethanesulfonate (Table 3.3, compound 9m)
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1F NMR of 2-cyano-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl
trifluoromethanesulfonate (Table 3.3, compound 9m)

-72.67

Me

,O Me
TfO B
\O Me
Me

NC

376 MHz, CDCl;

T
-60

T T
-100 -120

T T T
-140 -160 -180

0 -iI'I:I =40 -80 ppm
HRMS of 2-cyano-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl
trifluoromethanesulfonate (Table 3.3, compound 9m)
KIN-DEPT-16122020 cmso s8 1114 (18.707) Cm (1114:1127) TOF MS El+
377.0727 2.04e3
100+
Me
,O Me
TfO B,
o) Me
: NC Me
=] 376.0596
378.0687
379.0684
375.0870 380.1258
373.0227 373 9824 | 381.1180
| , 379 6200 | |
0 T T T T T T T T T y M/z
372 373 374 375 376 377 378 379 380 381 382
Mass Calc.Mass | mDa PPM Formula
377.0727 377.0713 -1.37 -3.64 C14H15BF3NO5S
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H NMR of 2-formyl-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl
trifluoromethanesulfonate (Table 3.3, compound 9n)
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1BC NMR of 2-formyl-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl
trifluoromethanesulfonate (Table 3.3, compound 9n)
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1F NMR of 2-formyl-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl
trifluoromethanesulfonate (Table 3.3, compound 9n)

-T2, 98

Me
H /O Me
B
(0] \O Me
Me

TfO
376 MHz, CDCly

T T
-100 -120

T T
-140 -160 -180 ppm

HRMS of 2-formyl-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl

trifluoromethanesulfonate (Table 3.3, compound 9n)

KIN-DEPT-08122020 cmso S11 967 (16.747) Cm (967:979)
100+ 380.0697

%

379.0755
381.0696

375.9739 378.0571

377.0146
| .

TOF MS El+
2.79e3

Me

H B’O Me
o) \O Me
TiO Me

382.0800

383'|0659 384.0519384.9641

ol. |

375 376 377 378 379 380 381

: L m/z

382 383 384 385

Mass Calc. Mass mDa PPM

Formula

380.0697 | 380.0710 1.29 3.40

C14H16BF306S
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H NMR of 2-acetyl-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl
trifluoromethanesulfonate (Table 3.3, compound 90)
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13C NMR of 2-acetyl-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl

trifluoromethanesulfonate (Table 3.3, compound 90)
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1%F NMR of 2-acetyl-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl
trifluoromethanesulfonate (Table 3.3, compound 90)

~-73,33

Me
Me je Me
B
0 \O Me
TfO Me

376 MHz, CDClj

T T T T T
0 =20 -40 =100 -120 -140 -160 -180 ppm

HRMS of 2-acetyl-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl
trifluoromethanesulfonate (Table 3.3, compound 90)

KIN-DEPT-08122020 cmso S13 1027 (17.547) Cm (1027:1036) TOF MS El+
394.0873 1.05e4
100
Me
Me, /O:tMe
B\
0 0\ Me
< TfO Me
393.0918
395.0921
] 396.0847
0 |3894902  390.8435 392.0520 |  397.0426397.9788 ;
: , s : ; ' : 1 M/z
389 390 391 392 393 394 395 396 397 398 399
Mass Calc. Mass mDa PPM Formula
394.0873 394.0867 -0.64 -1.62 C15H18BF306S
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H NMR of 3,5-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl trifluoromethanesulfonate
(Table 3.3, compound 9p)
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13C NMR of 3,5-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl

trifluoromethanesulfonate (Table 3.3, compound 9p)
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1F NMR of 3,5-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl trifluoromethanesulfonate
(Table 3.3, compound 9p)

-73.25

OTf
Me O\B/©\B’O Me
Meﬁ/é (')\'Z<Me
Me Me Me Me

376 MHz, CDClj3

T T T T T T
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HRMS of 3,5-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl trifluoromethanesulfonate

(Table 3.3, compound 9p)

KIN-DEPT-08122020 cmso S12 1237 (20.347) Cm (1237:1244) TOF MS El+
473.1636 5.25e3
100 OT#

I B B
3 477.1630 Me>g/o O\Z<Me
i Me Me

479.1656

| 476 1587 480.1590
4737953 4751182 | | 4811305 4821019
0 : . . . y Mz

473 474 475 476 ATT 478 479 480 481 482 483

Mass Calc. Mass mDa PPM Formula
478.1636 478.1617 -1.87 -3.91 C19H27B2F307S
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H NMR of 3-chloro-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl
trifluoromethanesulfonate (Table 3.3, compound 9q)
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13C NMR of 3-chloro-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl

trifluoromethanesulfonate (Table 3.3, compound 9q)
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1F NMR of 3-chloro-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl
trifluoromethanesulfonate (Table 3.3, compound 9q)

-72.,91

TfO Me
B:OiMe
0 Me

cl Me

376 MHz, CDCl;
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HRMS of 3-chloro-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl
trifluoromethanesulfonate (Table 3.3, compound 9q)

KIN-DEPT-08122020 cmso S14 926 (16.200) Cm (926:945) TOF MS El+
100- 386.0390 1.11e3
TfO Me
,O Me
B\
0 Me
Cl Me
39'
388.0326
385.0408 il
389.0525
382 0246 382.9699 384.0111 390.0277 390.9800
0 | l | | | miz

381 382 383 384 385 386 387 388 380 300 301

Mass Calc. Mass mDa PPM Formula
386.0390 386.0371 -1.91 -4.96 C18H15BCLF3 058
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!H NMR of 2-chloro-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl
trifluoromethanesulfonate (Table 3.3, compound 9r)
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13C NMR of 2-chloro-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl
trifluoromethanesulfonate (Table 3.3, compound 9r)
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1F NMR of 2-chloro-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl
trifluoromethanesulfonate (Table 3.3, compound 9r)

-73.446

Me
,O Me
Cl B, |
') Me
TfO Me
376 MHz, CDCl,
T T T T T T T T T T
0 -20 =40 -60 -80 -100 -120 -140 -160 -180 ppm
HRMS of 2-chloro-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl
trifluoromethanesulfonate (Table 3.3, compound 9r)
KIN-DEPT-08122020 cmso S15 932 (16.280) Cm (932:950) TOF MS El+
100 386.0382 4.27e3
] Me
,O Me
Cl B,
'e) Me
TfO Me
=
388.0338
385.0402 387.0431
389.0297
. 381.0699 382.9256 384.0637 386.5405 390.0543 390‘9%19/7
L L 1 Z
381 382 383 384 385 386 387 388 380 300 301
Mass Calc. Mass mDa PPM Formula
386.0382 386.0371 -1.11 -2.88 C13H15BCLF3 1058
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H NMR of 2-chloro-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl
trifluoromethanesulfonate (Table 3.3, compound 9s)
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13C NMR of 2-chloro-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl
trifluoromethanesulfonate (Table 3.3, compound 9s)
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1F NMR of 2-chloro-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl
trifluoromethanesulfonate (Table 3.3, compound 9s)
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,O Me
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\O Me
Me

Cl
466 MHz, CDClj
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HRMS of 2-chloro-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl

trifluoromethanesulfonate (Table 3.3, compound 9s)

kin shanshan-26112021 905 (18.920) Cm (905) TOF MS El+
100- 386.0367 7.09
Me
388.0208
,O Me
TfO B
\O Me
cl Me 385.0776
5&.
387.0303 389.0516
0 T T T T T T T T y M/z
381 382 383 384 385 386 387 388 389 300 301
Mass Calc. Mass mDa PPM Formula

386.0367 | 386.0371 -0.39 -1.00 C13H15BCIF305S
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'H NMR of 4’-benzoyl-5-methoxy-[1,1’-biphenyl]-3-yl trifluoromethanesulfonate (Table 3.4,

compound 13a)
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1F NMR of 4’-benzoyl-5-methoxy-[1,1’-biphenyl]-3-yl trifluoromethanesulfonate (Table 3.4,
compound 13a)

-72.78

376 MHz, CDCl3

T T
0 -20 -40 -60 -80 -100 =120 -140 -160 -180

HRMS of 4’-benzoyl-5-methoxy-[1,1-biphenyl]-3-yl trifluoromethanesulfonate (Table 3.4,

compound 13a)

KIN-DEPT-08122020 cmso S26 1774 (27.508) Cm (1774:1864) TOF MS El+
100+ 436.0593 1.27€5

5 TfO
<
437.0620
| 431:0896 432.0857 434 0729 435.0606 438‘\0514 439.0452 440,001 4306687
0 C |/ T r {‘ T T T 3 = 1 m/z
431 432 433 434 435 436 437 438 439 440 441
Mass Calc.Mass | mbDa PPM Formula
436.0593 436.0587 -0.62 -1.42 C12H15F3 058
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H NMR of 4’-benzoyl-3-methyl-[1,1’-biphenyl]-4-yl trifluoromethanesulfonate (Table 3.4,
compound 13b)
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13C NMR of 4’-benzoyl-3-methyl-[1,1’-biphenyl]-4-yl trifluoromethanesulfonate (Table 3.4,
compound 13b)
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1F NMR of 4’-benzoyl-3-methyl-[1,1’-biphenyl]-4-yl trifluoromethanesulfonate (Table 3.4,
compound 13b)

—=73.71

Me
376 MHz, CDCl,

0 -20 -40 -60 -80 -100 -120 -140 -160 -180 ppm

HRMS of 4’-benzoyl-3-methyl-[1,1’-biphenyl]-4-yl trifluoromethanesulfonate (Table 3.4,

compound 13b)
KIN-DEPT-08122020 cmso S25 1700 (26.521) Cm (1700:1727)

TOF MS El+
100+ 420.0645 1.17e5
O
o~ )4/
Ph
Me
O\O_
421.0654
422.0583
0 416.0083 417.0431 418.1026 419.0916 ‘

423.0570 424.031 1424.94%;
T T T T T T T T T 1 z
415 416 417 418 419 420 421 422 423 424 425

Mass Calc. Mass mDa PPM Formula
420.0645 420.0638 -0.73 -1.75 C21H15F304 S
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'H NMR of 3-(6-methylpyridin-2-yl)phenyl trifluoromethanesulfonate (Table 3.4, compound 13c)
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F NMR of 3-(6-methylpyridin-2-yl)phenyl trifluoromethanesulfonate (Table 3.4, compound 13c)

-72.90

\
N
TfO

/

Me

376 MHz, CDCl3

-100

T
-120

T
-140

T
=160 ppm

HRMS of 3-(6-methylpyridin-2-yl)phenyl trifluoromethanesulfonate (Table 3.4, compound 13c)

KIN-DEPT-08122020 cmso S24 938 (16.360) Cm (938:943) TOF MS El+
317.0326 1.04e6
100+
\
\ /
] TfO Me
°\°_
318.0342
- 319.0171
313.8559 316.1037 | 320'0085
0- T T T T T T I I T 1 m/z
312 313 314 315 316 317 318 319 320 321 322
Mass Calc. Mass mDa PPM Formula
317.0326 317.0328 0.20 0.63 C13H10F3N O3S
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H NMR of 5-fluoro-3’,5’-dimethoxy-[1,1’-biphenyl]-3-yl trifluoromethanesulfonate (Table 3.4,

compound 13d)
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13C NMR of 5-fluoro-3’,5'-dimethoxy-[1,1’-biphenyl]-3-yl trifluoromethanesulfonate (Table 3.4,

compound 13d)
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1F NMR of 5-fluoro-3’,5’-dimethoxy-[1,1’-biphenyl]-3-yl trifluoromethanesulfonate (Table 3.4,

compound 13d)

-72.68
-108.16

R OMe
OTf OMe

376 MHz, CDCl3

T T T T T T T
-80 =100 -120 -140 -160 -180 =200 ppm

HRMS of 5-fluoro-3’,5’-dimethoxy-[1,1’-biphenyl]-3-yl trifluoromethanesulfonate (Table 3.4,

compound 13d)

KIN-DEPT-08122020 cmso S29 1140 (19.054) Cm (1140:1282) TOF MS El+
380.0334 4.00e5
100-
R OMe
x| Tid OMe
381.0069
381.9899
4 375.9731 377.0143 378.0651 379.0691 \ 382.9986 383.9811 384.9644}
i 1 ¥ . R i & L | N N m Z
375 376 377 378 379 380 381 382 383 384 385
Mass Calc. Mass mDa PPM Formula
380.0334 380.0336 0.21 0.55 C15H12F4 05S
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'H NMR of 3-methyl-5-(quinolin-2-yl)phenyl trifluoromethanesulfonate (Table 3.4, compound

13e)
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13C NMR of 3-methyl-5-(quinolin-2-yl)phenyl trifluoromethanesulfonate (Table 3.4, compound

13e)
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1%F NMR of 3-methyl-5-(quinolin-2-yl)pheny! trifluoromethanesulfonate (Table 3.4, compound

13e)
Me
W
N
TfO
376 MHz, CDCl;
0 20 40 £0 80 100 120 -140 160  -180  ppm

HRMS of 3-methyl-5-(quinolin-2-yl)phenyl trifluoromethanesulfonate (Table 3.4, compound 13e)

KIN-DEPT-08122020 cmso S28 1349 (21.821) Cm (1349:1383) TOF MS El+
367.0487 1.18e6
100+
Me
W
N
TfO
o
368.0471
369.0361
0 362.9170 363.9690 365.0495 366.0748 | 370.0096 3709468 371.9816
362 363 364 365 366 367 368 369 370 371 372
Mass Calc. Mass mDa PPM Formula
367.0487 367.0485 -0.25 -0.68 C17H12F3NO3S
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'H NMR of 2-methyl-5-(6-methylpyridin-2-yl)phenyl trifluoromethanesulfonate (Table 3.4,
compound 13f)
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13C NMR of 2-methyl-5-(6-methylpyridin-2-yl)phenyl trifluoromethanesulfonate (Table 3.4,

compound 13f)
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1F NMR of 2-methyl-5-(6-methylpyridin-2-yl)phenyl trifluoromethanesulfonate (Table 3.4,
compound 13f)

-73.78

Me \
N /
TfO Me
376 MHz, CDCl3
0 .20 -40 60 -80 400 120 -140  -160  -180  ppm

HRMS of 2-methyl-5-(6-methylpyridin-2-yl)phenyl trifluoromethanesulfonate (Table 3.4,
compound 13f)

KIN-DEPT-08122020 cmso S27 1001 (17.200) Cm (1001:1022) TOF MS EI+
331.0480 1.65e6
100+
Me \ /
< TfO Me
332.0540
333.0359
oL 327.0193 328.0273 328.9918 330.0855 | 334.0172334.9327 e
| T T T T T T T T 1
326 327 328 329 330 331 332 333 334 335 336
Mass Calc.Mass | mDa PPM Formula
331.0480 331.0485 0.45 1.36 C14H12F3N QO3S
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'H NMR of methyl 4’-(4-(((trifluoromethyl)sulfonyl)oxy)benzoyl)-[1,1’-biphenyl]-4-carboxylate

——8.1541
81331

(Table 3.4, compound 139)
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13C NMR of methyl 4’-(4-(((trifluoromethyl)sulfonyl)oxy)benzoyl)-[1,1’-biphenyl]-4-carboxylate

(Table 3.4, compound 139)
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1%F NMR of methyl 4’-(4-(((trifluoromethyl)sulfonyl)oxy)benzoyl)-[1,1’-biphenyl]-4-carboxylate
(Table 3.4, compound 139)

-T2.72

OO
W,
TfO
376 MHz, CDClj;

HRMS of methyl 4’-(4-(((trifluoromethyl)sulfonyl)oxy)benzoyl)-[1,1’-biphenyl]-4-carboxylate

(Table 3.4, compound 139)

KIN-DEPT-08122020 cmso S30 2164 (32.708) Cm (2163:2183) TOF MS El+
- 464.0526 8.36e4

v

<l TiJ
465.0547
466.0503
o | 459.0055 460.8967 42,1245 463.0837 | 467.0559 465,045 .
459 460 461 462 463 464 465 466 467 468 469
Mass Calc. Mass mDa PPM Formula
464.0526 464.0536 0.99 2,14 C22H15F306S
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'H NMR of 4’-acetyl-3-methoxy-[1,1’-biphenyl]-4-yl trifluoromethanesulfonate (Table 3.4,
compound 13h)
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13C NMR of 4’-acetyl-3-methoxy-[1,1’-biphenyl]-4-yl trifluoromethanesulfonate (Table 3.4,

compound 13h)
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1%F NMR of 4’-acetyl-3-methoxy-[1,1’-biphenyl]-4-yl trifluoromethanesulfonate (Table 3.4,
compound 13h)

-73.78

MeO
376 MHz, CDCl3

T T T T T T
0 =20 -40 -60 -80 -100 -120 -140 -160 -180 ppm

HRMS of 4’-acetyl-3-methoxy-[1,1-biphenyl]-4-yI trifluoromethanesulfonate (Table 3.4,
compound 13h)

KIN-DEPT-08122020 cmso S31 1341 (21.734) Cm (1341:1354) TOF MS El+
100 374.0432 2.07e5
o)
o~ )4/
Me
N MeO
375.0403
376.0168
ol 369.0286 371.1106372,0691 373.1181 | 377.0169 377.9943 378'52 /2
369 370 371 372 373 374 375 376 377 378 379
Mass Calc. Mass mDa PPM Formula
374.0432 374.0430 -0.17 -0.45 Ci16H13F305S
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'H NMR of 4-(3-methylbenzo[b]thiophen-5-yl)phenyl trifluoromethanesulfonate (Table 3.4,
compound 13i)
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13C NMR of 4-(3-methylbenzo[b]thiophen-5-yl)phenyl trifluoromethanesulfonate (Table 3.4,
compound 13i)
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1F NMR of 4-(3-methylbenzol[b]thiophen-5-yl)pheny! trifluoromethanesulfonate (Table 3.4,
compound 13i)

—=-T2.74

Me

~

TfO s

376 MHz, CDClj,

HRMS of 4-(3-methylbenzo[b]thiophen-5-yl)phenyl trifluoromethanesulfonate (Table 3.4,

compound 13i)
KIN-DEPT-08122020 cmso S32 1370 (22.121) Cm (1370:1382)

TOF MS El+
100~ 372.0099 9.24e5
Me
~
L OaVa
N
373.0107
373.9992
0.l 368.0106 360.0880 370.0819 371.0293 ‘ 374.9926 375.9314 976-46:13/2
[ | I [ I 1
367 368 369 370 371 372 373 374 375 376 377
Mass Calc. Mass mDa PPM Formula
372.0099 372.0096 -0.28 -0.75 C16 H11 F3 03 S2
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H NMR of 3’-methyl-[1,1’-biphenyl]-4-yl trifluoromethanesulfonate (Table 3.4, compound 13j)
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13C NMR of 3-methyl-[1,1-biphenyl]-4-yl trifluoromethanesulfonate (Table 3.4, compound 13j)
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1%F NMR of 3'-methyl-[1,1’-biphenyl]-4-yl trifluoromethanesulfonate (Table 3.4, compound 13j)
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H NMR of 4’-formyl-[1,1’-biphenyl]-4-yl trifluoromethanesulfonate (Table 3.4, compound 13k)
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19F NMR of 4’-formyl-[1,1’-biphenyl]-4-yl trifluoromethanesulfonate (Table 3.4, compound 13k)

=72.75

376 MHz, CDCl;

T
0 =20

T
-40 =60

-80

T T
=100 -120

T T T
=140 =160 =180 ppm

HRMS of 4’-formyl-[1,1’-biphenyl]-4-yI trifluoromethanesulfonate (Table 3.4, compound 13k)

KIN-DEPT-08122020 cmso S34 1171 (19.467) Cm (1170:1176) TOF MS El+
330.0174 3.08e4
100~
0
o~ ) )
H
N
331.0232
332.0143
5 325.9844 326.9741 328.0012 329.0598 | 333.0306333.9478 §34-64j35
L L 1 L 1 m Z
325 326 327 328 329 330 331 332 333 334 335
Mass Calc. Mass mDa PPM Formula
330.1074 330.0168 -0.58 -1.77 C14H9F304S
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H NMR of 3-benzyl-3’-methoxy-[1,1’-biphenyl]-4-yI trifluoromethanesulfonate (Table 3.4,

compound 13l)
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=|e|F

compound 13I)

SE 6L —

FE"SY —

OMe

rio— )4 )

Ph

100 MHz, CDCl,

-

T T T T T T T T
170 160 130

180

190

120 110

150 140

393



19F NMR of 3-benzyl-3’-methoxy-[1,1’-biphenyl]-4-yl trifluoromethanesulfonate (Table 3.4,

compound 13l)

-73, 85

OMe

TfO O

Ph

376 MHz, CDCl4

T T
-40 -60

-80

T T T T T
-100 -120 -140 -160 -180 ppm

HRMS of 3-benzyl-3’-methoxy-[1,1’-biphenyl]-4-yl trifluoromethanesulfonate (Table 3.4,

compound 13l)

kin test 10022022-78 1590 (26.055) Cm (1590:1603) TOF MS El+
100 422.0803 5.13e4
| OMe
o~ )\
& Ph
423.0838
424.0807
o 0T 419.0640 420.0935421.0734 | | 50840 7‘25'9851 -
417 418 419 420 421 422 423 424 425 426 427
Mass Calc. Mass mDa PPM Formula
422.0803 422.0794 0.88 2.08 C21H17ZF3045S
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NMR and HRMS Spectra of Chapter 4

H NMR of 2-bromo-4-formylphenyl trifluoromethanesulfonate
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=-73.23

19F NMR of 2-bromo-4-formylphenyl trifluoromethanesulfonate

TfO

Br
376 MHz, CDCl3

T
-100

T
-120

331.8968 333.8972

T T
-140 -160 -180 -200 ppm

HRMS of 2-bromo-4-formylphenyl trifluoromethanesulfonate

100
0
H
2 TfO
Br

1 334.9233

o .921.'02,09. 3.?4!,1240 ‘33(').88|4g u [ (33?6.395? o
320 325 330 335 340 345
Mass Calc. Mass mDa PPM Formula
331.8968 331.8966 -0.22 -0.67 C8H4BrF304S
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19F NMR of 6-bromopyridin-2-yl trifluoromethanesulfonate

Br N _OTf
|\
=
376 MHz, CDCljy
o 2 40 60 -8 100 420 140 160  -180 200 ppm

HRMS of 6-bromopyridin-2-yl trifluoromethanesulfonate

x10 3+ Sean (ot 1.122-1.212 win, 6 scans) KIN-APPI-27052020 $33.d. Subtiact

754 305.9051
307.9027

454

354
34
254

154

14
306.9075 308.9059

054 309.3991

305.1157 | |

32 3025 308 385 304 3045 305 3065 306 3065 307 3005 306 sms 309 3095 3lo sbs sl sils sl2
Counts vs. Mass-to-Chaxge (m'z)

Mass Calc. Mass mDa PPM Formula
305.9051 305.9042 -0.91 -2.99 C6H4BrF3NO3S

Appendix 398



H NMR of 2’-methyl-[1,1’-biphenyl]-4-yl trifluoromethanesulfonate (Table 4.2, entry 8,
compound 16a)
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13C NMR of 2’-methyl-[1,1’-biphenyl]-4-yl trifluoromethanesulfonate (Table 4.2, entry 8,
compound 16a)
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1F NMR of 2’-methyl-[1,1’-biphenyl]-4-yl trifluoromethanesulfonate (Table 4.2, entry 8,
compound 16a)

=72.86
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Appendix 400



H NMR of 4’-methyl-[1,1’-biphenyl]-4-yl trifluoromethanesulfonate (Table 4.3, compound 16b)
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1%F NMR of 4’-methyl-[1,1’-biphenyl]-4-yl trifluoromethanesulfonate (Table 4.3, compound 16b)

.80

=72

376 MHz, CDCl4

T T
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H NMR of 4’-(tert-butyl)-[1,1’-biphenyl]-4-yl trifluoromethanesulfonate (Table 4.3, compound

16c)
NNMO oo Q
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8 8 g 88
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13C NMR of 4'-(tert-butyl)-[1,1’-biphenyl]-4-yl trifluoromethanesulfonate (Table 4.3, compound

16c)
i = L oo o o
2% ssgedass e 2
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19F NMR of 4’-(tert-butyl)-[1,1’-biphenyl]-4-yl trifluoromethanesulfonate (Table 4.3, compound
16c)

=72.80

376 MHz, CDCl3

-160 -180 =200 ppm
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H NMR of 4’-fluoro-[1,1’-biphenyl]-4-yl trifluoromethanesulfonate (Table 4.3, compound 16d)
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19F NMR of 4’-fluoro-[1,1’-biphenyl]-4-yl trifluoromethanesulfonate (Table 4.3, compound 16d)
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H NMR of [1,17:2’,1”-terphenyl]-4-yl trifluoromethanesulfonate (Table 4.3, compound 16€)
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13C NMR of [1,1:2’,1”-terphenyl]-4-yl trifluoromethanesulfonate (Table 4.3, compound 16€)
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19F NMR of [1,1:2’,1”-terphenyl]-4-yl trifluoromethanesulfonate (Table 4.3, compound 16e)

=72.80
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'H NMR of 4’-methoxy-[1,1’-biphenyl]-4-yl trifluoromethanesulfonate (Table 4.3, compound 16f)
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13C NMR of 4’-methoxy-[1,1’-biphenyl]-4-yl trifluoromethanesulfonate (Table 4.3, compound 16f)

— W OO0 Mo S
- = gy - oy 0 U o O oy -]
. A =R 1
o e ek R R E=1 ] .
' Sl e R N e - - A Y
™ A A A A ~ M~ uwy
s \L)/‘)/ '\\l/) |
A Nl

100 MHz, CDClj

T
200 180 160 140 120 100 80 60 40 20 0 ppm

409



19F NMR of 4’-methoxy-[1,1’-biphenyl]-4-yl trifluoromethanesulfonate (Table 4.3, compound 16f)
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'H NMR of methyl 4’-(((trifluoromethyl)sulfonyl)oxy)-[1,1’-biphenyl]-4-carboxylate (Table 4.3,
compound 16g)
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13C NMR of methyl 4’-(((trifluoromethyl)sulfonyl)oxy)-[1,1’-biphenyl]-4-carboxylate (Table 4.3,
compound 169)
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19F NMR of methyl 4’-(((trifluoromethyl)sulfonyl)oxy)-[1,1’-biphenyl]-4-carboxylate (Table 4.3,
compound 16g)
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(naphthalen-1-yl)phenyl trifluoromethanesulfonate (Table 4.3, compound 16h)
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1F NMR of 4-(naphthalen-1-yl)phenyl trifluoromethanesulfonate (Table 4.3, compound 16h)
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376 MHz, CDCl3
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H NMR of 4-(dibenzo[b,d]furan-4-yl)phenyl trifluoromethanesulfonate (Table 4.3, compound

16i)
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13C NMR of 4-(dibenzo[b,d]furan-4-yl)phenyl trifluoromethanesulfonate (Table 4.3, compound

16i)
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19F NMR of 4-(dibenzo[b,d]furan-4-yl)phenyl trifluoromethanesulfonate (Table 4.3, compound

16i)
Q)4 9
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376 MHz, CDCl;
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'H NMR of 4-(dibenzo[b,d]thiophen-4-yl)phenyl trifluoromethanesulfonate (Table 4.3, compound

16j)
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13C NMR of 4-(dibenzolb,d]thiophen-4-yl)phenyl trifluoromethanesulfonate (Table 4.3,

compound 16j)
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1F NMR of 4-(dibenzol[b,d]thiophen-4-yl)phenyl trifluoromethanesulfonate (Table 4.3,

compound 16j)
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'H NMR of 4-(benzo[b]thiophen-2-yl)phenyl trifluoromethanesulfonate (Table 4.3, compound

16K)
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13C NMR of 4-(benzo[b]thiophen-2-yl)phenyl trifluoromethanesulfonate (Table 4.3, compound
16k)
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19F NMR of 4-(benzo[b]thiophen-2-yl)phenyl trifluoromethanesulfonate (Table 4.3, compound

16K)
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H NMR of 4-(benzofuran-2-yl)phenyl trifluoromethanesulfonate (Table 4.3, compound 161)

ppm

15

QO

2.0

600 MHz, CDCly
2|5

TfO
3.0

T
s

6L 9L,
00" LL—%

TE"LL~

T
4.0

GL* 20T
.Aj)/.

mm.m:/

LG*LTT /.

0OBE"6TT
0876 T

[7+]
" E e zz 121
g z8° ANAJW
[ o 76" 12T
91€0°L 9180 L~ _ -2 @ b2 €211
—wmw.ﬁ/ IEEL — - 96° 21 a%
09¥2'L 09¥Z L ™ z5*921
AN o e
200€°L 20082 1 Le_w .
7A S:EVW M ~ St Cl-rer -
6£2¢"L 6E26"L] | = IM &t £0°65T—"
ol muﬁ.ﬁ.\ ~ |HLE“_.
1805 L  veosL— P
0225'L 0225°L~" M | @ | Lg-%E=
86.G'L _wEﬁMﬁ ~ ©
SC65°L 5265°L w
1289 L @ E o
5568 =
1288 L o
§568°L—" = o
=]
L] uy
e

SIO
13C NMR of 4-(benzofuran-2-yl)phenyl trifluoromethanesulfonate (Table 4.3, compound 161)
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1F NMR of 4-(benzofuran-2-yl)phenyl trifluoromethanesulfonate (Table 4.3, compound 16l)

565 MHz, CDCl,
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'H NMR of 2-methoxy-4-(naphthalen-1-yl)phenyl trifluoromethanesulfonate (Table 4.3,

compound 16m)
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1%F NMR of 2-methoxy-4-(naphthalen-1-yl)phenyl trifluoromethanesulfonate (Table 4.3,
compound 16m)
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HRMS of 2-methoxy-4-(naphthalen-1-yl)phenyl trifluoromethanesulfonate (Table 4.3, compound

16m)
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H NMR of 2’-methyl-[1,1’-biphenyl]-2-yl trifluoromethanesulfonate (Table 4.3, compound 16n)
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1F NMR of 2’-methyl-[1,1’-biphenyl]-2-yl trifluoromethanesulfonate (Table 4.3, compound 16n)
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H NMR of methyl 4’-methoxy-6-(((trifluoromethyl)sulfonyl)oxy)-[1,1’-biphenyl]-3-carboxylate
(Table 4.3, compound 160)
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1F NMR of methyl 4’-methoxy-6-(((trifluoromethyl)sulfonyl)oxy)-[1,1’-biphenyl]-3-carboxylate

(Tabl

-T73.93

e 4.3, compound 160)
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H NMR of 5-formyl-4’-methoxy-[1,1’-biphenyl]-2-yl trifluoromethanesulfonate (Table 4.3,

compound 16p)
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19F NMR of 5-formyl-4’-methoxy-[1,1’-biphenyl]-2-yl trifluoromethanesulfonate (Table 4.3,

compound 16p)
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H NMR of 5-cyano-4’-methoxy-[1,1’-biphenyl]-2-yl trifluoromethanesulfonate (Table 4.3,
compound 16q)
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19F NMR of 5-cyano-4’-methoxy-[1,1’-biphenyl]-2-yl trifluoromethanesulfonate (Table 4.3,
compound 16q)
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H NMR of [1,1’-binaphthalen]-2-yl trifluoromethanesulfonate (Table 4.3, compound 16r)

HO9E L
90Et' L
BSEY L
ZESK'L
Sest’L
2309°L
LBl L
E0ETL
HED'L
SEeeL
Livy' L
rosoL
a089°L
roee’L
rioL L
LOLLL
06LLL
9BER L
[42::
[42:5: R
ovee’ L
6Y06"L
FELE L

|
|

L
oo

400 MHz, CDCl3

1092 L~
08V L
BEY L)
ze5p L
sy L
16191,
E0EQ L~
LE9'L
mﬁw.hl\x
LYo L
2089'/
+989'L
rOLL x
98£8' L
z198'L
ze88'L
068 L
6Y06' L
vere st
zhes-
veee's~’

o

74

ppm

ppm

75 70 65 60 55 50 45 40 35 3.0 25 20 115 1.0
L

8.0

| |

13C NMR of [1,1-binaphthalen]-2-yl trifluoromethanesulfonate (Table 4.3, compound 16r)

8.5

9.0

9.5

g

E

8
o

r
| eN|

!

a9 wr)

00" LL-]
Nm.hhlmw

ST"5TT
BOTLTIT
De"all
LZ"0ZT
8Z70ZT

TS TRET
T6"#IT
OL"LET
SLTLET
xr.rNHJ

1€ 621
£5 87T
8% 82T
ZL'HTT
4. 82T
DL* 62T
BZ'TIET
59 Z2ET
¥6'ZET
66°ZET
TEEFT
Z0'SHT

C
ool

100 MHz, CDCljy

*M&MMWW

80

100

120

140

160

180

433



1F NMR of [1,1’-binaphthalen]-2-yl trifluoromethanesulfonate (Table 4.3, compound 16r)
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H NMR of 2,2’,6-trimethyl-[1,1’-biphenyl]-4-yl trifluoromethanesulfonate (Table 4.3, compound

16s)
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19F NMR of 2,2’,6-trimethyl-[1,1’-biphenyl]-4-yl trifluoromethanesulfonate (Table 4.3, compound

16s)
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'H NMR of 5-chloro-4’-methyl-[1,1’-biphenyl]-3-yl trifluoromethanesulfonate (Table 4.3,
compound 16t)
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19F NMR of 5-chloro-4’-methyl-[1,1’-biphenyl]-3-yl trifluoromethanesulfonate (Table 4.3,

compound 16t)
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HRMS of 5-chloro-4’-methyl-[1,1’-biphenyl]-3-yI trifluoromethanesulfonate (Table 4.3, compound
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H NMR of 3-chloro-2’-methyl-[1,1’-biphenyl]-4-yl trifluoromethanesulfonate (Table 4.3,
compound 16u)
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19F NMR of 3-chloro-2’-methyl-[1,1’-biphenyl]-4-yl trifluoromethanesulfonate (Table 4.3,

compound 16u)
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H NMR of 3-chloro-4’-methyl-[1,1’-biphenyl]-4-yl trifluoromethanesulfonate (Table 4.3,
compound 16v)
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19F NMR of 3-chloro-4’-methyl-[1,1’-biphenyl]-4-yl trifluoromethanesulfonate (Table 4.3,

compound 16v)
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'H NMR of 4-chloro-4’-methyl-[1,1’-biphenyl]-3-yl trifluoromethanesulfonate (Table 4.3,
compound 16w)
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19F NMR of 4-chloro-4’-methyl-[1,1’-biphenyl]-3-yl trifluoromethanesulfonate (Table 4.3,

compound 16w)
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HRMS of 4-chloro-4’-methyl-[1,1’-biphenyl]-3-yI trifluoromethanesulfonate (Table 4.3, compound

16w)
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!H NMR of 5-chloro-4’-methyl-[1,1’-biphenyl]-2-yI trifluoromethanesulfonate (Table 4.3,
compound 16x)
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19F NMR of 5-chloro-4’-methyl-[1,1’-biphenyl]-2-yl trifluoromethanesulfonate (Table 4.3,

compound 16x)
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H NMR of 2-chloro-4’-methyl-[1,1’-biphenyl]-3-yI trifluoromethanesulfonate (Table 4.3,
compound 16y)
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19F NMR of 2-chloro-4’-methyl-[1,1’-biphenyl]-3-yl trifluoromethanesulfonate (Table 4.3,
compound 16y)
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HRMS of 2-chloro-4’-methyl-[1,1’-biphenyl]-3-yI trifluoromethanesulfonate (Table 4.3, compound
16y)
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'H NMR of 2-(4-methoxyphenyl)pyridin-3-yl trifluoromethanesulfonate (Table 4.4, compound

16z)
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1%F NMR of 2-(4-methoxyphenyl)pyridin-3-yl trifluoromethanesulfonate (Table 4.4, compound

16z)
|\ OTf
~
N
OMe
376 MHz, CDCl;
o 20 40 60 8 00 120  -140 160  -180  -200 ppm
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x10 5+ Scan (t: 1.332-1.682 win, 22 scans) KIN-APPI-27052020 s27.d. Subtact
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335.0887
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Counts vs. Mass-to-Chaxge (miz)

5 35 %o 305 1 BIs a2 355 b 585 3 ks sk 35 a6 65 35 3305 il %S o9

Mass

Calc. Mass

mDa

PPM

Formula

334.0358

334.0355

-0.26

-0.78

C13H11F3NO4S
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H NMR of 5-(4-methoxyphenyl)-4-methylpyridin-2-y! trifluoromethanesulfonate (Table 4.4,
compound 16aa)
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]
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=
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1F NMR of 5-(4-methoxyphenyl)-4-methylpyridin-2-yl trifluoromethanesulfonate (Table 4.4,
compound 16aa)

=-73.23

MeO

376 MHz, CDClj3

T T
0 =20 -40 -60 -80 =100 =120 =140 =160 -180 -200 ppm
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(4-methoxyphenyl)pyridin-2-yl trifluoromethanesulfonate (Table 4.4, compound
16ab)

'H NMR of 5
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1%F NMR of 5-(4-methoxyphenyl)pyridin-2-yl trifluoromethanesulfonate (Table 4.4, compound

Appendix

16ab)
MeO
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~
N~ "OTf
376 MHz, CDCl3
20 -60 400 120 140 160 180 200 ppm
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'H NMR of 6-(4-methoxyphenyl)pyridin-2-yl trifluoromethanesulfonate (Table 4.4, compound
16ac)
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13C NMR of 6-(4-methoxyphenyl)pyridin-2-yl trifluoromethanesulfonate (Table 4.4, compound
16ac)
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1F NMR of 6-(4-methoxyphenyl)pyridin-2-yl trifluoromethanesulfonate (Table 4.4, compound

16ac)
\ / OMe
TfO
376 MHz, CDCl;
0 20 40 60 80 100  -120  -140  -160  -180  -200 ppm

HRMS of 6-(4-methoxyphenyl)pyridin-2-yl trifluoromethanesulfonate (Table 4.4, compound

16ac)
x10 5+ Scan (t: 0.7320.782 min, 4 soans) KIN-APPL2A52020 545.d Subhiasct
24
224 334.0863
o —
OMe
184 \ I\T
16- TfO
144
124
14
03
06
0.4+ 335,084
027 333,023 336.0340
d 3522884 T g L BEImER 3380405
329 3255 3%0 3305 331 3315 332 3325 333 3335 334 3345 335 3355 36 3365 347 3305 3l 35 3l
Counts vs. Mass-to-Chaxge (m'z)
Mass Calc. Mass mDa PPM Formula
334.0363 334.0355 -0.76 -2.28 C13H11F3NO4S
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'H NMR of 5-(4-methoxyphenyl)pyridin-3-yl trifluoromethanesulfonate (Table 4.4, compound

16ad)
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1%F NMR of 5-(4-methoxyphenyl)pyridin-3-yl trifluoromethanesulfonate (Table 4.4, compound

.53

-T2

Appendix
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(4-methoxyphenyl)pyridin-2-yl trifluoromethanesulfonate (Table 4.4, compound
16ae)

'H NMR of 4
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1F NMR of 4-(4-methoxyphenyl)pyridin-2-yl trifluoromethanesulfonate (Table 4.4, compound

16ae)
MeO \ N
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376 MHz, CDCl;
©o 20 4 £ 8 100 120 140 460 180  -200 ppm
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H NMR of 6-(benzo[b]thiophen-3-yl)pyridin-2-yl trifluoromethanesulfonate (Table 4.4,

compound 16af)
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19F NMR of 6-(benzo[b]thiophen-3-yl)pyridin-2-yl trifluoromethanesulfonate (Table 4.4,

compound 16af)

-73.14

565 MHz, CDCl,

T
-20 -40

-80

T
-100

T
-120

T T
-140 -160 -180 200 ppm

HRMS of 6-(benzol[b]thiophen-3-yl)pyridin-2-yl trifluoromethanesulfonate (Table 4.4, compound

16af)
20231109-DD150 641 (12.400) Cm (638:642) TOF MS El+
5 358.9900 1.04e4
S
1 TfoO_ _N ’
= | N
] =
359.9932
| 360.9887
0 3555055  357.6384358.0142 ‘ \ 361.9848 363.97{;/02
) | ’ | | j ' | T | :
354 355 356 357 358 359 360 361 362 363 364
Mass Calc. Mass mDa PPM Formula
358.9900 358.9892 -0.78 -2.17 C14H8 F3NO3S2
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H NMR of 6-(benzo[b]thiophen-2-yl)pyridin-2-yl trifluoromethanesulfonate (Table 4.4,
compound 16ag)
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13C NMR of 6-(benzo[b]thiophen-2-yl)pyridin-2-yl trifluoromethanesulfonate (Table 4.4,
compound 16ag)
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19F NMR of 6-(benzo[b]thiophen-2-yl)pyridin-2-yl trifluoromethanesulfonate (Table 4.4,
compound 16ag)

=-T2.55

= S
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) N

TfO
565 MHz, CDCl,

T T
0 -20 -40 -60 -80 -100 -120 -140 -160 -180 -200 ppm

HRMS of 6-(benzol[b]thiophen-2-yl)pyridin-2-yl trifluoromethanesulfonate (Table 4.4, compound

16ag)
20231109-DD151 659 (12.640) Cm (656:661) TOF MS El+
100 358.9883 2.02e4
— S
77N\
O_ \ N
S TfO
359.9906
360.9917
0 355.3553 355.7564 357.9469 ’ 361.9939 362.9955363-977"117’:Z
% o I i I ‘ | = | : i
354 355 356 357 358 359 360 361 362 363 364
Mass Calc. Mass mDa PPM Formula
358.9883 358.9892 0.92 2.56 C14H8F3N0O3S2
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H NMR of 5-(benzo[b]thiophen-3-yl)pyridin-2-yl trifluoromethanesulfonate (Table 4.4,
compound 16ah)
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13C NMR of 5-(benzo[b]thiophen-3-yl)pyridin-2-yl trifluoromethanesulfonate (Table 4.4,

compound 16ah)
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19F NMR of 5-(benzo[b]thiophen-3-yl)pyridin-2-yl trifluoromethanesulfonate (Table 4.4,
compound 16ah)

=73.02

X

=z
N~ "OTf

565 MHz, CDCl,

T T T
0 -20 -40 -60 -80 -100 -120 -140 -160 -180 -200 ppm

HRMS of 5-(benzol[b]thiophen-3-yl)pyridin-2-yl trifluoromethanesulfonate (Table 4.4, compound

16ah)
20231109-DD152 637 (12.327) Cm (631:640) TOF MS El+
) 358.9891 1.14e4
100
S
|
] S
o5 Z
] N~ o
359.9911
360.9912
o 355.3066 356.3850  358.0064 - 361.9867362_.9879363-?:2;‘2
| | | | | |
354 355 356 357 358 359 360 361 362 363 364
Mass Calc.Mass | mDa PPM Formula
358.9891 358.9892 0.12 0.34 C14H8F3N0O3S2
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H NMR of 5-(benzo[b]thiophen-2-yl)pyridin-2-yl trifluoromethanesulfonate (Table 4.4,

compound 16ai)
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19F NMR of 5-(benzo[b]thiophen-2-yl)pyridin-2-yl trifluoromethanesulfonate (Table 4.4,
compound 16ai)

=-T2.97

N OTf
565 MHz, CDCly

T T T T T
0 =20 -40 -60 -80 =120 =140 =160 -180 =200 ppm

HRMS of 5-(benzol[b]thiophen-2-yl)pyridin-2-yl trifluoromethanesulfonate (Table 4.4, compound

16ai)
20231109-DD153 638 (12.340) Cm (636:639) TOF MS El+
B 358.9885 6.76e3
100
|
| S B
3% I Z
] N~ YOTf
359.9915
360.9861
0 355.0150  356.3595 357.9834 | 361.?922 363.97n§?Z
1 | | | | | :
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Mass Calc. Mass mDa PPM Formula
358.9885 358.9892 0.72 2.01 C14H8F3 N O3S2
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H NMR of 4”-methoxy-2-methyl-[1,1°:3’,1”-terphenyl]-4’-yl trifluoromethanesulfonate (Table 4.5,

compound 20a)
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1F NMR of 4”-methoxy-2-methyl-[1,1":3’,1”-terphenyl]-4"-yl trifluoromethanesulfonate (Table
4.5, compound 20a)

OTf
Sod
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376 MHz, CDCl,
—_}
T T T T T T T T T T T
0 -20 -40 -60 -80 -100 -120 -140 -160 -180 -200 ppm

HRMS of 4”-methoxy-2-methyl-[1,1":3’,1”-terphenyl]-4’-yl trifluoromethanesulfonate (Table 4.5,
compound 20a)

x10 5+ Scan (t: 1.113-1.363 min, 16 scans) KIN-APPI-27052020 324 Subhact
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99 4220806

24

o Me OTf

C

o C
OMe

1.2

03
L 423 (835
0.4
024 4240808
J 496347 a269s | 48539 | BB o506
4l7 4175 4ls 4135 4lo 4155 4l 42D5 421 4215 42 4DS5 4B 4B5 44 445 45 45 4% 4%5 40
Counts vs. Mass-to-Chaxge (miz)
Mass Calc. Mass mDa PPM Formula

422.0803 | 422.0800 -0.34 -0.80 C14H10CLF303S
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H NMR of 3”,5”-dimethoxy-2-methyl-[1,1":3’,1”-terphenyl]-4’-yl trifluoromethanesulfonate

(Table 4.5, compound 20b)
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13C NMR of 3”,5”-dimethoxy-2-methyl-[1,1":3’,1"-terphenyl]-4’-yl trifluoromethanesulfonate

(Table 4.5, compound 20b)
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19F NMR of 3”,5”-dimethoxy-2-methyl-[1,1":3',1”-terphenyl]-4’-yl trifluoromethanesulfonate
(Table 4.5, compound 20b)

=73.96

OMe
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o 20 40 60 80 100 120 -140 60 180  -200 ppm
HRMS of 3”7,5”-dimethoxy-2-methyl-[1,1":3’,1”-terphenyl]-4’-yl trifluoromethanesulfonate (Table
4.5, compound 20b)

x10 %+ Sean (ct: 0.666-0.716 vin, 4 scans) KIN-APPI-27052020 o41.d. Subtiact

i 453,094 OTf
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Counts vs. Mass-to-Chaxge (miz)
Mass Calc. Mass mDa PPM Formula
453.0984 453.0978 -0.59 -1.32 C22H20F305S
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H NMR of 4’-methoxy-5-(naphthalen-1-yl)-[1,1’-biphenyl]-2-yl trifluoromethanesulfonate (Table
4.5, compound 20c)
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1F NMR of 4’-methoxy-5-(naphthalen-1-yl)-[1,1’-biphenyl]-2-yl trifluoromethanesulfonate (Table

4.5, compound 20c)
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HRMS of 4’-methoxy-5-(naphthalen-1-yl)-[1,1’-biphenyl]-2-yl trifluoromethanesulfonate (Table

4.5, compound 20c)
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H NMR of 4”-methoxy-2-methyl-[1,1°:3’,1”-terphenyl]-5’-yl trifluoromethanesulfonate (Table 4.5,
compound 20d)
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1%F NMR of 4”-methoxy-2-methyl-[1,1":3’,1”-terphenyl]-5"-yl trifluoromethanesulfonate (Table
4.5, compound 20d)
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HRMS of 4”-methoxy-2-methyl-[1,1":3’,1”-terphenyl]-5-yl trifluoromethanesulfonate (Table 4.5,
compound 20d)

x10 5+ Scan (it 1.045-1.195 van, 10 scans) KIN-APFI-27052020 s35.d Subtiact
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Mass Calc. Mass mDa PPM Formula
422.0803 422.0800 -0.34 -0.80 C21H17F304S
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H NMR of 2-methoxy-2"-methyl-[1,1°:3’,1”-terphenyl]-5’-yl trifluoromethanesulfonate (Table 4.5,
compound 20e)
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19F NMR of 2-methoxy-2"-methyl-[1,1":3’,1”-terphenyl]-5"-yl trifluoromethanesulfonate (Table
4.5, compound 20e)
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HRMS of 2-methoxy-2"-methyl-[1,1":3’,1”-terphenyl]-5-yl trifluoromethanesulfonate (Table 4.5,
compound 20e)

x10 5+ Scan (ct: 0.663-0.720 wan, & scans) KIN-APPI-27052020 =43.d Subtiact
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Mass Calc. Mass mDa PPM Formula
422.0800 422.0794 -0.58 -1.39 C21H1ZF304 8
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H NMR of 4-methoxy-2"-methyl-[1,1":4’,1”-terphenyl]-2’-yl trifluoromethanesulfonate (Table 4.5,
compound 20f)
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13C NMR of 4-methoxy-2"-methyl-[1,1":4’,1”-terphenyl]-2’-yl trifluoromethanesulfonate (Table
4.5, compound 20f)
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19F NMR of 4-methoxy-2"-methyl-[1,1":4’,1”-terphenyl]-2’-yl trifluoromethanesulfonate (Table

4.5, compound 20f)
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H NMR of 4-methoxy-4"-methyl-[1,1":3’,1”-terphenyl]-4"-yl trifluoromethanesulfonate (Table 4.5,
compound 20g)
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19F NMR of 4-methoxy-4”-methyl-[1,1":3’,1”-terphenyl]-4"-yl trifluoromethanesulfonate (Table

4.5, compound 209)
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HRMS of 4-methoxy-4"-methyl-[1,1":3’,1”-terphenyl]-4’-yl trifluoromethanesulfonate (Table 4.5,

compound 209)

x10 5 + Scan (t: 1.085-1.135 win, 4 soans) KIN-APFL2A52020 38.d Subtiact
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H NMR of 4”-methoxy-4-methyl-[1,1":2’,1”-terphenyl]-3’-yl trifluoromethanesulfonate (Table 4.5,
compound 20h)
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1F NMR of 4”-methoxy-4-methyl-[1,17:2’,1”-terphenyl]-3"-yl trifluoromethanesulfonate (Table

4.5, compound 20h)
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HRMS of 4”-methoxy-4-methyl-[1,1":2’,1”-terphenyl]-3’-yl trifluoromethanesulfonate (Table 4.5,

compound 20h)

x10 5+ Scan (ct: 1.165-1.232 wan, 5 scans) KIN-APPI-27052020 s39.d. Subtact

3.4
3.24

34
28
26
24
224

24
13-
16
144
124

1
08
06
044
024

4220800

4195006 4210867

OTf

o

>

Me

OMe

4280837

424 111
| 425.?821] 435‘@49

a7 a5 als s 4l aihs 4 aBs &1 ads 4k 4B 4
Counts vs. Mass-to-Chage (m'z)

s e s & aBs 4 s &

Mass

Calc. Mass

mDa

PPM

Formula

422.0800

422.0800

-0.04

-0.08

C21H17F304S

Appendix

484



'H NMR of 5-butyl-4’-methoxy-[1,1’-biphenyl]-2-yl trifluoromethanesulfonate (Table 4.5,
compound 20i)
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19F NMR of 5-butyl-4’-methoxy-[1,1’-biphenyl]-2-yl trifluoromethanesulfonate (Table 4.5,

compound 20i)
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HRMS of 5-butyl-4’-methoxy-[1,1’-biphenyl]-2-yl trifluoromethanesulfonate (Table 4.5,

compound 20i)

x10 7+ Scan (t: 1.209-1.443 vran, 15 scans) KIN-APPI-27052020 s36.d Subtact
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