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Abstract

ABSTRACT

The preparation of organic molecules utilising synthetically simple and
economical strategies is nowadays a big field of study in chemistry. As part of this
exciting area of study, this thesis presents a group of new methodologies involving the
transformation of simple organic compounds into valuable fluorinated molecules
(fluoroarenes and fluoroalkenes) or ketone derivatives. These competitive alternatives to
traditional methods exploit the use of transition metal-NHC catalysts (NHC = N-
heterocyclic carbene), with particular interest in Au(l) complexes.

The exploration of the use of arylsulfonic acids as substrates for the preparation
of fluoroarenes was investigated for the first time. Our studies have obtained the first
experimental proof of the fluorination of such substrates through either C-S or C-H
activation. Preliminary optimisation and mechanistic studies for these reactions have
been conducted, obtaining important information that is currenly being used by our
research group to further unravel the synthetic value of arylsulfonic acids for aromatic

C(sp®)-F bond formation.

The use of terminal alkynes as substrates for the synthesis of complex organic
molecules has also been exploited. Five new reactions and six sequential methods have
been optimised. First, a new Au-catalysed protocol for the iodination of terminal
alkynes was reported. This was followed by the individual study on two addition
reactions (hydrofluorination and hydration), leading to new synthetic approaches to
iodinated fluoroalkenes and ketones, respectively. Finally, these derivatives were further
functionalised using coupling chemistry promoted by Pd(I1)-NHC catalysts, accessing
trisubstituted fluoroalkenes and functionalised ketones. All these reactions were
compatible with sequential applications after minor changes, providing fast and easy
functionalisation techniques that avoid the isolation of any intermediate, and maintain
high performance and selectivity. These methods emphasise the highly convenient use

of TM-NHC catalysts as versatile tools for organic synthesis.
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Chapter 1 - General Introduction

1.1 Introduction

Stable carbenes (also known as persistent carbenes)' are chemical entities
consisting of a neutral carbon atom with two substituents and two unshared electrons,
and with a particularly stable nature when compared to traditional carbenes. This longer
lifespan allows persistent carbenes to actively participate in chemical reactions as non-
innocent species, and their reactivity modulation has become very attractive for the
chemistry community. Their extraordinary and unique properties benefiting organic
synthesis have allowed this type of carbenes to be strongly present in the scientific
literature.

N-Heterocyclic carbenes (NHCs) are considered one of the most representative
families of persistent carbenes, having found very extensive applications as
organocatalysts and ligands for metal complexes. These carbenes are contained within a
nitrogen-based ring, and their steric and electronic features are generally unmatched by
any other chemical species. Excellent reviews regarding the history of NHCs, their
structures, reactivity and other distinguishing features, are available for a more in-depth
understanding of their importance.? The interest in preparing, testing and implementing
new NHC-based systems in synthesis is evident in scientific discussions, innovative

projects and competitive objectives among the research community.

Forms stable NHC complexes

Activation of multiple bonds

Versatile electron-rich Limited literature with Au(l)-NHC

ligands Versatile chemistry complexes
Steric control Interest in organofluorine species
Structural diversity Au Synthesis of C(sp?)-F bonds

N

Fast and safe

Cost-effective

Unlimited available combinations
Competitive + innovative
Looking to the future...

Figure 1.1. Interest in the integration of NHCs and Au chemistry in fluorination
reactions.
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In this chapter, a brief introduction to NHCs will be presented, covering the
basic features of these molecules, their synthesis and a general overview of their
applications in chemistry. An introduction to the synthesis of Au(l)-NHC complexes
and their application in catalysis, will follow. Some historical overview, a comparative
analysis of the different synthetic methodologies, together with the analysis of some of
the most common families of Au(l)-NHC complexes, will provide a solid background to
understand the interest in these complexes. Lastly, special attention will be paid to
discussing the use of gold chemistry for fluorination purposes, and in particular for the
formation of C(sp?)-F bonds. This discussion is essential to a good comprehension of
the projects presented in this thesis, and will allow a better assessment of the value of
the presented synthetic chemistry (Figure 1.1).

~19 ~



Chapter 1 - General Introduction

1.2 N-Heterocyclic carbenes (NHCs)
1.2.1 Historical overview

The first sign of NHC chemistry dates back to 1914, when Tschugajeff and co-
workers reported a Pt compound obtained by reacting, in a two-step procedure, a

tetrachloroplatinate alkaline salt with methyl isocyanide and hydrazine (Scheme 1.1).2

H3C, CHs HsC,

N N
g - J' N J‘
)H,c-N=Cc™ My 7 o . HaA a
ii) HoN-NH, XX OH, CHON | Nx(
NH CHs ‘N
H,C H,C

1 2

Scheme 1.1. Preparation of Tschugajeff’s “‘red salt” (1) and ““yellow salt™ (2), the first
reported examples of metal-diaminocarbene complexes.’

As spectroscopic and inert techniques evolved in the following decades, further
information about these species was unraveled. The work of Wanzlick led to the most
important discoveries in this area. His novel postulation of an imidazole-based free
carbene obtained after pyrolysis of 2-trichloromethyldihydro-imidazole,* followed by
later studies on the stability of such species,® were key to a broader understanding of the
nature of carbenes and their reactivity (Scheme 1.2). On the other hand, the free carbene

species could not be isolated at that time.

Ph-N<N~Ph
Cl,C H
A l\ HCCl,
™\ X" ?h Ph‘
pth /thh EX N‘ N‘ N N
Y < | PAPNTPh | = =<K ]
E °* N N
First imidazole-based k !
carbene Ph Ph

NOT ISOLATED

Scheme 1.2. Studies on imidazole-based carbene intermediates and their reactivity.*>

A variety of other studies followed these contributions, detailing further
characteristics of NHCs.® These efforts culminated with the first isolated and well-
defined metal-NHC complexes in 1968, with the independent work from Wanzlick’ and
Ofele (Scheme 1.3).8
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[\ CIO4 N _ N
- 4 , ~
Ph
e e H9(OAc), Y .
Ph. Ph
N)\N
\—/
= [HCr(CO)s]™ Me
Me’N Z NtMe under vacuum N'
ele Y > [ —crcons
H 120 °C N
Me

Scheme 1.3. First isolated metal-NHC species.”®

Despite these advances, much remained unknown about carbenes until the work
from Bertrand in 1988 and by Arduengo in 1991. The earlier reported the synthesis of a
phosphinocarbene from a suitable a-diazophosphine, although its carbene character was
doubted at that time due to strong similarities in reactivity with phosphaacetylenes.*®
Due to this, the pioneering work from Arduengo is widely considered the first clear
example of a fully characterised crystalline stable carbene.”™® This compound, N,N -
diadamantyl-imidazol-2-ylidene (IAd, Scheme 1.4), was isolated as a white crystalline
solid (Scheme 1.4), and was stable for prolonged periods of time when stored at low

temperatures in the absence of air and moisture.

™/\ ™\
+ NaH
NfN DMSOa (cat.) N},/N
H THF
IAd

Scheme 1.4. Synthesis of 1Ad, the first persistent carbene.*

With all this information on hand about the relative stability of NHCs and their
incorporation as ligands in metal complexes, researchers established the pillars of NHC
chemistry, a research field that has experienced one of the fastest growths of the last

century.

1.2.2 NHC structures

Since the discovery of Arduengo’s carbene, a wide range of new NHCs have
been isolated and characterised, with a very broad structural variety going beyond
acyclic diaminocarbenes and imidazole derivatives. However, 5-membered ring
derivatives are the most common carbene-containing motifs, and therefore will be used

to exemplify some of their important properties.
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The diversity of heterocyclic carbenes is based on different structural aspects:
- Carbene position: the lone electron pair can be located in different carbon atoms in
the heterocyclic ring, as shown in Figure 1.2. A major number of carbenes belong to the
"normal carbene” type (A), with the unshared electron pair contained in a carbon
between two heteroatoms (in the case of imidazole-based compounds, between two
nitrogens). Despite this dominance of normal carbenes, abnormal (B) and remote
carbenes (C) are increasingly finding their way on the chemist’s bench as the
knowledge about these NHCs increases and reveals a considerably different and

versatile reactivity.™

R
Rl R" ‘o R'\ 'R"
H Nl - N( NC_)N
R-N_N-gm R R R R™
A R!l!
Normal carbene Abnormal carbene Remote carbene

Figure 1.2. Generic structure of NHCs based on the carbene position: normal (left),
abnormal (centre), and remote (right) (R, R', R", R"=alkyl, aryl).

- Nature of the heterocycle: different atoms and bond types can be contained within the
heterocyclic ring structure bearing the carbene (Figure 1.3). Imidazolidinylidene and
imidazolylidene rings are the most widespread motifs, due to their low n—acceptor
capability (caused by back-donation from the adjacent N atoms to the carbene centre),
with the subsequent stronger effects on carbene stability and reactivity when compared
to other nitrogen-containing cycles.

A =\ =N N=H
R-NN-R R-NN-R R-NN-R R-NUN-R

imidazolidinylidene  imidazolylidene triazolylidene tetrazolylidene

P y R
r-N_S r-N_O A N-R

oo o0 R oo

thiazolylidene oxazolylidene pyrrolidinylidene

Figure 1.3. Some common heterocyclic structures bearing a carbene moiety (R, R', R"=
alkyl, aryl).

- Nature of N-substituents: the substitution on the nitrogen atoms is probably the most
important variable in the structure of an NHC, with a wide range of substituents being
accessible. The synthetic versatility to access the imidazolium core from different

substrates is still nowadays a clear opportunity to develop new carbenes with novel
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structural features, and it has been indeed widely exploited. Some of the most

commonly used NHCs are shown in Figure 1.4.

o S s WS ﬁ

IMes SiMes
/\ /M
'Pr \@ NN NN N

SIPr |Cy S|Cy
/\ =

H3C CH3 H3C CH3

H3C‘YN\,,/N\€'CH3 Hac YN \( CH3 C’N N‘CH3

HaC CHa

ItBu SItBu IMe

Figure 1.4. Commonly used NHCs, displaying different N-substituents, and their
respective acronyms.

1.2.3 Properties of NHCs
1.2.3.1 Electronic properties

NHCs are neutral two-electron donor compounds*! with two possible states: a
singlet state (both electrons located in the o orbital, or direct bonding orbital) or a triplet
state (one of these electrons is instead located in the p,orbital, or empty non-bonding
orbital). The stability of either one or the other depends on electronic and steric
parameters within NHCs, with the singlet state generally being the most stable species.

N-Heterocyclic carbenes also possess a o-basic/a*-acidic electronic character.
The high energy o orbital of the carbene contains a lone pair of electrons which is
responsible of the basicity of these molecules (Figure 1.5, A).> When electron-deficient
metals are used, another donating electronic component can be observed, as a result of
electron donation from the NHC to the metal through a combination of filled and empty
n orbitals (Figure 1.5, B)."™® Upon coordination to metal centres, the presence of a low
energy empty n* orbital allows for back-donation from the d orbitals in metals (Figure
1.5, C), further increasing the interaction between the metal centre and the NHC

ligand.**
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o \ — d;* P ST
o ./ ok P S — B C@g —
E;N)\) -H- Metal C_ 'H" ME:I /8 A 88
NHC -H— ' _H_ NHC _H_ Metal
NHC
(A) (B) (C)

Figure 1.5. Orbital diagrams for the electronic interactions between NHCs and metal
centres.

In essence, the strong o-donation in combination with the back-donation
properties translates into a very strong metal-NHC bond, a very practical feature for the
synthesis of stable transition metal complexes. Their use as ancillary ligands competes
with that of other traditional ligands (such as phosphines), relying on their higher
resistance to moisture, air, extreme temperature and other external conditions when
ligated to metal centers, making them a highly robust choice for catalysis.™

The strength of the metal-NHC bond depends mainly on the nature of the
carbene. For that reason, a quantification tool was designed to measure the effect of the
carbene in the metal-carbene bond. It was based on the value of the stretching frequency
of CO in [IrCI(CO),(NHC)] complexes (va,). This parameter indirectly accounts for the
electron enrichment of the metal centre by measuring the strength of the metal-carbonyl
bond using the CO stretching value. This tool has been of great use to determine general
trends in electron donation of NHC ligands, allowing the differentiation of several
contributions based on the structural parameters of NHCs (the presented v, values are

reproduced from a reported literature review):*

.:CH3H30 1) While the stretching frequency
Y«@ll\(llc--- v analysis of saturated and unsaturated
OC/'{MCI NHCs has revealed a slightly more
vav?c?n") donating capability of unsaturated

Y=NEt, Y=Me Y =SO0,(p-tolyl)

Saturatod backbones as opposed to the saturated

bridge

Unsaturated
bridge

2022 2025 2030

counterparts, the real effect in metal
2021 2023 2029

complexes is generally negligible.
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2) The substitution pattern in the backbone

has a significant influence in the carbonyl

frequencies. Strong electron-donating or =( X vay(om)
. . H.c-N_N~CH, H 2046
electron-withdrawing groups can affect the Yo Cl 2051
o . . Rh NO, 2053
electron density in the NHC core from higher oC™ | CN2 2058

to lower values, matching with the observed

trends in stretching frequency variations.

/\ 3) Small differences between aromatic
~N N‘R
R Y‘\m and aliphatic N-substituents to the
Ir
OC'éO stretching contribution can also be

observed. The subtle differences can

CH;
f @ H3Ci:CH3 sometimes account for the various

2023.0 2021.6 2022.3 observed behaviors, but in general, as in
' the case of the NHC backbone, other
Pr- ; Pr HsC CHs parameters must be taken into account to
2023.9 2023.1 explain such observations.
4) The evaluation with respect to standard
values for normal carbenes (approx. 2020- HsC\N 4?
2035 cm™) clearly shows a great enrichment @/KO(N\..\CHa
- - .\CI CH2
of the five-membered rings when abnormal oc"|r
carbenes are used (approx. 2000-2020). co
Vay = 2003 cm™’

A direct comparison between electronics of carbene and phosphine complexes
can be done by translating the obtained values of v, into the known values of stretching
frequencies of CO for phosphine complexes. These values, also known as the Tolman
Electronic Parameter (TEP), are tabulated using [Ni(CO)sL) complexes. Plotting both
values for phosphine and carbene complexes has verified the different electronic
behavior of both families of ligands (Figure 1.6). The higher electron-density of metal
centres when NHCs are used as ligands directly showcases their unique role in catalytic
systems requiring such electron-rich metals, further supporting the use of these entities

in synthesis.
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B NHCs PMe,Ph
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Figure 1.6. Plot of average CO stretching frequencies (vay) vs the Tolman Electronic
Parameterf(TEP) for some common NHCs and phosphines. Reproduced from reported
literature.

The pioneering work that investigated the electronic parameters in carbenes was
highly important for the understanding of NHCs and their effect on metal catalysis, and
it is still considered as a very useful tool for mechanistic discussions and prediction of

reactivity trends.

1.2.3.2 Steric properties

The steric effects derived from the use of carbenes are not only related to the
geometry of the carbene site (C atom with a sp? hybridization and a bent geometry),*
but also to the whole environment of the molecule, and its magnitude is quite important

for the better understanding of NHCs.
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Table 1.1. Graphic diagram of the fence model, with carbene length (A.) and height
(Ay) for some selected Ru-NHC complexes.t” Image reproduced from reported
literature.”’

AH

Complex AL Ay Ru-C bond length (A)
[RUCI(Cp*)(ICy)] 126.7 318 2.070
[RUCI(Cp*)(IAd)] 1490 414 2.153
[RUCI(Cp*)(IMes)] 150.7  70.4 2.105
[RuCI(Cp*)(IMes®)]  152.0  69.9 2.074
[RUCI(Cp*)(ITol)] 1552 308 2.068

The substituents located in different positions on the heterocycle modify, in
different degrees, the accessibility to the carbene, thus tuning its reactivity. This
property cannot be analysed using the Tolman cone angle (the standard method used for
phosphine ligands)™® due to the different spatial symmetry presented by both types of
compounds. The first model adjusted for NHC analysis was the so-called fence
model."® This analysis considers the NHC as a “fence", with a given "length” and
"height” which can be evaluated by angular measurements in crystallographic data (see
Table 1.1 for some selected examples). The fence model is a simplistic yet useful
analysis for the discussion of steric effect trends in NHC chemistry, and has provided

very useful rationales for the comparison of sterics on NHCs.

However, this model
presented some inconsistencies with
certain NHCs, which led to a re-
evaluation of the method. As a
result of the derived discussions, a

new parameter was proposed. The

[ i o percent buried volume (%VBur)18 is a
Figure 1.7. First coordination sphere on a metal-

NHC complex. Reproduced from literature.'” quantitative parameter to evaluate
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the fraction of the volume of the first coordination sphere around a given metal being
occupied by a ligand (Figure 1.7). The interpretation of the quantified values is
straightforward, with a higher percentage representing a more sterically congested metal
centre. Trends in steric effects have been accurately analysed with this method (some

selected examples are presented in Figure 1.8).

Percent of buried volume %Vpg,,
<‘ ? NHC Uns. Arom. Sat.
R’N\/N‘R R’N\/N‘R R’N\/N‘R 1 18.8 18.9 19.0
: 2 249 25.1 25.4
unsaturated aromatic
saturated 3 260 264 259
-§-R 4 31.1 30.4 31.8
5 355 38.9 36.2
6 36.1 40.8 36.6
$4H  #cH, +$Et  dCFR $'Bu @ 7 305 302 316
8 30.5 30.2 32.4
1 2 3 4 5 6 9 313 309 323
F HsC, iPr 10 31.6 31.2 32.7
11 33.6 31.9 35.7
O+
F HsC 'Pr
7 8 9 10 11 PPh; 30.5
PCy; 353

Figure 1.8. Some tabulated %Vg,, values for standard NHCs.*"

Due to its efficiency and consistency, the use of the %Vg,r remains the standard
method of steric analysis in NHCs. Taking advantage of that, Cavallo and co-workers
developed a user-friendly computational interface, named SambVca, which has rendered
the steric studies of metal-NHC complexes accessible, thanks to a simple 3D mapping
depicting the ligand topology and allowing algorithmic calculations to obtain %Vg,,.'
This software can be found online for free, and is considered a highly important tool for
NHC research activities. Recently, an updated version of this system, the SambVca 2.0,
was released, providing advanced features and a more consistent interface for the
analysis of catalytic pockets in metal centres.?’ An example of the obtained analysis for

a selected Ru-NHC species is shown in Figure 1.9.
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L I e N N e — [—— |
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Figure 1.9. Selected example of a Ru-NHC (left) and the SambVca plot obtained for its
structure (right). A topology legend is depicted below for further clarification.
Reproduced from reported literature.?

1.2.4 Synthetic methods

Due to the broad structural diversity of NHCs, a variety of synthetic methods
have been used for their synthesis. The imidazolium salt motif (see Figure 1.3) will be
used as a representative member of five-membered ring carbenes to discuss some
general synthetic approaches.

The simplest route towards imidazole-based carbenes relies on the direct
reaction of imidazole with alkyl or aryl halides in the presence of base, obtaining both
symmetrical (Scheme 1.5, A) and unsymmetrical molecules (Scheme 1.5, B-D). The
delicate stoichiometry control required, as well as the unsuitability of a range of organic
halides for efficient addition to imidazole, has led to the investigation of alternative
synthetic methods. While symmetric NHCs can be obtained by cyclization of glyoxal
and paraformaldehyde in the presence of amines (Scheme 1.5, E-D and F-G),
unsymmetrical NHCs are accessible by reducing unsymmetrical 1,2-diimines (Scheme
1.5, H) (obtained from controlled addition of amines to glyoxal, or also via reaction of
amines with 1,2-dicarbonylic compounds; Scheme 1.5, 1-J) to the corresponding 1,2-

diamines and further cyclisation (Scheme 1.5, K).
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+base + 2RX (R=R)
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Scheme 1.5. Common synthetic approaches towards symmetrical and unsymmetrical
imidazolium salts.

The obtained imidazolium salts can be then further reacted with a base to obtain
the corresponding free carbenes (Scheme 1.6, A). This methodology has been widely
used for the preparation of imidazole-based carbenes due to its relative simplicity.
However, base-free systems are sometimes necessary, thus other methodologies are
required. Among these, the thermal extrusion of functional groups in the C, position has
shown some versatility for the in situ generation of free carbenes. Some common
examples of extrusion reactivity are the elimination of hydrocarbons (Scheme 1.6, B) or
CO; (Scheme 1.6, C). Less practiced is the reductive desulfurization of imidazolthiones
(Scheme 1.6, D), although also being a suitable approach towards the release of free

carbenes.

H R 0" 70
-
—\ B\ /C R’N N‘R
R-NSN-R
+ _
R’N\._/N‘R

Scheme 1.6. Common synthetic approaches for the synthesis of free carbenes from
imidazolium salts.
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1.2.5 Applications of NHCs: organocatalysts and metal-NHC complexes

Aware of the extraordinary o—donor capability of NHCs, the research
community has used these molecules in a variety of processes involving nucleophilic
activation of organic molecules. This role as organocatalysts has been extensively
explored, and their mediation of carbonyl umpolung chemistry is an extended practise.??
The role of free carbenes as generators of enolate,”*?* homoenolate® or acyl anion
equivalents®® from suitable precursors has boosted the interest for their uses in organic
synthesis. Transformations such as the benzoin condensation?”?® or the Stetter

2930 among many others,** have immensely benefited from their performance,

reaction,
and as a result, NHC organocatalysis has become a major synthetic tool for both simple
reaction steps and more complex pathways, including total synthesis.*?

Despite the extensive application of NHCs in organocatalysis, their use as
ligands in organometallic chemistry has quickly grown since the first reports of
Wanzlick and Ofele,”® due to their great utility in metal-catalysed transformations.®
Stabilising metals in high oxidation states®® or their great performance under
challenging reaction conditions (for example, organic reactions in aqueous media)** are
only a few of the characteristics of NHCs that have proved beneficial in catalysis. The
possibility to be combined with other ligands, such as mixed NHC/phosphine catalysts,
has further increased the interest of their use.®® The central role of NHCs in metal
catalysis nowadays is therefore not extensively questioned, with catalytic applications

38i

ranging from C-H activation,® C-C* and C-N coupling,*® to hydrogenation®® or

% among others.** Finally, their role in catalysis is also

polymerization chemistry,*
complemented with the utility of a modest number of species in other aspects, such as
their exploitation as anticarcinogenic substances* or fluorescent chemosensors.*

The traditional preparation of these complexes is based on the reaction between
a free carbene with a metal source (such as metal oxides or halides) (Scheme 1.7, A).
However, in order to avoid the precautions ascribed to the handling of sensitive free
carbenes, other pathways have been unveiled. Among the possible alternatives, the in
situ generation of the carbene species using the corresponding imidazolium salt in the
presence of a base, followed by complexation with a metal source, has a remarkable
presence in the literature (Scheme 1.7, B). The synthesis of intermediate metal-NHC
species and subsequent transmetallation also represents a very efficient way to obtain

certain metal species that could otherwise not be accessible (Scheme 1.7, C). Less
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common alternatives include oxidative addition of C-X (Scheme 1.7, D) or C-H bonds
(Scheme 1.7, E), or the use of dimeric NHCs through C=C bond cleavage under thermal
conditions (Scheme 1.7, F).

R-NN-R
-
ML N/:\N
n R~ “R
base c \r
A/MLn ML,
NN A N__N D R-N_Nig
RNNANR T R’\r‘R -~ Y
ML, X
VE\
F1 /X
R’N\fN*R
M\ H
R’N:EN“R
/

Scheme 1.7. Common approaches to the synthesis of transition metal-NHC complexes.

Complete summaries of these and other synthetic methods, as well as
applications of transition metal-NHC complexes, are available in the literature,*
generating an extensive library of knowledge that has been widely used by scientists.
The great expansion of homogeneous catalysis based on NHC complexes is a reality
that has brought this chemistry to a very competitive stage, and that continues providing

new interesting applications in synthesis.

1.3 Au(l)-NHC complexes
1.3.1 History of gold in chemistry

Gold is a transition metal from Group 11 that
has found a very special place in catalysis, and its

compounds are nowadays among the most versatile

groups of catalysts for organic synthesis, with a copious
amount of work available in the literature.*

Thinking retrospectively about gold in chemistry, it is surprising to acknowledge
the success of this noble metal considering the early-stage assumptions of its inactivity
towards the formation of any chemical bond. For that reason, ancient cultures used gold

to prepare ceremonial masks for important members of their community, emphasising
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the concepts of inertness and precious value. However, the scientific facts behind such
affirmations have been slowly demystified, and the studies performed in the last
centuries have revealed a very rich chemistry. While the use of gold, especially
important in the field of homogeneous catalysis, is not usually considered an interesting
industrial approach, it is a much more common tool in academic research. The uses of
Au range from the straightforward functionalisation of alkynes*® to cross-coupling
chemistry,”” among many others;* the analysis of this broad applicability leaves little
doubt about the interest of gold in research, with the so-called "Gold Rush" having
overwhelmed the catalysis field in the last twenty years.

The earliest known report of homogeneous catalysis using gold dates back to
1976, when Thomas reacted alkynes with tetrachloroauric acid in aqueous MeOH,

obtaining mixtures of ketones as reaction products (Scheme 1.8).%

0 R?
Rl_—_R? H[AuCI4] (7 mol%) -~ lJ\/RZ . R1’\n/
MeOH/H,0, 65 °C, 24 h R 0

Scheme 1.8. First homogeneous gold-catalysed reaction: hydration of alkynes.*

This piece of work inspired further studies into the integration of gold in
synthesis by means of homogeneously catalysed systems, with very successful reports
in the following years. One of the most interesting reactions was the asymmetric aldol
reaction of aldehydes and isocyanoacetates using a ligand-stabilised Au(l) complex,
published by Ito and Hayashi in 1986 (Scheme 1.9).*°

[Au(c-HexNC),][BF 4] (1 mol%)
L (1 mol%) o\

O CNCH,COOMe (0.92 equiv.) N 0y
2 e (0.92 equiv.)
L > R)\/ " )\<

R” “H CH,Cl,, 25 °C, 20-40 h
CHj

HI
@'LNMeCWCHQNRZ
=~pph, ( H h

L= Fe
PPh
= P,
N .07 R
Au’ 0
\CS
TN N 2
\+ OMe
NHR,
\ H J

Scheme 1.9. First asymmetric gold-catalysed reaction: aldol reaction with 2-
cyanoacetates, and mechanistic participation of a Au-phosphine in chiral recognition.*
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The decoordination of the cyclohexylisocyanate units in the gold precursor,
followed by coordination of both the enolate of methyl isocyanoacetate and the
aldehyde, was proposed as a consistent explanation of the good selectivity of this
system (Scheme 1.9). These results were again surprising to the scientific community,
as Au(l) complexes were considered poor enantioselective promoters due to their linear
geometry. Another key feature for the high performance of this system was the strong
affinity between gold and phosphorus; in view of these results, Hayashi’s work
supposed the beginning of the era of enantioselective catalysis using gold.™

These preliminary reports marked the start of prolific years for gold catalysis,
with a special attention to Au(l)-phosphine species, which dominated homogeneous
gold-catalysis for many years. A significant amount of work was developed during the
90’s to unravel deeper features of gold chemistry, and the explosive growth of this field

in the early beginning of the 21st century has been outstanding.*

1.3.2 Properties of gold

The reactivity of gold is dominated by the great influence of relativistic effects

in the metal (in fact, the highest ones within the transition metal family),>® whose nature
is fully described by quantum physics.>* A brief mention about its consequences in the
application of gold in synthesis® is summarised below:
1) Strong m-acidity: the cationic forms of gold (especially Au(l) species) can be
categorised as soft Lewis acids, according to the HSAB theory ("Hard and Soft Acid
and Base") introduced by Pearson in 1963.%® The easily polarisable electrons in its
valence shell result in a poor back-donation of gold to attached organic moieties,
generating a lower LUMO for chemical interaction than that observed for other
transition metals. This translates into cationic Au being a favourable species for the
formation of n-based interactions, which is especially interesting for its interaction with
soft nucleophiles, such as alkynes (in fact, one of the major fields of study in gold
chemistry) (Scheme 1.10).”’

LAu*

LAu* : X R AuL v+ R Y
R———R » R———=—R ——>» >=( —_— )=(
X R X R

Scheme 1.10. Activation of alkynes via m-acidic cationic gold species and prototypical
functionalisation sequence of Au-alkyne adducts with nucleophiles and electrophiles.
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2) Atomic radius: the contraction of the s orbitals in gold results in a significant
reduction in its atomic radius (135 pm) when compared to the transition metals in group
11 of the periodic table (145 ppm for Cu, 165 ppm for Ag) (Figure 1.10).>**>°% The
high influence of the nuclear effects, that is, a greater electronic pull effect, essentially
represents a higher Lewis acidity of Au than that expected for an element with its

chemical properties.
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Figure 1.10. Calculated contraction of the 6s orbital in gold by considering relativistic
effects. Reproduced from reported literature.>®

3) Aurophilicity: the feasibility for the formation of weak Au-Au interactions with
Au(l) species has led to the detection (and in some cases, isolation) of a variety of
complex multinuclear Au aggregates (Figure 1.11).*® This species can sometimes be
active in catalysis, and have led to some interesting optimised results in reactions where

mononuclear species were either inactive or displayed low reactivity.

Dinuclear Aurin Au Aurien Au Aurn Au

Trinuclear AU AU Au

Polynuclear Auen Aurn Au Au |

Figure 1.11. Some schematic polynuclear Au structures available in the literature.
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4) Active high-oxidation-state species: Au(0), Au(l) and Au(lll) are the most common
oxidation states for gold. While the first ionisation of the contracted 6s orbital is more
challenging, the second and third ionization potentials are significantly lower due to
more accessible 5d orbitals being involved. Of special importance are the Au(l) species,
allowing both oxidative and reductive chemistry. However, non-stabilised Au(l) species
disproportionate to Au(0) and Au(lll) in aqueous solutions, and the avoidance of
moisture has been a major difficulty to overcome with these systems. The use of
ancillary ligands has successfully addressed this stabilisation issue for Au(l). These
have allowed moving from simple salts like AuCl to more complex species such as Au-
phosphine adducts (for example, complexes with the formula [Au(CI)(PR3)], where R =
alkyl or aryl)® and also Au(l)-NHC complexes. On the other hand, the square-planar
Au(ll) complexes have also found catalytic applications, although being harder Lewis

acids translates into a lower carbophilic character when compared to Au(l) species.’*®

Gold also possesses other advantages among transition metals, such as a
generally low toxicity of its related compounds or high reactivity under very mild
conditions, which is highly desirable for an industrial perspective®® and provides further

evidence of the useful place of gold in chemistry.

1.3.3 History of Au-NHC species in chemistry

In 1998, Teles remarked that cationic gold could be the most likely active
species in gold catalysis, and that highly electron-donating ligands would be beneficial
for Au-based catalysts.*®® In response to this claim, the use of NHCs was indeed
contemplated as suitable for more stable Au(l) species to be prepared, leading to almost
two decades of very active work and hundreds of reports in catalysis®® and other fields,
such as biomedicine.®*

The first isolated gold-NHC complex was reported in 1989 by Burini and co-
workers. This cationic Au(l) bis-NHC species was prepared through lithiation of N-
monosubstituted imidazole with BuLi, followed by reaction with [Au(Cl)(PPhs3)] and
HCI, yielding the corresponding chloride complex (Scheme 1.11).%
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M\ |

N . N . +
[ Y BuLi [ S>—Li i) [Au(CI)(PPh3)] -~ )A\U
N N

! ii) HCI R<N"NH
R R =/ |
R = CH,Ph 68% yield

Scheme 1.11. First isolated Au(l1)-NHC complex.®

These cationic species were, at those times, certainly difficult to isolate, and
despite the copious work in the field, such as the studies from Baker® or Gagosz,®’
decomposition to Au(0) was commonly observed. The understanding of Au(l)-NHC
species has broadened quite significantly over the years when the important stabilising
role of ligands was consistently used for catalyst formulation. An interesting discussion
about this occurred in 2006, when a stable cationic complex based on Au(l) and
containing a solvent molecule (CH3;CN) as a stabilising moiety, was prepared.®® The
isolated complex, with the formula [Au(IPr)(NCCH3)][PFs] (Figure 1.12, left), was also
proven catalytically active in the cycloisomerisation of enynes.®® Inspired by this
"stabilised intermediate” approach, further work revealed a vast range of possibilities to
obtain similar Au(1)-NHC species with catalytic activity. The work of Nolan” and more
recently of Bertrand’* was decisive in this field by expanding the available stabilising
ligands (Figure 1.12, right), demystifying the inaccessibility of cationic Au(l)-NHC

species and thus opening a new area of study that has certainly grown over the years.

i /—\ ip i
Pro gt Prr ProAut
PFs | B(CeFs)s
NCCH; NH3
Nolan (2006) Bertrand (2008)

Figure 1.12. Selected early examples of stabilised Au(1)-NHC cationic complexes.®®"*

Crystal structure reproduced from reported literature.®®

1.3.4 Au(l)-NHC complexes

The presented theoretical background about Au(l)-NHC species will serve as a

base for the discussion of the current catalytic systems available in the literature and
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also present throughout this thesis. Before analysing their application to the particular
synthetic needs of our projects, some fundamental facts about the main families of
Au(l)-NHC complexes will be summarised, with special interest in synthetic methods,

reactivity patterns and some applications in catalysis.

1.3.4.1 [Au(CIH(NHC)] complexes

Despite the intense study on the synthesis of cationic Au(l) complexes, the field
of Au(l)-NHC chemistry is mainly represented by the family of neutral Au(l)-NHC
halides with the general formula [Au(X)(NHC)]. Among these species, chloride
complexes with the formula [Au(CI)(NHC)] constitute the largest category of Au(l)-
NHC compounds.** Their stability to moisture and air, their ease of preparation and an
unmatched role as precursors for other Au(l)-NHC species, have led them to be highly
desirable benchmark compounds in gold-focused research labs.

The preparation of [Au(CI)(NHC)] complexes’® mainly uses two approaches:

1) Free carbene route: this route involves the use of a preformed gold(l) chloride
complex with a weakly coordinated ligand that could be substituted by simple exchange
in the presence of a free carbene (generated from the corresponding imidazolium salt in
the presence of a base, as discussed in Chapter 1.2) (Scheme 1.12, left). Acceptable
yields are usually obtained through this methodology. The gradual substitution of this
approach by other methods responds to a series of inconveniences; such as the
requirement for “carbene-friendly" conditions (air- and moisture-free systems), or the
inefficiency of this pathway for the preparation of complexes containing certain

common ligands, such as IMes or SIMes."

NaH/KO'Bu ) M;0
THF, rt. [~ DCM, r.t.
| RTVNTR Tmacuag |
e H g
RN -

[\ c|:|

[Au(CI)(DMS)] R/NYN\R [Au(C)(DMS)] |
Au
&

Scheme 1.12. General routes for the synthesis of [Au(CI)(NHC)] complexes.”*"

2) Transmetallation route: the transmetallation route requires the formation of a
[M(CI)(NHC)] precursor that can be then transformed into the desired Au complex via

NHC transfer (Scheme 1.12, right). Ag”® or Cu™ species are commonly used for such
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purposes. This methodology has led to a wide range of NHCs being transformed to their
corresponding Au(l) chloride complexes in modest yields without the requirement for
restrictive air- and moisture-free conditions. The main drawback of this approach is the
obviously low atom economy that overprices its applicability, especially at higher

scales.

These two methods have established the main pathways towards Au(l)-NHC
synthesis, but the drawbacks they present still encourage further work to ease the
synthetic access to [Au(CI)(NHC)] complexes. In this line, one of the most important
advances is related to the feasibility of weak bases, such as K,COs, to promote the
deprotonation of imidazolium salts for further carbene metallation chemistry. This
report represents a great simplification of the synthetic method for chloride complexes,
affording moderate to excellent yields for a variety of NHCs in air and using technical-

grade acetone as solvent (Scheme 1.13).”

//\ Cr [Au(C)(DMS)] (1 equiv.) N/'"\N
N _N* K,CO; (1-2 equiv.) R™ Y —~R
- y/ \R >
R Y acetone, 60 °C, 1-24 h, in air Alu
H
Cl
13 examples
53-97%

Scheme 1.13. Improved carbene route using K,COj3 as base.”

The family of Au(l)-NHC chlorides are mainly considered as Au precursors for
the preparation of other species. Its reactivity has been considered as restricted for many
years, as the use of silver salts to abstract the coordinated halide and generate the
catalytically-active species was a strict requirement for their use in catalysis.*®®°"
Modern advances in Au(l)-NHC chemistry are currently making progresses along this
line of study, having opened a broad field of study about activation and catalysis with

these neutral species.

1.3.4.2 [Au(OH)(NHC)] complexes

The family of Au(l)-NHC hydroxide complexes, with the general formula
[Au(OH)(NHC)], are one of the most common groups of Au(l) complexes obtained
from the corresponding chloride counterparts. These species have a very important
place in the general chemistry of Au(l)-NHC compounds, exhibiting a higher reactivity

than their precursors and being excellent catalysts for a variety of transformations.
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The original work for the preparation of Au(l) hydroxides was published in
2010, when Nolan and co-workers accessed this species in excellent yield from
[Au(CD(IPr)] after reaction with alkali metal salts (MOH, M = Na, K, Cs) in a
THF/toluene (1:1) solvent mixture (Scheme 1.14).”"

= 'Pr
Proay Pr THF/toluene (1:1), 60 °C, 24 h Al

Cl

3Pr N/=\N Pr . Jpr N/=\N Pr.
@i/ Y \@ MOH (2 equiv.) . a Y ;@
OH

92% (M = Na, K)
88% (M = Cs)

Scheme 1.14. First isolated [Au(OH)(NHC)] complex. Crystal structure reproduced
from reported literature.”’

This synthetic methodology was further modified to synthesise [Au(OH)(SIPr)],
a complex that could not be prepared using the original methodology. Employing ten
equivalents of the alkali hydroxide and reducing the reaction temperature to 30 °C in
THF as the sole solvent, the related SIPr derivative was prepared in 75% yield. X-ray
analyses on crystals from this species confirmed the structure of this linear Au(l)
species (Scheme 1.15).”® Lastly, a fairly recent report from Nolan has unveiled the
possibility to obtain these species via an even milder procedure and to perform scaled-
up reactions without any loss of efficiency, thus being a certainly more robust
methodology for large-scale catalyst synthesis. The new update consists on the use of an
excess of NaOH and catalytic amounts of t-amyl alcohol in THF as solvent; under these
conditions, room temperature could be used to obtain up to five different
[Au(OH)(NHC)] complexes in good to excellent yields, in amounts ranging from 0.5 to
20 g in only 24 h (Scheme 1.15).”
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Method A
KOH (10 equiv.)
THF, 30°C, 20 h \
NF\N me\N
i R TR
Au Au
al Method B OH
NaOH (7 equiv.)
'AmOH (0.2 equiv.)
THF, r.t., 24 h
Cl Cl
Ipr Ipr Ppr ;_c iPr
= Y YRS Y YRS YT
Au 'Pr Au Pr { .7:\' ipr Au iPr
(0]
[Au(OH)(IPr)] [Au(OH)(SIPr)] [Au(OH)(IPrc)]
Method A: 75% Method A: 75% Method B: 70% (1 g scale)
Method B: up to 99% Method B: 90% (1 g scale)
(20 g scale)
\F'h I' \ Ph p- TOI\/p Tol(_\p -Tol._, P-Tol
-Tol
p-Tol 0 p 0
[Au(OH)(IPr*)] [Au(OH)(IPr*T°")]
Method B: 91% (1 g scale) Method B: 70% (0.59 g scale)

Scheme 1.15. Updated methodologies for the synthesis of Au-NHC hydroxide
complexes. Crystal structure reproduced from reported literature.”

The interest in providing more general methods for the preparation of
[Au(OH)(NHC)] complexes is based on a fast expansion of synthetic protocols
employing these species as catalysts. Some examples of this use of hydroxides in
catalysis include carboxylation® or decarboxylation chemistry,®® silver-free catalysis

based on gold®® and many other transformations.®

1.3.4.3 [Au(NTf,)(NHC)] complexes

The family of Au(l)-triflimide complexes first reported by Gagosz and co-
workers is also a representative group of complexes belonging to mono-NHC Au(l)
species. These species bear a triflimide unit, (-NTf,) as ligand, and have found synthetic
applications out of the limitations presented by chloride or hydroxide complexes.

The initial report from 2007 presented the synthesis and isolation of 10 examples
of triflimide complexes with either phosphine or NHC ligands (Scheme 1.16);%” more
recently, updated methodologies based on the original synthetic work have extended the
amount of tolerated NHCs for the preparation of these complexes with the general
formula [Au(NTf,)(NHC)].%
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AgNTf; (1 equiv.)
[Au(CI)(L)] > [Au(NTF;)(L)]
CHyClIy, r.t., 5-15 min

L = PR3: 5 examples (quant.)
L = NHC: 5 examples (75-86%)

Scheme 1.16. First isolated Au(l)-NHC triflimide complexes, and representative crystal
structure of [Au(NTf,)(IPr)]. Crystal structure reproduced from reported literature.®’

The preparation of [Au(NTf,)(NHC)] complexes is not only restricted to the
classical use of Au(l)-NHC chlorides as precursors, since the use of Au(l) hydroxides
was also proven feasible by Nolan and co-workers in 2010.%° Together with the
advances in silver-free synthesis of Au(l)-NHC triflimides,® these alternative pathways
offer mild and complementary approaches for the preparation of Au(l)-triflimide
species, as shown in Table 1.2. While the use of IPr as NHC in the corresponding Au(l)-
NHC chloride or hydroxide complexes provides a better yield using a silver-free
protocol (Table 1.2, Entry 1), the use of the SIPr derivative (Table 1.2, Entry 2) affords
very similar results by both methods. The use of IPr®' (Table 1.2, Entry 3) or IPr*
(Table 1.2, Entry 4) inverts the observations done with IPr, with a higher yield being
reported when silver-based triflamidation is used. These values clearly highlight the
necessity for both protocols to be active routes in Au(l)-NHC triflimide species.

Table 1.2. Comparing the synthesis of [Au(OH)(NHC)] complexes through silver or
silver-free methods

[\ VY ™\
R’NYN\R AgNTf, RTUNN TR i) KOH, THF, 30 °C R/NYN\R
_— -
AIU CH,Cl, r.t. Alu ii) HNTf,, CgHg, r.t. AIU
OH NTf, (o]

Entry NHC Two-step yield (%) Silver route yield (%)

1 IPr 84 69
2 SIPr 71 73
3 IPr! 62 87
4 IPr* 73 93
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1.3.4.4 [Au(NHC)(NEt3)][HF,] complexes

This family of complexes is fairly recent (as opposed to the wide diversity of
bifluoride complexes available in the literature for many other transition metals),®” with
the first members having been prepared in 2015, and represent the future of Au(l)-NHC
chemistry as a "young" family of metal complexes with much to be explored in their
reactivity. Some preliminary studies have shown that these species could extend the
applications of Au(l)-NHC chemistry in catalysis, therefore calling for more attention in
research to unravel their utility.

The first preparation of Au(l)-NHC bifluorides was reported in 2015 by Nolan
and co-workers, with a total of six examples of [Au(OH)(NHC)] complexes being
transformed into their corresponding bifluorides with the formula [Au(NHC)(NEts)][HF],
by using a mixture of NEt;-3HF and NEt; (2:1) in THF at room temperature for 3-4 h.%

In all cases, good yields of the respective bifluorides were obtained (Scheme 1.17).

NEt; (0.43 equiv.)
NEt;-3HF (0.87 equiv.)

[Au(OH)(NHC)] > [Au(NHC)(NEt3)|[HF ]
THF, rt., 4 h
HFZ |-|F2 HFZ
.Pr -pr E Phph /_\ Phé
+ P : + P QPh Ph CHj
NEt3 NEt3 NEt3
89% 84% 85%
[Au(IPr)(NEt3)][HF ] [Au(SIPr)(NEt3)][HF 3] [Au(IPr*)(NEt3)][HF ]
HFy
. cl :;IFZ ® HFr pTol_p- Tol/_\p “Tol._,p-Tol
.
\@ Y \Q /@ ToYp Tol
'Pr A +'Pr* iPr A +'Pr
p-Tol NEt p -Tol
NEt3 NEt3
84% 80% 84%
[Au(IPr®)(NEt3)][HF,] [Au(IPrMe)(NEt3)][HF 2] [Au(IPr*T°")(NEt3)][HF 5]

Scheme 1.17. First isolated Au(l)-NHC bifluoride complexes.®

Other species were prepared by means of exposure of hydroxide complexes to
suitable acidic species, as is the case with the two examples of isolated NHC-Au(l)-
pyridine bifluorides or the first example of a Au-Se bifluoride species (Figure 1.13).
With these studies, a set of new Au(l)-NHC complexes are now accessible for testing in

catalysis.
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HF2" HFy
Jpr ' \ iPr
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Se 'Pr
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Figure 1.13. Au(l)-NHC bifluoride species bearing other ligands. Crystal structure
reproduced from reported literature.®

From all reported examples, only the triethylamine adducts have found suitable
applications in catalysis so far; more specifically, hydrofluorination of alkynes has been
tested, obtaining very interesting results that will be further discussed and used to the

advantage of the presented projects in this thesis.

1.4 Au-NHC complexes in C(sp?)-F bond formation
1.4.1 Fluorination chemistry

1.4.1.1 Historical overview

One of the most prolific fields of study in
synthetic chemistry during the last century has been
devoted to the preparation of fluorinated compounds.

Some early mentions in the late 19th century® and a first ?

consistent mention of an organofluorine species dating

back to 1900, with the contributions of Swarts,” were the

precedents of a field which has experienced a massive

expansion. Pioneered by the discoveries of Block and co-workers on perfluorinated
hydrocarbons™ during World War 11, these novel substances were employed in the
development of resistant and thermally-stable materials.

The post-war decades marked the start of a tremendous research activity
focusing on the synthesis and applications of fluorinated organic compounds.®
Different areas, especially biomedicine® and agrochemistry® have dedicated significant
efforts to rationalise the synthesis of fluorocarbons and to find advantageous uses. As an
example of that, a wide range of commercialised drugs containing fluorinated moieties
are available through industrial-scale production, including compounds such as
Gemcitabine, Ezetimibe or Ciprofloxacin, among many others (Figure 1.14). A constant

flux of new reviews displaying the fluorinated pharmaceuticals of recent inception and
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their status in pharmacological tests, are constantly casted into the available literature.*®
Other applications, such as their use in positron emission tomography (PET)* or as

radiotracers®’ are also of outstanding importance for biomedicine.

cl +
0N IN yZ I NH, o) NH,MeCI
|
HF,CO c LqFO
HO F

Roflumilast Gemcitabine fluoxetine hydrochloride

Ezetimibe Ciprofloxacin

Figure 1.14. Selection of some fluorine-containing "Blockbuster” drugs.

Fluorination chemistry is essentially a "man-powered"” area of knowledge, since
a very small number of examples of naturally-occurring fluorinated compounds are
known,®® with natural fluorination mechanisms being very rare.*® Due to the origin of
fluorination in human activity, it is not surprising that industrial applications of
fluorination currently cover more than 90% of the total fluorination chemistry
performed within the scientific world; indeed, industrial manufactures such as

101

optoelectronic materials,"® lubricants,*®* polymers,'% refrigerants,'® dyes'® or liquid

105

crystals,’® among many others, % are highly developed and profitable.

1.4.1.2 Properties of fluorinated compounds

The peculiarities of the C-F bond are key for the properties of fluorinated
compounds. The high electronegativity of the F atom generates a polarised structure
which not only creates strong hydrogen bonding with appropriate acceptors,'®’ but also
alters the dipolar moment of the adjacent centres, as well as their pKa. The result of this
is a significant change in the activity of fluorinated moieties as opposed to C-H bonds.
It is to be noted that no significant difference in the van der Waals radius (1.35 A for C-
F vs 1.10 A for C-H) and C-bond length (1.26-1.41 A vs 1.08-1.10 A) can be
appreciated between C-F and C-H bonds, with the difference in reactivity being
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compatible with an almost perfect structural mimicry of standard C-H bonds in organic
molecules. The increased lipophilicity allows a better partitioning into biological
membranes, therefore increasing its bioavailability, which represents one of the major
interests in their advantageous use in biomedicine and similar areas. Helping with
hydrophobic interactions in binding sites and electrostatic bonds with different
functionalities is also an important factor of fluorine-containing compounds. The
strength of the carbon-fluorine bond and its higher oxidative and thermal stability
compared to the hydrogen-based counterpart round up the numerous advantages of

fluorinated molecules.

1.4.2 Synthesis of C(sp?)-F bonds
1.4.2.1 Introduction

The following subchapters will discuss the fundamentals of C(sp®)-F bond
formation, the initial steps and challenges involved in this reaction, and some of the
most representative approaches towards the synthesis of fluorovinyl and fluoroaryl
species, looking for a better comprehension of this transformation and a better

appreciation of the invaluable contributions available thus far.

A basic fluorination reaction consists on the use of a fluorinating reagent to
promote C-X cleavage (where X = suitable functionality) and generating a C-F bond in
the process. The nature of the displaced functional group is important to determine the
type of fluorination reagent to be used, and a good range of these reagents is available to
fulfil most chemical requirements. The most common categorisation in fluorination
chemistry is done based on the nature of the fluorine source, that is, electrophilic
fluorination or nucleophilic fluorination. A selection of typical compounds for
fluorination is shown in Figure 1.15. The use of fluorine gas (F;) has dominated the
field of electrophilic fluorination until very recent decades, 1% when its substitution by
easily-handled non-toxic compounds is now evident. Reagents containing N-F moieties
are undoubtedly the most used sources of "F™; these include F-TEDA derivatives (in
particular, the tetrafluoroborate species most commonly known as Selectfluor),®® as
well as NFSI.*% N-F reagents have been extensively studied, with their fluorination
capability being constantly updated with new derivatives and mechanistic insights.***
On the other hand, the large family of fluoride-based compounds ("F™) is represented

by species such as DAST™® (belonging to the group of reagents based on S-F
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moieties).’*? These reagents have slowly displaced simpler yet less efficient nucleophilic
fluorination sources, such as KF or HF. The particular interest in the substitution of HF
due to its toxicity and special handling has given room to less toxic surrogates, such as
NEt;-3HF or DMPU-HF, which are nowadays very present in HF-promoted chemistry.
The use of tetrabutylammonium fluoride (TBAF), despite its simplicity, is still a very

useful method for the fluorination of certain substrates.

NUCLEOPHILIC FLUORINATION ELECTROPHILIC FLUORINATION
- ®
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, oo
KF  CsF  AgF CHs ‘ HC™ N CHy ﬁBFI Osgl 750
' Metal fluoride salte | | CT8 Sy Fm CHs il SFs ; - o Nl oo E Ph
! etal fluoride salts ' | DAST | v
s o K/\N*’\) N ' ! . F L H NFSI H
[ Vo . i 1-fluoro-2,6-dichloropyridinium | .. __________________ B
== L : tetrafluoroborate e B
\ T HRe L HyC™ "N CH; | aHE | tiiiiiiiiiiiiiiiiiiiiiiiiiin Q.0
5 N L HC g § : 3 [\ BFT % S
i Hydrogen fluoride | ! [ CH; | F_N\/\N Y . N-F
! pyridine P TBAF || NEty-3HF (TREAT-HF) | : g ¢ vl ,?'\\O
,,,,,,,,,,,,,,,,,,,,,, N e N ______s | 0
Selectfluor NFOBS

Figure 1.15. Selection of most common fluorination reagents available in the literature.

These are only a fraction of the vast amount of fluorine sources that have been

successfully used in this reaction, with the use of electrophilic fluorination representing

a generally more expensive but more versatile approach™*

than nucleophilic
fluorination.’> As a result of this, the two differentiated routes towards
fluorofunctionalisation of chemicals have been studied independently in research,
obtaining in both cases useful protocols, which include C(sp?)-F bond formation

reactions.

1.4.2.2 Synthesis of fluoroalkenes: state-of-the-art

The first type of compound containing C(sp?)-F bonds is the family of

116

fluoroalkenes. The fluorovinyl moiety ™ is a very interesting fragment that has

significant presence in chemistry. From unprecedented effects in Diels-Alder

7 to strong biological activity as antiviral and enzyme inhibitors®

119

cyclisations

(structural mimics of amides)
120

or as suitable co-monomers for polymerisation with
ethylene,” " there is a patent desire in chemistry for the preparation of fluoroalkenes in
an efficient and selective way.'**

The synthetic access to these compounds presents some flexibility, with different
approaches being available for their preparation. Traditionally, olefination methods

have been used to generate fluorovinyl fragments, with special contribution from three
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reactions: the Julia-Kocienski olefination,*?> the Horner-Wadsworth-Emmons
reaction*?® and the Peterson olefination,*?* as shown in Scheme 1.18. In all three cases,
the reaction is based on the functionalisation of aldehydes with appropriate fluorinated

esters in the presence of strong bases.

(o} o base H O RZ O
FGW)J\OW * ol T RZMOW ¥ HMOW
F F F
FG = SO,R® base = DBU Julia-Kocienscki olefination
FG = P(O)(OEt), base = NaH Horner-Wadsworth-Emmons reaction
FG = SiR;' base = LDA Peterson olefination

Scheme 1.18. Synthesis of fluoroalkenes using traditional olefination methods based on
aldehyde substrates.

While E-alkenes are usually obtained as major products using these methods (as

described in the original protocols)'?>*%°

the efficiency of these reactions has proven
limited for more general fluoroalkene synthesis. Important substrate dependence,
complex synthetic routes for the preparation of the starting materials and overall low
yields (<80%) are underlined as the major drawbacks in these reactions.

In response to these synthetic problems, new methodologies were extensively
tested during the second half of the 20th century, with good results. For example, in
1990, the direct fluorination of alkenes was exploited by McCarthy and co-worker, who
reported a sequential fluoroselenation/demetallation reaction of monosubstituted

alkenes, yielding 2-fluoro-1-alkenes in moderate to excellent yields (Scheme 1.19).'?’

AgF (2.5 equiv.) O3 (excess)
R SeCl (1.2 equiv.) R F iPr,NH (2 equiv.) _ R
\— - > >
CH3CN, .t 18 h F CCly -20 °Ctoreflux, 16h  F

8 examples
66-99% yield

Scheme 1.19. Fluoroselenation/demetallation of olefins for the synthesis of 2-fluoro-1-
alkenes.*?’

While the reaction is an excellent approach to disubstituted gem-fluoroalkenes
under mild conditions, the multistep conversion using expensive reagents at high
loadings and with a short scope of substrates has not allowed a more extensive use of
such a methodology. The synthesis of fluoroalkenes through formal C-H fluorination of
olefins is rare, and as shown in the previous example, usually requires big excesses of

additives to proceed with good results. During the 1990°s, some other examples of C-H
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activation/fluorination reactions were discovered, such as the use of fluoroacetals
obtained from 2,3-dihydrofuran’® for the synthesis of fluorinated acrolein

129

derivatives,'? the studies on fluorobromination-dehydrobromination of alkenes™* or the

preparation of cyclic fluoroalkenes by carbanionic rearrangements on

halomethylenecyclobutanes (Scheme 1.20)."!

CHCI2F
Hungerbiihler (1990)

NBS, HF

Schiosser (1996) N COOH —=2"p \)\({COOH > P Ay OO
n

aq HF
Erickson (1998) \_ _» J:§

Scheme 1.20. Some examples of fluoroolefin synthesis reported during the 1990°s.

In a similar fashion to the work of McCarthy, multistep processes were required
in order to reach the final desired compounds, and the substrate scopes for these
protocols were very limited. The presented examples summarise the inherent difficulties
of direct fluorination of olefins for an easy access to fluoroalkenes, and the use of
different approaches was certainly considered as a good alternative. Indeed, the
activation of other moieties for fluorination has found a much more general applicability
and a wider range of useful synthetic possibilities. For example, the work from Tius and
co-workers shows the advantageous use of ketones as fluoro-olefin precursors in the
functionalisation of complex molecules. In their report, a halogenated cannabinoid, (-)-
11-nor-9-keto-hexahydrocannabinol (HHC), was treated with ten equivalents of
dimethylaminosulfur trifluoride (Me-DAST) in CH,Cl, at room temperature for 2 days,
affording the bis-fluoride species which, upon stirring at 120 °C in the presence of
neutral activated alumina in a sealed tube for two days, cleanly afforded the

corresponding fluoroalkene (Scheme 1.21).**2
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HsC,
N-SF3
H3C
Me-DAST (10 equiv.)

CH.Cl, rt,2days

neutral alumina
120 °C, 2 days o

C5H11 CSH’I’I

Scheme 1.21. Difluorination/elimination reaction in cannabinoids promoted by Me-
DAST under mild conditions.'*

The use of "masked" fluoro-olefins is not strictly necessary for efficient
fluorination, and the activation of other functional groups attached to C(sp®) carbons has
also been claimed in this type of chemistry. For example, alkenylboronic acids are
suitable fluoroalkene precursors, as shown by the work of Olah in 1997 (Table 1.3).**®
While stereoselectivities were not very high (unless sterically-demanding substituents
were present), the simplicity of the method demonstrated a great advantage for synthetic

purposes.

Table 1.3. Fluorination of alkenyltrifluoroboronate salts with Selectfluor.**

RS_ BF3K  Selectfluor (2 equiv.) . R F

R2 R CH4CN, rt. R2 R
R! R’ R®  Yield (%) E:Z (%)
Ph H 89 50:50
H Bu H 58 50:50
H 4-MeC¢H, H 87 50:50
H 4-CICeH; H 78 50:50
Ph Ph H 71 85:15
H Ph Br 65 50:50

Since the last decade of the 20th century, a very extensive exploitation of
fluoroalkene synthesis has occurred, with many revisited concepts being an important
part of successful fluorination attempts. The principles of addition-elimination
mechanisms visited in the past for the fluorination of olefins were suitable, for example,
for the transformation of gem-difluoroalkenes to tetrasubstituted fluoroalkenes in the
presence of nucleophiles, as observed by Shi and co-workers in 2000 (Scheme 1.22).3*
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\FJ:F NuX (1 equiv.)/base \Fj[Nu

MesSi CO,Et  solvent, -78to 0 °C MesSi CO,Et

Scheme 1.22. Addition/elimination mechanism for the preparation of fluoroalkenes
from gem-difluoroalkenes.**

Despite bringing the two-step concept back to synthetic proposals, this type of
reactions has in fact found good application since the obtained results have compensated
for the higher complexity of the route. Another example of this mechanism for the
fluorination of olefins is the work reported by Hong and co-workers in 2010, when
2,2,2-trifluoroethyl tosylate was transformed to the corresponding 2-fluorovinyl tosylate
in the presence of n-BuLi. This intermediate could be then treated with LiAIH, at low
temperatures to selectively perform for the access to selective monodefluorination,
yielding E-fluorovinyl tosylates. In the last step, the cross-coupling reaction with
various boronic acids, catalysed by palladium, afforded disubstituted E-fluoroalkenes as

reaction products (Scheme 1.23).'%

[Pd]
-BuLi TsO F LiAIH TsO AI'B(OH)2 Ar
TsOCH,CF3 L» — AL : \=\ —_— \=\
THF, - 78 °C F Et,0,0°Ctor.t. F F

10 examples
65-99%
Only (E)-alkenes

Scheme 1.23. Vicinal disubstituted fluoroalkene synthesis via three step
fluorination/elimination/cross-coupling with boronic acids.**®®

During the new "golden age" of addition-elimination chemistry, a surprising
renaissance of the olefination based on aldehydes was witnessed. The inspiration came
from previous decades, when Purrington detailed the feasibility of a-fluorosulfoxides as
interesting precursors for fluoroalkene synthesis in 1987,*¢ overcoming experimental
difficulties experienced during the classical fluoroolefination approaches. The use of S-
containing fluoroalkanes was recovered in later years by Hu, in a methodology that
reacted a-fluorosulfoximines and nitrones for the isolation of trisubstituted
fluoroalkenes in up to 94% isolated yield and generally good stereoselectivities
(Scheme 1.24).*"
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- i) n-BuLi (2 equiv.)
O, NTs O-4-Ph THF, - 78 °C, 40 min H  Ph

s?__Ph D
©/ I * PhJ\H ii) nitrone, 1 h PH F

iiiyr.t, 3h

21 examples
29-94% yield
100:0 to 74:26 (Z:E)

Scheme 1.24. Synthesis of trisubstituted fluoroalkenes from a-fluorosulfoximines and
nitrones.™*’

In the same year, Olah and co-workers discussed a very interesting feature of
Julia-type conditions: their adaptability to other substrates. In this case, the use of o-
fluorobis(phenylsulfonyl)methane efficiently transformed alkyl halides (bromo- or
chloro derivatives) into their corresponding fluoroethene derivatives, promoted by the
use of Cs,COs in acetonitrile as solvent (Scheme 1.25)."* The versatility of sulfur-
derived fluoroalkanes as fluorinated fragments was further reinforced with this method,

extending the substrate scope and amplifying the synthetic possibilities of this setup.

H

R'CHFSO,Ph (1 equiv.) .
@/\X Cs,CO3 (2 equiv.) @)\(R
R > R
CH4CN, r.t. to 120 °C, 2-15 h F
X=Cl, Br 12 examples
R' = SO,Ph, COPh, COOEt 56-90% yield

Scheme 1.25. Modification of Julia-Kocienski conditions for the synthesis of
fluoroalkenes using benzyl chlorides or bromides.**®

The use of transition metal catalysts for the fluorination of olefins has been
omitted from this fluorination field until recently, when some of the most fresh
methodologies involved such type of reaction promoters. One of the first available
reports is the use of Pd catalysis in conjunction with NFSI, for setting-up a vinylic C-F
bond after a tandem cyclisation/fluorination protocol for enynes, as reported by Liu and

co-workers (Scheme 1.26).%

[PA(OCOCF3),] (5 mol%)

Ph NFSI (3 equiv.) F
iPrOH (3 equiv.) Ph CHs;
| | f bathocuproine (7.5 mol%) N
0PN DMA, 50 °C 07N
Ts Ts

14 examples
13-72% yield
up to 1:8 (Z:E)

Scheme 1.26. Pd-catalysed cyclisation of enynes with concomitant C-F bond
formation.™*®
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Within the field of transition metal catalysis, the research community has
abandoned the old concepts of fluoro-olefin synthesis and has focused on a synthetically
different approach: the hydrofluorination of alkynes. This reaction consists on the direct
addition of an HF unit to a triple bond, formally reducing the alkyne to an alkene with

concomitant C-F and C-H bond formation (Scheme 1.27).

R:R'+®®—>@—>@=@+ "

R — e R‘ R Rl R

Scheme 1.27. General scheme for the reaction of alkynes with HF for the synthesis of
fluoroalkenes.

The commercial availability of alkynes covering a wide structural diversity,
together with a higher atom economy of the hydrofluorination process and a simple
reaction mechanism have facilitated the integration of this alternative methodology into
the commonly performed fluorination methods. While the use of HF is decreasing due
to its toxicity and handling difficulties, new families of HF surrogates have been
synthesised and used for fluorination. Their behaviour in the addition to triple bonds has
been proven similar to that of HF, and with the aid of metals, the newly formulated
methodologies have responded positively to the demand of more consistent and robust

synthetic systems.

The use of Au(l) species has been a major breakthrough in hydrofluorination
chemistry, providing unique reactive features for selective synthesis of fluorovinyl
moieties. The highest exploitation of this reaction is based on the use of Au(l)-NHC
complexes (a reactive feature that will be the foundation for the experimental work
detailed in future chapters of this thesis). The pioneering work of Sadighi and co-
workers in 2007 initiated the very successful field of hydrofluorination of alkynes
promoted by Au(l)-NHC species.*** Under mild conditions, the conversion of
symmetrical and unsymmetrical alkynes to the related fluoroalkenes was achieved
(Scheme 1.28). Two different catalysts were used in the presence of various additives
for optimal results, but unfortunately a narrow scope of substrates was obtained, with
isolated yields of up to 84% and a difficult control of the stereoselectivity of some
resulting alkenes, which might explain its limited applicability to the synthesis of

complex fluoroalkenes.
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[Au(X)NHC)] (2.5 mol%)

NEt3-3HF (1.5 equiv.) F
PhNMe,-HOTT (10 mol%), KHSO4 (1 equiv.) R!
R'-——R? > \ R?
CH,Cly r.t., 18-30 h H
X =Cl, O'Bu 6 examples
NHC = SIPr. IP/°! 63-86% yields

Scheme 1.28. Hydrofluorination of internal alkynes catalysed by [Au(X)(NHC)]
complexes.**

Despite its limitations, ulterior studies have revealed how powerful this type of
Au-catalysed reaction is for the hydrofluorination of alkynes. In 2009, Miller made use
of [Au(CI)(IPr)] as catalyst in the conversion of alkynes to fluoroalkenes in the presence
of directing groups for selective HF addition.**? By the combination of certain additives,
the use of NEt3-3HF as hydrofluorination promoter was again satisfactory, allowing the
synthesis of 13 examples of hydrofluorinated alkynes with yields up to 74% (Scheme
1.29). Despite a better general reactivity and selectivity, the strong substrate dependence
and the difficulty in obtaining high isolated yields have also precluded this methodology

from having a wider scientific diffusion.

[Au(CI)(IPr)] (2.5 mol%)
NEts-3HF (15 mol%)
AgBF, (2.8 mol%)

KHSO,4 (10 mol%), PhNMe,-HOTf (2.5 mol%) F
R1 : RZ - R1 \
CH,Cly, r.t., 15 h, in the dark R,
H
Esters Amines/amides
Ry HOQ P Ri H
—( s = F
F -0 E F n N‘
P R :
5 examples . 7examples R'=COR, alkyl

53-74% yield R" =H, alkyl

'

'

)
N mmmmmmmmmEmmEmmEmmEEmm— .-

16-71% yield

Scheme 1.29. Hydrofluorination of internal alkynes with directing groups catalysed by
[Au(CI)(IPr)].**

Moving away from NHC-ligated Au(l) complexes has also provided interesting
results. The work of Xu in 2014 is a clear example of the utility of Au(l)-phosphine
species for the synthesis of trisubstituted fluoro-olefins. Hydrofluorination of alkynes
employing DMPU-HF as hydrofluorination reagent could proceed efficiently only when
catalysed by an imidogold(l) complex, with JohnPhos as additional ligand (Scheme
1.30).143
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[Au] (2 mol%) F
f_— o _ DMPUHF(1.2equiv) _ R1—S\_
e DCE,55°C,3h R

12 examples
67-92% yield

HF

0 (o)
P(t—BU)Z H3C~NJI\N¢CH3
Au] = L-Au-
[Aul= L-Au-N L = JohnPhos O O .
0 DMPU-HF

Scheme 1.30. Au(l)-catalysed hydrofluorination of alkynes with DMPU-HF.**

In 2015, Nolan and co-workers reported, as part of their investigation on new
Au(l) catalysts, an efficient hydrofluorination of alkynes using a new family of Au(l)-
NHC species, with the general formula [Au(NHC)(NEts)][HF,]. These Au(l) bifluorides
provided mild access to the desirable fluoroalkenes using NEt;-3HF as fluorine source.
(Scheme 1.31).% With a wide substrate scope, including both symmetrical and
unsymmetrical alkynes, the need for fewer additives and higher yields, this approach
represents the latest and most competitive methodology for the hydrofluorination of
internal alkynes available in the literature, highlighting the interest in the use of Au(l)-
NHC species for fluorination chemistry.

[Au(NHC)(NEt3)I[HF 2] (2 mol%)
NEt;-3HF (3 equiv.) F

NH,BF (1.5 equiv.)
R—=—R' > R_g\_R,
CH,Cly, rt. 0 50 °C, 24-120 h ¥

@ 15 examples

= 86-99% yield

@ Symmetrical and unsymmetrical alkynes
@ Mild conditions

@ No directing groups required

2 No side reactivity

Scheme 1.31. Au(l)-catalysed hydrofluorination of internal alkynes.®

While the exploitation of hydrofluorination chemistry has been mainly focused
on the use of internal alkynes with aryl or alkyl chains as substituents, other approaches
using other alkyne derivatives have some presence in the literature. In the same work
from the Nolan group, the application of a variant of the optimised system to alkynyl
sulfides as substrates provided an expedient access to selective synthesis of fluorovinyl
thioethers (Scheme 1.32).% In this case, [Au(IPr*"™)(NEts)][HF,] was chosen as
catalyst, expanding the versatility of Au(l)-NHC bifluorides in catalysis.
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[Au(IPrT)(NEt)I[HF2] (5 mol%)  R'  HIF

R! . ; \
S R2 NEt;-3HF (3 equiv.) > S S
R
CHJ.Cl, r.t., 24 h
' HIF
Bn, H Bn, F Ph—(-Q4 F
S S S
_\3’04'*9 _\S _\3
F H H
80% 60% 62%

Scheme 1.32. Au-catalysed hydrofluorination of alkynyl sulfides.®

Another report by Zhu has revealed the suitability of hydrofluorination
conditions to yield the corresponding fluorinated enamides under Cu(l)- or Ag(l)-
catalysed conditions (Scheme 1.33).* The stereo- and regioselectivities were strictly
controlled by the substituents in the nitrogen atom, affording stereocontrol of the
products ranging from 81:19 to >99:1 (Z:E).

o)
[Cu(F)(PPh3)] H y_Rs
> 7N 61-92% yield
R, R,
FG
R—=—N_ + NEt3-3HF —
Re o)
F R
AgNTf, N 2rs
> \ -98% yiel
R, 74 R, 69-98% yield
H

Scheme 1.33. Cu(l)- and Ag(l)-catalysed trans-hydrofluorination of ynamides.**

1.4.2.3 Synthesis of fluoroarenes: state-of-the-art

The synthesis of aryl fluorides by C(sp?)-F bond formation on aromatic
derivatives has focused more synthetic efforts than the fluorination of olefins, due to a
greater interest in aromatic species and their wider presence in valuable chemicals. This
field of study has become a very attractive area to the chemistry community due to the
associated challenges;'* nonetheless, the benefits derived from the synthesis of aryl
fluorides certainly compensate the dedication of research groups over the years. In a
similar fashion to fluoroalkenes, the pharmaceutical and agrochemical industry have
certainly taken advantage of the improved solubility, bioavailability and in vivo stability
of fluorinated aromatic compounds.**® The use of aryl fluorides as building blocks has
been also investigated, with reported reactions such as hydrodefluoration,*’
defluorination/metallation**® and many other examples**® being of interest for lesser

research activities.
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The discussion about aromatic fluorination has been open for decades.** In spite
of the success of the most recent approaches, it is certainly interesting to witness that

L or the

the so-called “traditional methods", such as the Balz-Schiemann reaction®
nucleophilic substitution of bromo- or chloroarenes with KF (HALogen EXchange, or
Halex reaction)'®* (Scheme 1.34) are still valid methods in the recent literature, despite
their limited efficiency from a general synthetic perspective. This exposes the lack of
good reactivity and selectivity in aromatic fluorination, a major inconvenience that has
only been partially assessed over the years and that concentrates a significant amount of

efforts to overcome such drawbacks.
Balz-Schiemann reaction

r A
NH, N,*BFy’ F

HBF4 hv
—_— —_—
NaN02 Si02, heat
\ J

Halex reaction

F )

p
X F_ X
KF - rearomatisation ©
—_— >
_X'
\

Scheme 1.34. Traditional fluorination methodologies: Balz-Schiemann reaction and
halide exchange with KF (Halex reaction).™"*?

J

1.4.2.3.1 Electrophilic fluorination

This is the most direct and reactive approach for the synthesis of aryl fluorides.
It consists of the direct attachment of an electrophilic fluorine source to an aromatic
compound, by means of a temporary dearomatisation of the compound. Further loss of a
given entity in the ring (usually hydrogen, but the reactivity can be tuned by the
presence of other functional groups) regenerates the aromaticity of the ring, providing

the desirable fluoroarene (Scheme 1.35).

FG

FG FG FG
+ ('F+ H M F
e E-H'
—_— —_— D

Scheme 1.35. General scheme for electrophilic fluorination of arenes.

While significant experimental work has been focused on electrophilic
fluorination, important selectivity issues are present based on this mechanism. A strong
dependence on the functionalisation of the substrate for selective fluorination can be

witnessed. As in typical SyAr reactions, the directing capability of organic
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functionalities is key for appropriate reactivity, with electron-donating groups favouring
ortho- and para fluorination, whereas electron-withdrawing groups orientate fluorine
addition to meta positions (Scheme 1.36). Fundamental resonance and inductive effects

apply as well to fluorination chemistry.

-H”
>®—FG — F—@—FG Para addition
Q—FG LN

\

Ortho addition

@FG

/

-H?

— Meta addition

Scheme 1.36. General scheme for electrophilic fluorination of arenes.

A very recent and detailed mechanistic study shows how complex electrophilic
fluorination can be even in the case of simple compounds.’*® Table 1.4 summarises
some of the results obtained for the fluorination of simple monosubstituted benzene
derivatives using XeF, as fluorinating reagent. These values display how the use of
electron donating groups does not promote high selectivities in fluorination, only
slightly favouring the ortho- and para functionalisation due to their intrinsic electronics
(Table 1.4, Entries 1-3). On the other hand, the use of electron withdrawing groups
seems to have a much larger influence on the site selection for "F™, as shown by the
lower amount of ortho and para products in comparison to the meta adduct (Table 1.4,
Entry 4). However, it is noticeable that electron-donating groups greatly reduce the

consumption of starting material, leading to only 10% conversion of the substrate.
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Table 1.4. Studies on the nucleophilic fluorination of monosubstituted benzenes.™?

i) XeF3 (1.25 equiv.)

BF5-Et,0 (1.4 equiv.) F R
@_ . __CH3CN,-30°C, 2.5h @_ @ _@_
R > R' + R'" + F R!
||) NaHCO3, Hzo
A B c

Isomer ratio (%)

Entry R' SM conversion (%) Yield (%)

A B C
1 Me 94 21 62 9 29
2 Cl 99 42 63 8 29
3 Br 99 56 29 9 62
4 NO; 10 6 9 89 2

This complexity of electrophilic fluorination has involved great efforts to
understand its mechanism, especially in the case of substrates with no directing groups
(for example, electrophilic fluorination of benzene). While some reviews have assessed

the C-H activation of "naked" arenes towards fluorination,*>*

the generated discussion
has not provided a consistent set of synthetically useful reactions. On the other hand, it
is clear that directed fluorination of C-H bonds is a much more active field, with a
reduction of the substrate scope in favour of a better reactivity and selectivity of the
fluorination process. This approach has therefore gathered major synthetic efforts for
better electrophilic fluorination methods to be unravelled.

Some examples from the recent literature can be presented for a better
understanding of the structural parameters that are currently being exploited for efficient
electrophilic fluorination of C-H bonds. The first case is the discovery of oxalyl amide-
protected benzylamines as good substrates for the ortho C-H fluorination of aromatic
rings in a very selective manner.’®® The great regioselectivity of the process can be
explained by means of the reaction mechanism, which involves a Pd(ll) catalyst
coordinating to both oxygen and nitrogen in a planar structure favouring the activation
of the ortho C-H bond in the aromatic moiety. Since the C-H activation of any other
aromatic position generates a much more strained intermediate, other regioisomers are
precluded in this reaction. The obtained tetrasubstituted Pd(Il) intermediate leads to
reductive elimination of the corresponding ortho-fluorinated aromatic compounds, after

oxidation to Pd(1V) and Pd-F bond formation in the presence of NFSI (Scheme 1.37).
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[Pd(OAC),] (5 mol%)

)l\[rN( Pr), NFSI (3 equiv.) J\WN('Pr
g 'AmOH, 80 °C, 4-24 h (:(\

19 examples
32-95% yield

J\[rN( Pr),
£ CCH
Pr)
f/ d(OAc), \RACOH
JH/N( Pr),

N( Pr), F’d_

N
I
FPd -0

AcO OAc

NFSI

.
H AcOH

Scheme 1.37. Fluorination of ortho C-H bonds in oxalyl amide-protected benzylamines
catalysed by [Pd(OAc),].**°

This example clearly shows how important directing groups can be for efficient
C-F bond formation, since no side reactivity was observed during the course of the
presented reaction. The selective control of the fluorination of imidazole rings by the
presence of appropriate protecting/directing groups,™® or the pKa/aromaticity-directed
mild control of the fluorination of imidazo[1,2-a]pyridines using Selectfluor'>’ are only
a few examples that showcase the abundance of ortho-directing chemistry in the
synthesis of fluoroarenes (Scheme 1.38).°® The main problem of this type of reactions
is the synthetic restriction to ortho-activated positions in aromatic rings, hampering the

substrate design for specific fluorination targets.
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Q Sun (2015)

=N Selectfluor, DMAP )
R1 / ' o R1 /
N Ry N R,

R4 =R, = alkyl, aryl F
O Albertshofer (2016)
[N>_ S N>_ F N
| SR NFSI, LTMP JI\ R AcOH \[\ R
—» _>
N 7N N>—
PG PG PG
R =Cl, aryl

PG = CHzoCH2CH3

Scheme 1.38. Other selected examples of substrate-directed fluorination of C-H
bonds. ™%

Another perspective on directed fluorination can be considered, where a given
functional group is directly substituted by fluorine. This pathway makes use of a much
easier reaction mechanism, facilitating the design of feasible synthetic routes. In
practice, this concept has definitely shown good performance with a variety of
functionalities as directing moieties for fluorination; among those, the use of
organometallic reagents represent one of the oldest approaches for C-F bond synthesis,
and it is still nowadays being used by many researchers. A short summary of some of

these reactions is herein described:
Si(OEt); M
L1
MgX F
O
Sn"Bu3
LT

- Arylsilanes: the use of arylsilanes has been showcased in 2011, where the use of over-

stoichiometric Ag(l) oxide and barium oxide, in the presence of Selectfluor, could
efficiently catalyse the direct fluorination of triethoxysilylarenes using acetone as
solvent at 90 °C for 2 h. A total of 16 examples of aryl fluorides with 60-90% vyields

were reported.*®

- Grignard reagents: despite the historically known substrate dependence of the
reactivity of Grignard reagents under electrophilic fluorination conditions,*® certain

Grignard reagents can promote efficient electrophilic fluorination under mild
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conditions, as shown by the work reported in 2010. The simple preparation of
organomagnesium reagents from aryl bromides, combined with the use of NFSI,
afforded clean conversion of 19 examples of the LiCl adducts in a
CH,Cl,:perfluorodecalin solvent mixture (4:1), after only 2 h at room temperature, with
yields of up to 94%.'%° During the same year, Beller also reported the utility of these
adducts for fluorination using a different fluorination reagent (N-fluoro-2,4,6-
trimethylpyridinium tetrafluoroborate, F-TMP-BF,) in heptane or CH30C4Fs as solvent,
at 0 °C for 1.5 h, to obtain a similar number of selectively fluorinated aromatic

compounds in good yields.**2

- Aryl stannanes: electrophilic fluorination using F-TEDA-PFg in the presence of

overstoichiometric AgOTT afforded 12 examples of aryl fluorides in 63-83% vyields after

9.163

stirring for 20 minutes at 23 °C in acetone, as reported in 200 A slight modification

of this system has been applied to the efficient fluorination of small molecules of

chemical interest, including flavanone, taxol or quinine, among others (Figure 1.16).1%*

flavanone quinine
90% 75%

&I F,

Sn"Buj
CO;Me ©/ o}
OA(b
H HO
T e & S

HBoc

Boc-Tyr-OMe
85%

OH O OAc

Taxol
72%

estrone
81%

Figure 1.16. Selected examples of fluorinated small molecules using aryl stannanes as
substrates via a modified procedure from the original work by Ritter."*

- Other metallated aryl derivatives: other metal-based species have been used as
precursors for fluorination, although most of these adducts are prepared and reacted in
situ, and therefore present little to no competitiveness with previously analysed
substrates. As an example, aryllithium compounds are reactive towards electrophilic

fluorination sources, as it has been shown by the in situ generation of a lithium adduct
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of a bromopyrene derivative, followed by reaction with NFSI, providing moderate yield

of the related fluoropyrene (Scheme 1.39).1¢°

“ i) ‘BuLi (3 equiv.), toluene, 0 °C, 2.5 h
“O ii. NFSI (2.2 equiv.), r.t., 1.5 h

Br

75%

Scheme 1.39. Simple fluorination of boronic acids and salts with Selectfluor under mild
conditions in acetonitrile as solvent.'®®

Overcoming the inconveniences of preparing complex starting materials is
always a priority in the simplification of synthetic routes; to do so, the use of cheap
commercially available substrates with great structural diversity is greatly desirable.
The impractical use of organometallic species has been revised in order to access better
directing groups with a higher availability. As a result, boronic acids have been
acknowledged as suitable substrates for aromatic fluorination. Ritter initially explored
the reactive features of these substrates in 2008, discovering the utility of arylpalladium
(I1) complexes for the reductive elimination of aryl fluorides in the presence of

Selectfluor.'6®

After these preliminary results, they rapidly reported the application of
this methodology to a broader scope of arylboronic acids, obtaining acceptable results

(Scheme 1.40).1%’

i) [Pd], K,CO3

B(OH),  MeOH/CgHg (1:1), 23 °C, 2-18 h F
©/ ii) Selectfluor o ©/

CH3CN, 50 °C, 30 min

() o T

N

[Pd] = ‘ o)
x>\ Pa-py

| OAc
Z

12 examples
Up to 74% yield
NO,  (over two steps)

Scheme 1.40. Pd(11)-catalysed two-step fluorination of boronic acids.*®’

These results were certainly interesting, and have attracted much attention due to
the easy access to boronic acids. A brief parenthesis to the use of transition metals for
this reaction is to be mentioned, with the work of Lemaire showing the conversion of
certain boronic acids and organotrifluoroborates with Selectfluor as a sole reagent in
acetonitrile as solvent.'®® Despite the great efficiency of this system, a very restricted

and specific substrate scope was presented (Figure 1.17). On the other hand, this
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investigation encouraged the use of trifluoroborate chemistry in fluorination reactions,

with some interesting approaches now available.**

Boronic acids
B(OH),

/©/B(0H)2 @B(OH)Z /©/B(OH)2
BnO OBn By

Potassium organotrifluoroborates
BF;K

CHs3
BF;K
/©/ BF;K
Bu

Figure 1.17. Studied substrates undergoing simple fluorination using Selectfluor in
acetonitrile under catalyst-free conditions.*®

With the emergence of transition metal catalysis, Ritter re-investigated the
opportunities generated by boronic acids in fluorination, and in this case, using a simple
Ag(l) salt and Selectfluor, 20 examples of fluorinated molecules with moderate yields
were accessed from the corresponding boronic acids.'” The broader scope of substrates
certainly justifies the use of a more complex system, as both electron-rich and electron-
poor aromatic rings were tolerated by this system (Scheme 1.41), therefore proving to
be one of the most general methodologies for fluoroarene synthesis available in the
literature to date.
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i) NaOH (1 equiv.), AgOTf (2 equiv.)

B(OH)2 " MeOH, 0°C F
R ” , > R
i) Selectfluor (1.05 equiv.), 3 A MS

acetone, 23 °C

T, 0, U

&
&

OH Bu
85% 82% 82% 70% 82%
CHj
F. : E F F. : F. :
OMe H3CI j\CH3 CO,Me CN CHO
84% 73% 76% 77% 71%
F CH
. T o, U
or
Br NHAc 3 CHs
73% 77% 86% 78% 82%
F F
N N ) 4 L
Boc Boc N N N
75% 75% 71% 75% 72%

Scheme 1.41. Scope of aryl fluorides prepared through Ag(l)-promoted fluorination of
arylboronic acids in the presence of Selectfluor.*”

While Ritter moved away from palladium chemistry with this approach, this
metal has not been yet disregarded as an alternative approach to silver, with the interest
in reducing the metal loading to catalytic quantities (as opposed to the use of over-
stoichiometric amounts of AgOTf in the aforementioned report). The research of
Sanford and co-workers has been of central importance for this purpose. In 2006, a
Pd(I1) salt was discovered to be an efficient catalyst for the C-H activation of C(sp*)-H
bonds in quinoline derivatives and promoting straightforward fluorination in the
presence of 1-fluoro-2,4,6-trimethylpyridinium tetrafluoroborate as "F*" source. This
transformation could be further extended to the formation of C(sp®)-F bonds, albeit in

171 Reasonable oxidative addition of functionalised aromatic

moderate yields.
compounds to palladium, followed by fluorine transfer from the electrophilic
fluorination source, can occur in these systems. This can concomitantly take place by
either oxidation of the Pd centre (for an example of this route, see Scheme 1.37) or by
simple ligand displacement (Scheme 1.42). Reductive elimination could then lead to the
desired compound. Sanford studied the reaction intermediates involved in this type of
cycle, in an attempt to acknowlede such elementary steps.”® Indeed, a tetracoordinated

arylpalladium(Il) iodide species (Scheme 1.42, A) could be reacted with AgF under
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sonicating conditions to obtain the corresponding monofluoride unsymmetrical square
planar complex (Scheme 1.42, B). This species was further reacted with XeF; in
nitrobenzene as solvent, affording the expected aryl fluoride as product. Different
substrates were run, obtaining equivalent results and isolating the corresponding

fluoroarenes in moderate yields.

Bu ~ X Bu ~ .
L _N_ /@ AgF L _N_ /©/ XeF (3 equiv.) /©/
Pd _— Pd L
SNTO CeHg 25°C, 3 h SNTOF CeHsNOz, 90°C, 1h
— —

'Bu A ‘Bu B =F, 57%
ph CF;, 60%
& X = OMe, 45%
[Pd] y ' o & -~ By
Ligand 7‘/‘\$/A\§ o \/"Li/
| ):‘
>
X o Al ’
)

Scheme 1.42. Mechanistic studies on the fluorination of aryl iodides using a Pd(ll)
complex. Crystal structure of B reproduced from reported literature.'’?

Despite these results, Sanford discovered that the critical C-F bond formation
step from complex B was not the only feasible approach. In fact, another Pd species
could be isolated after treating B with three equivalents of XeF, at 70 °C for a couple of
minutes. The resulting Pd(IV) complex was further identified as the octahedral
bifluoride complex shown in Figure 1.18, which also proved active for the release of
aryl fluorides when reacted with XeF,. These results represent important mechanistic
insights into the synthesis of fluoroarenes in the presence of transition metal complexes.

Figure 1.18. Pd(IV) bifluoride complex obtained during the mechanistic studies of C-F
bond formation in appropriately substituted Pd(Il) complexes. Crystal structure
reproduced from reported literature.*"
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Lastly, the in situ preparation of fluorinated aromatic rings from aliphatic
species also has some presence in the literature. Among these, cyclisation reactions
accompanied by the addition of nucleophiles or electrophiles are very typical in
compounds containing suitable arrays of alkene/alkyne functionalities, with fluorine
incorporation being one possibility. The work from Liu in 2015 displays an example of
the mentioned reactive path, where 1,6-enynes were used for multicyclization studies in
the presence of Selectfluor, ultimately providing fluorinated polyaromatic scaffolds in
up to 82% isolated vyield (Scheme 1.43).}% This complex C-C bond
cleavage/annulation/fluorination sequence under very mild conditions represents a good
example of the utility of electrophilic fluorination for complex systems when

appropriate systems are used.

o)
Z Cu(0) (5 mol%)
R 0 O R’ Selectfluor (2 equiv.) .Oe R'
X CH4CN, 45 °C, 1.5 h R !

22 examples
40-82% yield

Scheme 1.43. Synthesis of fluorinated aromatic rings via Cu-catalysed cyclization of
1,6-enynes.!™

1.4.2.3.2 Nucleophilic fluorination

The methods employing nucleophilic fluorination are based on the reaction of a
nucleophilic fluorine source with an aromatic compound, generating a carbanion
intermediate that, similarly to the case of electrophilic fluorination, temporarily disrupts
the aromaticity of the ring. The extrusion of an anion with lower nucleophilicity drives
the regeneration of the aromatic character, releasing the desired fluoroarenes in the
process (Scheme 1.44).

FG Fe_ FG F F
@ " @’W F= ij— -FG~ (5
— E— —_—
Scheme 1.44. General scheme for nucleophilic fluorination of aryl derivatives.

Some important fundamentals concerning nucleophilic fluorination can be
understood from this diagram. First, the selectivity of the process is again an important

issue,”* and equally important mesomeric and inductive effects can also be represented
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for the carbanionic intermediate to predict the most likely positions for C-F bond
formation. These effects seem to be very pronounced, with only the presence of
electron-withdrawing groups being a suitable directing force. Moreover, the strict
removal of hydrogen bond donors is required to amplify the nucleophilic character of
"F™ entities, restricting the usable systems. Vigorous stirring and high temperatures are
usually needed to avoid complex product distribution and to accelerate the fluorination
of easily accessible C-H bonds. As a result of these observations, a much decreased
functional group tolerance and the strict control of reaction conditions seriously limits
the application of non-directed C-H bond fluorination in arenes. Some discussion about

general features of nucleophilic fluorination can be found in the literature.*”

Nonetheless, the use of directing functional groups has been much more
extensively used for this type of fluorination chemistry, especially with compounds
containing electron-withdrawing groups. The use of nitroarenes can be cited as one of
the oldest and most common routes based on this approach. Using such compounds for
fluorination dates back to the 1950°s,'”® and the various modes of reactivity being
available have further increased their presence in the field. For example, nitroarenes are
one of the most employed substrates to access anilines, the starting substrates for Balz-
Schiemann fluorination.® The specificity of this method has been very useful for the
synthesis of complex fluorinated compounds; for example, Kirk reported in 1979 a
synthetically useful and selective fluorination pathway for the preparation of 2-

fluoronorephinephrine starting from a functionalised nitroarene (Scheme 1.45).17

NO, i) CHzOH, H* F E OH
)
MeO cHo i) Ho/Pt, EtOH o MeO CHO —=> HO NH,
iii) NaNO, HBF
MeO iv) hv, HBF, MeO HO

2-fluoronorephinephrine

Scheme 1.45. Selective fluorination of a nitroarene into the corresponding aryl fluoride
for the synthesis of 2-fluoronorephinephrine.!’

The high selectivity of this method for substrates with non-hydrogenatable
functionalities is outstanding, having created a main trend in fluorination based on nitro
group substitution. However, the use of nitroarenes has not only been linked to their
reduction properties; in fact, the use of -NO, moieties, as a "throw-away" group, is very
useful for mild fluorination conditions. As an example, fluoride sources such as

anhydrous tetrabutylammonium fluoride (a highly nucleophilic fluorination source that
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has found good use in the field of SyAr reactions involving fluorine)*’” have been
reported to displace nitro groups and replace them with fluorine at room temperature in
the absence of any other additive or catalyst, as reported by DiMagno in 2006.® While
the efficiency of the fluorination procedure with electron-defficient arenes was very
high, electron-rich arenes were completely unreactive under their reported conditions, as
expected from their lower tendency to react with nucleophilic fluoride sources (Scheme
1.46).

R©/N02 TBAF (anh.) (1.3 equiv.) _ R©/F
DMSO, 20°C, 5minto24h

/ ELECTRON-DEFFICIENT x ELECTRON-RICH
e N A
OoN FsC ©/
>95%, <5 min >90%, 2 h 0%
CN
NC NO NO NO,
NC HsC
>95%, 10 min >95%, 24 h >95%, 10 min 0%
MeO NO
SR CVS A o
EtOO F
c O
>95%, 30 min >95%, 30 min 0%
\§ /. J

Scheme 1.46. Nucleophilic fluorination of electron-defficient nitroarenes with TBAF.*"

Appropriate activation of nitro groups affords fluorination with no requirements
for any special catalysts or additives, with a variety of fluorination sources having being
explored. One interesting example, within the background of the chemistry presented in
this chapter, is the use of free carbenes in conjunction with acyl fluorides for the in situ
generation of acyl azolium fluoride salts, a powerful fluorination reagent for nitroarenes
(Scheme 1.47).'"° This methodology has also proven efficient for aryl chlorides as

substrates.

~ 69 ~



Chapter 1 - General Introduction

i HsC CHs
X F =
AcAzF b NN
R —> R v P I Pr
X = Cl, NO, : 07 ~Ar
AcAzF
F CN F CF,
o F “3 F
z
Br N |
Ph XN
X =NO, 86% X=Cl, 27% X =Cl, 80% X =Cl, 94%

X =NO; 99% X=NO3 91%

Scheme 1.47. Synthesis of an acyl-NHC fluoride salt and application to fluorination of
aryl chlorides and nitroarenes.'™

Aryl halides were used in the "Halex" reaction to access ArF compounds, and
the methodologies involving such substrates have been updated in recent decades. With
a main interest in the use of aryl chlorides (the least reactive members of the halide
family),"*? bromides and iodides have not been underestimated for their inclusion in
optimal methods. The use of transition metal complexes is mainly required for this
chemistry to be effective, with a particular attention to the high number of reports using
copper salts. Grushin has dedicated significant efforts to unravel the mysteries behind
halide exchange reactions in aromatic compounds using fluorination sources and copper
salts. A preliminary study of the use of copper(ll) fluoride as the single catalyst/F
source for the conversion of iodoarenes into aryl fluorides was later patented, becoming
one of the standard approaches for Cu-catalysed fluorination of aryl iodides (Scheme
1.48).1%°

CuF; (0.7 equiv.)
TMEDA (1.4 equiv.)

| . F
R©/ HMPA (2.8 equiv.) - R@
neat, 2 h, 180 °C

Scheme 1.48. Cu(l1)-catalysed fluorination of aryl iodides.*®

Other copper-catalysed fluorination reactions of aryl iodides have been also
presented in the literature in recent times, improving the requirement for high
temperatures and various stoichiometric additives imposed in Grushin’s system. Ribas
studied the Cu(l)-catalysed halogen exchange in macrocyclic aromatic halides with
chelating structure,'®! promoting easy fluorination in the presence of AgF (Scheme
1.49).
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.......................

[CUu(NCCH2),][OT] (10 mol%)

R-N X N-R AQF (2 equiv. R-N F N-R » R-N—Cu—N R:
- - - - - rvia R-N—Cu—N-R!
CH4CN, r.t., under N : Y :

N N = N
CHs X =0l Br CHs : CHy
R=H, CHs L AT ’

Scheme 1.49. Cu(l)-catalysed fluorination of macrocyclic aryl bromide and chlorides.*®

Based on this Cu(l) complex, Hartwig developed a more general methodology
using AgF in DMF at 140 °C, obtaining a good number of examples of fluoroarenes in
moderate to excellent yields and simplifying the reaction system described by Grushin.
The use of over-stoichiometric amounts of the copper species is still regarded as an

important inconvenience for this method (Scheme 1.50).'%2

[Cu(OTH)(NC'Bu),] (3 equiv.)
| AgF (2 equiv.) F
R » R
DMF, 140 °C, 22 h
15 examples
40-96% yield

Scheme 1.50. Additive-free Cu(l)-mediated of aryl iodides.'*?

Aside from copper, the ability of other metals to promote C-F bond formation
has also been tested. For example, palladium complexes have been used for this
reaction, with an outstanding example in the work reported by Buchwald and co-
workers in 2009. The use of a Pd(Il) dimer as catalyst, in the presence of 6 mol% of a
phosphine ligand (tBuBrettPhos), allowed the conversion of a variety of aromatic

triflates into the corresponding aryl fluorides with excellent performance.'®

OTf [Pd(CI)(nz-cinnamyl)], (2 mol%) E
R@/ tBuBrettPhos (6 mol%), CsF (2 equiv.) R@/
toluene, 80-130 °C, 12 h 3

20 examples
25-84% yield

Scheme 1.51. Pd(11)-catalysed nucleophilic fluorination of aryl triflates.'®®

Despite his early work on copper, Grushin is well-known for his contributions to
the literature about the application of rhodium and palladium in fluorination
chemistry,'®* with his most recent reports being in this area. The use of aryl chlorides
has still attracted the attention of his research group, exploring more deeply into its

reactivity. The use of CsF in the presence of a Ru-Cp* complex was reported as a very
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185 While only few substrates

interesting fluorination approach in 2015 (Scheme 1.52).
were tested, a metal species optimisation was carried out, showing the suitability of
these adducts for fluorination and claiming a new approach that can eventually emerge

as a very powerful synthetic route in the next years.

x  [Rul(1equiv) o
R@ CsF (S0equiv) R@ D RUE el RUTMe
DMF, 140 °C, 24 h : ,@
' Me Me
X=Cl,Br, | Up to 80% Me

(NMR yield)

Scheme 1.52. Preliminary studies in the application of Ru for the fluorination of aryl
halides.'®

Interestingly, the use of iodoarenes provided a different reactive approach that
has been successfully exploited, which other aryl halides failed to perform equally. This
method, based on the generation of iodonium salts as reactive starting materials, have
been used since the 1980°s,*® with interesting results. The group of Sanford has
reported several reactions using such compounds; for example, in 2013, the preparation
of a variety of fluoroarenes starting from mesityl-based iodonium salts was disclosed,
using Cu(OTf), as catalyst in the presence of 18-crown-6."*" The use of KF as
fluorination source afforded a number of examples after very short periods of time
under at T <100 °C (Scheme 1.53).

Cu(OTf), (20 mol%)

18-crown-6 (cat.)
@/ KF (1.1 equiv.) ©/F
> R
DMF, 60-85 °C

10 min-18 h 26 examples

Scheme 1.53. Selective nucleophilic fluorination of iodonium salts.*’

Since this example, the Sanford group has fine-tuned the synthesis of the
involved substrates and the catalytic conditions to prepare fluoroarenes. A mechanistic
proposal based on a Cu(l)/Cu(lll) cycle, supported with extensive computational
studies, was also presented in 2014 (Figure 1.19).'%® The application of these Cu-based
methods could also be adjusted for radiofluorination purposes, adding a great value to
this approach.’® Finally, and transcending from Sanford’s group, the work of Wirth in
2015 showed a modification in which iodonium salts were supported on resins and
subjected to nucleophilic fluorination conditions, affording good preliminary results in

this heterogeneous-based fluorination chemistry for the synthesis of aryl fluorides.'*
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| xcU'"\©
O&W S

Figure 1.19. Proposed catalytic cycle for the Cu-catalysed nucleophilic fluorination of
iodonium salts.'®

Cu'%p —= CulX, |

X =OTf, F

A final group of substrates showing good fluorination reactivity under
nucleophilic conditions, in the presence of copper, is the family of boron-based
compounds (boronic acids, esters and salts), which presented some application in
electrophilic fluorination and have also found use in nucleophilic approaches. The work
of Gouverneur on aryl pinacolboronic esters*®* or the use of boronic acids by Sanford*
in radiofluorination with K*®F and Cu(ll) systems, are some of the few examples

reported in this area.

The fluorination of functionalised arenes is not limited to copper catalysts,
although it presents the widest studied field among transition metal-catalysed
fluorination reactions of arene derivatives.**® Stepping towards new metals to provide
parallel approaches also requires some critical evaluation.’® For example, Ritter has
demonstrated that arylnickel species can be possible substrates for fluoroarene
synthesis. By reacting aryl bromides with [Ni(cod),] and further transmetallation with a
Ag-sulfonamide complex, the resulting tetracoordinated Ni(ll) species (Scheme 1.54)
can release ArF compounds upon oxidation with an hypervalent iodine reagent in the
presence of tetrabutylammonium difluorotriphenylsilicate (TBAT) and 18-crown-6.
Using these conditions, radiofluorination is also possible for a variety of small

molecules.!®
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N0 TBAT (1.5 equiv.) 2 OTf~
| = oxidant (1.5 equiv.)
SN-Ni-N IS
| \_/ CH,ON, 0°C, 1 min /©/ J@\l r\@\
E Me0” NF Z>0oMe

Oxidant

o JOI i O
o, : 2
o _ ]2

Ph

Scheme 1.54. One-step oxidative fluorination of arylnickel(ll) complexes.'®

Despite the intense work on transition metal-catalysed fluorination of arene
derivatives, catalyst-free systems are still discovered and provide access to limited yet
highly valuable conversion of certain functionalities into fluoroarenes. That is the case
with phenols and the extensive work of Ritter in the development of deoxyfluorination
reagents. This reaction can be performed by using NHC derivatives in the absence of
catalysts or additives. The first fluorination promoter was discovered in 2011, having
the structure of a geminal difluorinated imidazole-based compound. This species,
known today as PhenoFluor, has provided excellent results for the deoxofluorination of
phenols (Figure 1.20).1°%¢%7 After this initial report, and in an attempt to further improve
the performance of this system, another imidazole-based reagent, named
PhenoFluorMix, was prepared in 2015. This compound has also afforded fluoroarenes
from their corresponding phenols with very practical conditions (Figure 1.20).**® The
use of PhenoFluorMix is nowadays highly encouraged over PhenoFluor, due to its
higher stability to moisture, and the possibility to store it in air. Also, its synthesis can
be scaled up to decagram quantities without any special requirements. The mechanistic
details have not been yet discussed, although nucleophilic fluorination is suspected to be

operating in this reaction.

(o"~0)

cI-
Jpr Pr /7\ Pr
I i S s o
PrF F Pr* 'Pr Cl iPr
PhenoFluor PhenoFluorMix
0 28 examples 0 20 examples
0 50-98% yield 042-99% yield

Figure 1.20. General scheme for nucleophilic fluorination of aryl derivatives.***%
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Some examples of the use of non-aromatic substrates for fluoroarene synthesis
have also been reported. This is the case of the nucleophilic fluorination of cyclic
azoketones in the presence of a non-nucleophilic base and an auxiliary electrophile.'*®
Using this methodology, Katzenellenbogen and co-workers provided a great access to
o-fluorophenols at room temperature, and the good performance was inspiring for its

application in radiolabelling studies (Scheme 1.55).

Fluoride (F°) E
N2 Ejectrophile (E*) F DBU F
R <5mi > R HE R
0 r.t., min (o) - OH

3 examples
58-75% yield

Scheme 1.55. General scheme for nucleophilic fluorination of aryl derivatives.'®

In line with the interests of this thesis, it is noticeable that, to the best of our
knowledge, the only reported fluorination methodologies involving gold catalysis are
limited to tandem heterocycle synthesis/C-F bond formation. Fluorinated pyrazoles®®
and isoxazoles?® can be efficiently synthesised using these methods (Scheme 1.56). In
the case of isoxazoles, the first report of a reaction forming C(sp®)-F bonds using a
Au(l)-NHC species encourages further study of its mediation in similar reactions. Since
no similar strategies are available for simple arenes, the presented background
ascertains the need for new efficient methodologies for the preparation of such

compounds, which will dedicate some discussion in this thesis.

R® [AU(NTE,)(PPhs)] (2.5 mol%) R3
HN. Selectfluor (2 equiv.) RN
N NaHCO; (2 equiv.) §
A - N
2
// R CH3CN, r.t., 2h F 2

10 examples
45-90% yield

CH
& ’ [Au(CI)(IPr)] (5 mol%), AgOTs (5 mol%) Rl o
N Selectfluor (2.5 equiv.), NaHCO; (2 equiv.) LN
/
F

| >
1 ///\Rz CH4CN, r.t,, 2-136 h ¢

15 examples
26-99% yield

R

Scheme 1.56. Au-catalysed synthesis of fluorinated heterocycles.?%%?"
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2.1 Introduction

The previous chapter has presented the state-of-the-art in the synthesis of aryl
fluorides, displaying the main advantages and inconveniences of the methods available
up to date. Despite the wide variety of methods, only few of the important
inconveniences associated with this reaction have been addressed by these protocols,*
and therefore the discovery of new methodologies for the synthesis of aryl fluorides is
still highly desirable.

A few aromatic derivatives were discussed earlier as suitable molecules for the
preparation of aryl fluorides, such as nitroarenes, haloarenes or phenols. Nonetheless,
many other derivatives with interesting chemical features for fluorination remain
untested in this transformation. Among these, arylsulfonic acids can be discussed.
While these compounds are active acidic catalysts and precursors for important
molecules, the study of the sulfonic acid/sulfonate moiety as a "leaving group",
providing access to site-selective functionalisation of arenes, is scarce. The chemical
properties of this molecular fragment, together with the most recent advances in
fluorination chemistry involving functional group substitution, have encouraged us to
test these substrates in the challenging field of electrophilic fluorination. This is still an
unexplored area of research for this type of transformation. Their synthetic availability,
ease of handling and reactive properties certainly warranted exploring the feasibility of

+n

C-S activation towards the generation of aryl fluorides in the presence of "F™" sources.

This chapter will present the preliminary results of the study of the reactivity of
arylsulfonic acids in the presence of electrophilic fluorination sources. Both catalyst-
free and transition metal-catalysed systems will be discussed, with a special attention to
Au(l)-NHC complexes and their possible mediation in substituting the sulfonic acid

moiety for a fluorine atom.

Catalyst "F*"

‘.3
DEE— »a
>

R R

Figure 2.1. General scheme for the electrophilic fluorination of arylsulfonic acids.
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2.2 Arylsulfonic acids
2.2.1 Introduction

Sulfonic acids constitute a family of organosulfur compounds whose main
structure is based on the presence of a sulfonyl hydroxide group (-SO3H) attached to an
alkyl or aryl chain. These compounds are highly polar molecules and strong acids
(benzenesulfonic acid has a pKa of -2.8, about a million times higher than that of
common carboxylic acids, and within the range of common strong inorganic acids such
as HCI, HNO3 or H,SO,). These compounds can be used in a variety of roles, ranging
from acidic organic catalysts to surfactants, materials and drugs, among others,? and are

therefore regarded as interesting substances in chemistry.

Sulfonic acids are generally prepared by direct electrophilic sulfonation of
benzene derivatives with various sulfonation reagents, sulfur trioxide in fuming H,SQO4
being the most employed methodology for such purpose. This synthesis follows the
general electrophilic substitution mechanism, with sulfur trioxide being added to
benzene and the corresponding Wheland intermediate getting rearomatised by proton
abstraction which is promoted by the generated sulfonate (Scheme 2.1). This
sulfonation pathway has been extensively studied, and it is especially important for the

industrial production of alkylated benzenesulfonic acids.

o
0y + HO\ -0 HQ, -0
dgx —_— S\\ —_— S\\
0”0 ~— o —~—— @)
Benzene . Wheland Arylsulfonic
intermediate acid

Scheme 2.1. Mechanism of the electrophilic sulfonation of benzene using sulfur
trioxide.

Sulfonic acids can be alternatively prepared through oxidation of thiols (Scheme
2.2). Mechanistic studies and well-documented experimental data are available for this
transformation.® The latter became a suitable alternative to the hazardous use of sulfur

trioxide, providing a useful synthetic method for arylsulfonic acids.*

° Good performance

oxidant o Milder than sulfonation
[O] o Wide range of available thiols

R-SO3H o Variety of oxidants

R-SH

Scheme 2.2. Oxidation of thiols for the synthesis of sulfonic acids.
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2.2.2 Arylsulfonic acids in substitution reactions

Several reports have shown that arylsulfonic acids could be converted into other
aromatic derivatives. For example, Togo and co-workers reported in 2010 a system for
the conversion of arylsulfonic acids into their corresponding aryl iodides after reaction

with iodine in the presence of meta-chloroperbenzoic acid (MCPBA) (Scheme 2.3).°

2-iodobenzoic acid (0.1 equiv.)
MCPBA (1.1 equiv.)

©/803H I, (1.2 equiv.) |
CH4CN, 50 °C, 8-63 h, no light @/

R

15 examples
43-96% yield

Scheme 2.3. lodination of arylsulfonic acids with iodine.’

The C-S bond cleavage featured in this reaction represents only one example of
the range of reports showing the high interest in the use of sulfur-containing compounds
for the formation of new chemical bonds.® The use of transition metal catalysts in this
chemistry has provided a more consistent approach towards simplified and optimised
synthetic routes. Among these examples, one interesting report by Cole-Hamilton and
co-workers from 2010 attracted our attention. In this work, the use of a Pd(ll) catalyst
promoted SO3 extrusion in 4-hydroxybenzenesulfonic acid upon warming to 140 °C for
5 h (Scheme 2.4), releasing phenol in 93% yield.” The methodology required an
electron-rich metal centre (in this case, obtained via the use of a particular bis-

phosphine ligand) to perform efficiently.

[PA(NCCHa),][BF 4], (5 mol%

| N Y
/@/OH BDTBPMB (1 mol%) R /©/0H ; P R
o : 7/\ > \
HO,S toluene, 140 °C, 5 h H :

93% yield

BDTBPMB

Scheme 2.4. Pd(l1)-catalysed desulfonation of arylsulfonic acids.’

The proposed elimination of SO3 using this transition metal system was very
intriguing, and correlates quite nicely with the well-known desulfonation process which

usually requires slightly acidic conditions and high temperatures.
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2.2.3 Fluorination of arylsulfonic acids

The exploitation of desulfonation/substitution chemistry for the preparation of
other aromatic derivatives using a similar concept is still in its infancy, and thus further
work is needed to expand this interesting area of research. In particular, and in the
context of the growing importance of fluorinated compounds (and more specifically,
aryl fluorides, see Chapter 1.4.3.3 for further information about synthesis and
applications of these molecules), a desulfonation/fluorination reaction would be of great
utility for synthesis (Figure 2.2). To the best of our knowledge, no example of this
transformation has been reported to date.

SOsH i) desulfonation F
R©/ ii) fluorination g ©/

R

Figure 2.2. Proposed desulfonation/fluorination of arylsulfonic acids for the synthesis
of aryl fluorides.

The idea of functional group extrusion followed by fluorination is not new,
although only a few reports have discussed similar mechanisms. In 2013, Ritter
presented the fluorination of aryl trifluoroborate salts using a Pd(Il) catalyst. The
mechanistic pathway proposed in this work suggested a radical fluorination of aryl
trifluoroborates followed by extrusion of BF3; with concomitant release of the desired
aryl fluoride (Scheme 2.5). Isolated yields up to 96% were obtained using this mild
methodology.®

[Pd(terpy)(NCCH3)][BF 4], (2 mol%)
terpy (4 mol%)
NaF (1 equiv.), Selectfluor (1-1.2 equiv.)
Ar—BF;K . = Ar—F |
DMF or CH;CN, 4-40°C, 15 h 16 examples CH4CN

63-96% yield |  [Pd(terpy)(NCCH5)][BF 41,

BF,  BF,

A\
F—-N* N*
N,

—

) BF 3K
F—N\j\N*—\ pgll 3+
\_/ N+ P temy)d R

ter| BF,

p
[Pd'(terpy)(solv)**  —== [Pd'(terpy),]**

« F
. /A
. R@LBF:;K + Pd"(terpy),]? :N\\L\/N+_\
BF; + R©/ c

BF,;

Scheme 2.5. Proposed mechanism for the Pd-catalysed fluorination of aryl
trifluoroborate salts.®
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Due to the complexity of the catalytic system, the search for easier alternatives
for similar reactions has not ceased. The conversion of aliphatic carboxylic acids into
their corresponding fluoroalkanes, via a decarboxylation procedure catalysed by a Ag(l)
salt, is another outstanding example within this area of chemistry.® The mechanism of
this reaction has been thoroughly studied;'® with Selectfluor acting as both a
fluorinating reagent and single-electron oxidant (Scheme 2.6).

AgNO; (20 mol%)
Selectfluor (2 equiv.)

R-COOH » R-F
acetone:H-O, rt.,, 2 h

Ag*
(RCOOh—Ag*
RCOOH
RCOOH BE.  BFS
RCOO-Ag* AN
F-NZ/ON* =
AV
RCOO-Ag?* R
J NN
(VAR
BF,
%
BF4 ~—  BF,
4
F- N:f‘Nt\
BF,

Scheme 2.6. Proposed mechanism for the Ag-catalysed decarboxylation/fluorination of
aliphatic carboxylic acids.™

Despite featuring a very simple and desirable set of reaction conditions, the
inefficiency of the method with aromatic substrates, and the use of a toxic silver salt as

catalyst are still inconveniences to be addressed.

Inspired by these two methodologies, we were highly interested in exploring
similar chemistry with arylsulfonic acids. Our research strategies mainly focus on the
synthesis and applications of transition metal-NHC complexes to new synthetic
pathways, and within that context, fluorination chemistry is definitely an interesting
area of study. It should be noted that, to date, no examples involving NHC-based
complexes have been reported for the fluorination of aryl derivatives. Nevertheless,
encouraging work is available in the literature. A report by Nolan and co-workers

showed that the reaction between [Au(OH)(IPr)] and benzoic acids generated stable
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NHC-Au(l)-carboxylato complexes. These complexes, upon warming to 110 °C in
toluene, successfully underwent decarboxylation to yield the corresponding arylgold(l)-
NHC species in good to excellent yields (Scheme 2.7).*

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

CcooH Au(NHC) Pr
[Au(OH)(IPr)] (1 equiv.) u \@
©/ g @/ a‘Pr \r 'Pr
R :

R toluene, 110 °C, 1-70 h

17 examples k
55-99% yield :

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

Scheme 2.7. Decarboxylative synthesis of arylgold(l)-NHC complexes starting from
[Au(OH)(IPr)] and aromatic carboxylic acids.™

While this work only presented the generation of arylgold(l) species, the
reactivity of these complexes towards aryl functionalisation can be an interesting
addition to the field of gold catalysis. The ease of access to these NHC-based
arylgold(l) species and the relatively simple CO, extrusion suggested to us a more than
feasible application of these complexes for the fluorination of arylsulfonic acids. With
an easy access to these compounds (mainly through sulfonation of arene derivatives)
and a better late-stage functionalisation that that of carboxylic acids, sulfonic acids
would make for a more attractive leaving group for industrial synthesis.

Considering the previously discussed literature, analogous reaction sequences
can be proposed as suitable approaches for the synthesis of aryl fluorides starting from
arylsulfonic acids (Scheme 2.8). First, a desulfonation/fluorination strategy can be
discussed (Scheme 2.8, top). In analogy with the work from Nolan,* the synthesis of
metal-sulfonato species, followed by SOj3 extrusion and electrophilic fluorination could
afford an efficient synthesis of aryl fluorides. Alternatively, the order of the steps could
be reversed (Scheme 2.8, bottom). In this case, the sequence will involve an ipso-
directed fluorination step taking place prior to the desulfonation stage, following a
similar mechanism to that described by Ritter.® The preliminary studies of these two
mechanisms for the desulfonative fluorination of arylsulfonic acids will now be

presented.
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ROUTE A
(Desulfonation / fluorination)

+u

SO, °F
S
)( R
©/SO3H V] ©/803[M] ©/

R R
A + F SO;[M] A
g
303 + [M]

R

F

ROUTE B
(Fluorination / desulfonation)

Scheme 2.8. Proposed mechanistic pathways for the fluorination of arylsulfonic acids:
desulfonation/fluorination (top) and fluorination/desulfonation (bottom).

2.2.4 Results and discussion
2.2.4.1 Initial tests

p-Toluenesulfonic acid monohydrate was initially selected as model substrate for
the optimisation studies; however, preliminary reactions showed that unselective
fluorination was taking place on this substrate. This fact made the identification of the
expected product, by spectroscopic analyses, highly difficult. In addition, the low
boiling point of the expected compound, 4-methylbenzene fluoride, was also an
important drawback for analysis and isolation. In order to circumvent these drawbacks,
2,4,6-trimethylbenzenesulfonic acid dihydrate (1a) was selected as a better model
substrate for optimisation. The resulting product, 1-fluoro-2,4,6-trimethylbenzene (2a),
has a higher boiling point and a clearly distinguishable signal by F NMR at
approximately -127 ppm, making it suitable for optimal analyses. Selectfluor was
chosen as the electrophilic fluorine source due to its commercial availability and wide

use in fluorination processes.

The accessibility to the corresponding fluorinated product, 2a, through simple
electrophilic fluorination was first assessed. The mechanism for this reaction has been
well studied,’> and was shown to undergo classical electrophilic addition/proton

elimination process. To support such reactivity, mesitylene was reacted with two
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equivalents of Selectfluor in CH3CN at 50 °C for 24 h. 2a was obtained as the sole
fluorinated product in 68% NMR vyield, according to °F NMR analysis using 1-bromo-
3-fluorobenzene as an internal standard (Scheme 2.9).

CHs, CHj
H Selectfluor (2 equiv.) F
CH4CN, 50°C, 24 h
H,C CHj H,C CHj
2a
68% NMR yield

Scheme 2.9. Catalyst-free synthesis of 2a through electrophilic fluorination of
mesitylene.

While this moderate reactivity is generally acceptable for such simple systems, it
does not represent a general approach for the fluorination of other substrates. This is due
to the highly-substituted symmetrical structure of mesitylene, which strongly favours
selective monofluorination. This methodology cannot be successfully applied to other
substrates with the same efficiency, thus limiting its applicability. Other approaches to
the fluorination of mesitylene, such as the use of N-fluorobenzenesulfonimide (NFSI) as
a fluorinating reagent,® generally provide lower yields and mixtures of the derived
mono- and difluorinated species. Due to these drawbacks, non-catalysed fluorination is
rendered impractical for a general substrate scope, further supporting the use of more

suitable substrates and reaction systems for our experimental studies.

Before testing our mechanistic hypotheses, the use of previously published
conditions for desulfonation/functionalisation of arylsulfonic acids seemed logical.
Considering the previously presented work from Togo and co-workers for the
desulfonative iodination of arylsulfonic acids,> an analogous reaction system employing
an electrophilic fluorinating source instead of 1, was discussed. Unfortunately, the use
of their optimised conditions using 1a as substrate and Selectfluor as fluorine source led
to only 2% NMR vyield of the expected compound 2a (Table 2.1, Entry 1). The removal
of 2-iodobenzoic acid afforded equally low NMR vyield of the desired molecule (Table
2.1, Entry 2). Complete removal of these additives led to no traces of 2a being detected
(Table 2.1, Entry 3).
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Table 2.1. Desulfonation/fluorination of 1a promoted by MCPBA/iodobenzoic acid.

Selectfluor (2 equiv.)
CHs; MCPBA (1.1 equiv.) CHs

/©:SO3H -2H,0 2-iodobenzoic acid (0.1 equiv.) t :F
HsC CHs CH3CN, 50 °C, 20 h, no light HyC CH,
1a 2a
: N NMR yield
Entry MCPBA 2-iodobenzoic acid 22 (%)
1 \&' \; 2
2 \‘é —_— 5
8 0

(@ Reaction conditions: 1a (0.1 mmol?, [Au] (5 mol%), Selectfluor (0.2
mmol), toluene (0.3 mL), 80 °C, 20 h. ! Determined by °F NMR (CDCl;
as solvent), using 1-bromo-3-fluorobenzene as internal standard.

In view of these results, a new methodology needs to be studied for the
desulfonative fluorination of arylsulfonic acids. The two proposed routes will be now

discussed and tested.

2.2.4.2 Route A: desulfonation/fluorination

Our first proposal was to investigate the suitability of a
desulfonation/fluorination strategy for the preparation of aryl fluorides. In order to do
so, the use of transition metal-NHC complexes as catalysts was proposed. Our first
rational mechanism for this reaction using the aforementioned metal species is depicted
in Figure 2.3, and will be based on the use of Au(l)-NHC complexes with the formula
[Au(OH)(NHC)] (for further insights into the preparation and reactivity of these species,
the Reader is referred to Chapter 1.3). The basic character of Au(l) hydroxide species
(Figure 2.3, A) can promote acid-base reaction with arylsulfonic acids, ArSOsH,
yielding the corresponding NHC-Au(l)-sulfonato species [Au(OSO,Ar)(NHC)] (Figure
2.3, B). In an analogous fashion to Au(l)-carboxylato species reported by Nolan and co-
workers,** desulfonation with concomitant formation of an aryl-Au bond could then
proceed, affording the corresponding NHC-Au(l)-aryl complex (Figure 2.3, C),
enhancing the nucleophilicity of the ipso carbon of the aromatic ring, which could then

react with an electrophilic fluorine source. This last step will yield the desired aryl
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fluoride together with a Au(l)-NHC reactive intermediate (Figure 2.3, D) which could
regenerate the active hydroxide species in the presence of a hydroxide base, thus closing

the catalytic cycle.

SO3H
R
MR N/=\N
R™ Y ~R
A H,0
M'OH &5
= N/=\N
r-N_N=g RTIY R
Y Au
A Q
R' 0=8=0
1 /\ )
@ R R
R Au
RI_F @
R S0,

Figure 2.3. Proposed catalytic cycle for the fluorination of arylsulfonic acids catalysed
by [Au(OH)(NHC)] complexes.

Based on this proposal, preliminary tests were conducted. la was initially
reacted with two equivalents of Selectfluor in the presence of 5 mol% of [Au(OH)(IPr)]
and two equivalents of KOH in toluene at 100 °C for 20 h. Under these reaction
conditions, an encouraging 17% of the expected product 2a was observed (Scheme
2.10). The species was further confirmed by comparison with a pure sample of 2a,

providing a proof of concept of the feasibility of a desulfonative fluorination

mechanism.
[Au(OH)(IPr)] (5 mol%)
GHs Selectfluor (2 equiv.) CHs
SOzH - 2H,0 KOH (2 equiv.) o F
toluene, 100 °C, 20 h
H,C CHy H,C CHj
1a 2a
17% NMR yield

Scheme 2.10. Preliminary test on the Au-catalysed desulfonative fluorination of 1a.
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Inspired by this result, extensive optimisation studies were conducted, with some
representative results being summarised in Table 2.2 (complete experimental data can
be found in the Supporting Data CD, Experimental Annex - Chapter 2, Table S1). The
use of NaOH instead of KOH as base showed a slight decrease in the NMR vyield of 2a
(Table 2.2, Entries 1-2). The use of an alternative metal-NHC hydroxide species based
on Cu(l) afforded no reaction under the same experimental conditions (Table 2.2,
Entries 3-4), thus proving that the nature of the metal is key for its mediation in the
desulfonation/fluorination process. Decreasing the amount of base to one equivalent
afforded a slightly higher NMR yield of 2a (Table 2.2, Entry 5), strongly contrasting to
what could be expected in a system where the base can be consumed through either
acid-base reaction with la or via catalyst regeneration. This suggests that a more
complex catalytic cycle might be taking place in this reaction. Decreasing the reaction
temperature to 80 °C afforded similar results (Table 2.2, Entry 6) to those obtained
previously, and thus was kept for further testing. The variation of the NHC (Table 2.2,
Entry 7), the "F™ source (Table 2.2, Entry 8) or the use of polar aprotic (Table 2.2,
Entry 9) or protic solvents (Table 2.2, Entry 10) did not afford better results. Finally, to
favour the shift of the chemical equilibrium towards the formation of products, a reflux
system was used in order to facilitate SOz elimination from the reaction mixture;
however, lower performance of the system was obtained under these conditions (Table
2.2, Entry 11).
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Table 2.2. Optimisation of the desulfonative fluorination of 1a using transition metal-
NHC hydroxide complexes.

HsC CH, solvent HsC CH,
1a 2a
Entry [M] Base Solvent T (°C) Time(h) 2a (%)™
1 [Au(OH)(IPr)] KOH (2) toluene 100 20 17
2 [Au(OH)(IPr)] NaOH (2)  toluene 100 20 11
3 [Cu(OH)(IPr)] KOH (2) toluene 100 20 <1
4 [Cu(OH)(IPr)] NaOH (2) toluene 100 20 <1
5 [AUOH)(IPr)] KOH (1)  toluene 100 20 20
6 [Au(OH)(IPr)] KOH (1) toluene 80 20 21
7 [Au(Cl)(IMes)] KOH (1) toluene 80 20 13
8l [Au(OH)(IPr)] KOH (1)  toluene 80 20 0
9 [AUOH)(IP)] KOH (1)  CH4CN 80 20 0
10  [Au(OH)(IPr)] KOH (1)  EtOH 80 20 0
11 [Au(OH)(IPr)] KOH (1)  toluene 80 20 12

¥ Reaction conditions: 1a (0.1 mmol), catalyst (5 mol%), Selectfluor (0.2 mmol),
base (0.2 mmol), solvent (0.3 mL). ! Determined by °F NMR (CDClI; as solvent),
using 1-bromo-3-fluorobenzene as internal standard. ! N-fluorobenzenesulfonimide
(NFSI) (0.2 mmol) used instead of Selectfluor. ! Open system (reflux).

Before re-evaluating the involved reaction mechanism, as suggested by the
mismatch of the obtained results with such a pathway, a deeper study of the proposed
catalytic steps was performed to discover any hurdles that could be individually

addressed.

First, the accessibility to Au(l)-NHC species B from hydroxide complexes A
was tested. The preparation of this NHC-Au(l)-sulfonato species was a simple acid-base
reaction that could be achieved by reacting [Au(OH)(IPr)] with 1a in stoichiometric
amounts. After 4 h in toluene at room temperature, complex Au-3 was isolated in 96%
yield (Scheme 2.11). This synthetic method could be successfully extended to other
arylsulfonic acids (Scheme 2.11, Au-1 and Au-2), and different NHCs were also
tolerated (Scheme 2.11, Au-4 and Au-6). Water present in the hydrated form of sulfonic
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acids did not have a marked effect on the outcome of this reaction, thus facilitating the
synthesis of these complexes from readily available arylsulfonic acid hydrates (a typical
commercial form for these substrates). These complexes are air- and moisture-stable
white solids, and can be stored for months without any trace of noticeable

decomposition.

Ar/NYN\Ar
N Ne—p po : A
Ar Y Ar  Ar'SOzH (1 equiv.) o)
|
Alu toluene, r.t., 4 h Oz?zo
OH Ar'
AuOH Au-X

Iu
A ‘? Q
0 0=5=0 0=S=0
0=8=0 © H4C CHs
@ CH3 CH3
Au-1: 93% Au-2: 92% Au-3: 96%
[Au(OSO,Ph)(IPr)] [Au(0SO,Tol)(IPr)] [Au(OSO,Mes)(IPr)]
Cl Cl
Pr Pr N; (N 'Pr Ph\ph N/ \N Phéph
a‘Pr ipr : glpr A|u iPr H3C/th:IEPh—\ CHs
? ? Q
0=8=0 0=S8=0 0=S=0
Au-4: 84% Au-5: 66% Au-6: 92%
[Au(OSOLPh)(SIPr)] [Au(OSO,Ph)(IPrch)] [Au(OSOLPh)(IPr*)]

Scheme 2.11. Synthesis of NHC-Au(l)-sulfonato species.

The desulfonation of species B into species C (Figure 2.3) was then examined.
Au-3 was selected for such studies, representing the appropriate intermediate of our
model reaction. For an adequate reaction profiling, the corresponding species C was
independently prepared by reacting [Au(OH)(IPr)] with stoichiometric 2,4,6-
trimethylbenzoic acid in toluene at 110 °C for 48 h, using the methodology reported by
Nolan and co-workers.** The corresponding mesitylgold(l)-1Pr species was obtained
cleanly in 88% vyield (Scheme 2.12).
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pr E
g COOH SN @'/Pr \E Pr

HaC CHs

HaC
toluene, 110 °C, 48 h 3

CHs
C: 88%
[Au(Mes)(IPr)]
Scheme 2.12. Synthesis of [Au(Mes)(IPr)] from [Au(OH)(IPr)] and 2,4,6-
trimethylbenzoic acid.

With this species in hand, the reactivity of Au-3 was tested (Table 2.3). Stirring
the latter complex in toluene at 110 °C for 24 h afforded no reaction according to NMR
analysis (Table 2.3, Entry 1). The use of 1,4-dioxane (a solvent that was also
successfully used during the decarboxylation studies of Nolan) provided the same
observations, with starting material being detected as the only species (Table 2.3, Entry
2). However, when the reaction solvent was changed to xylenes and the temperature
was increased to 130 °C, two new IPr-based species could be detected after 24 h, in a
ratio of 64% and 12% of the mixture, respectively (Table 2.3, Entry 3). These species
did unfortunately not match the spectroscopic data for [Au(Mes)(IPr)]. By increasing
the reaction time to 48 h, a relative ratio of 89% could be obtained for one of these
species, with only 8% of Au-3 remaining in the mixture (Table 2.3, Entry 4). The
reaction time could be again reduced to 24 h when using 140 °C, with a ratio of 80% for
this major species (Table 2.3, Entry 5). However, very surprisingly, when scaling up to
150 mg of Au-3 for product isolation, the ratio of this desired side product diminished
again, with only 18% being detected (Table 2.3, Entry 6). Performing the reaction under
nitrogen atmosphere drastically reduced the conversion rate of this reaction, with 83%
of the major side product being observed only after 96 h of reaction time (Table 2.3,
Entry 7).
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Table 2.3. Reactivity of Au-3 in solution at moderate temperatures.

0=S=0 » Species1 + Species 2

H,C : CH, solvent, T, time

Entry Solvent T (°C) Time(h) Au-3(%)

Species 1 Species 2

(%) (%)
1 toluene 110 24 100
2 1,4-dioxane 110 24 100
3 xylenes 130 24 24 64 12
4 xylenes 130 48 8 89 3
5 xylenes 140 24 15 80 5
6! xylenes 130 72 77 18 5
7t xylenes 130 96 10 83 7

@ Reaction conditions: Au-3 (30 mg), solvent (0.3 mL). ™ 150 mg of Au-3.
Under N, atmosphere.

The use of other high-boiling-point solvents, such as DMF, DMA, DMSO or
NMP afforded complex signal patterns, although in all cases extensive depletion of Au-
3 was observed, with no desirable intermediate C being detected and only minor

proportions of species 1 and 2.

Since among all performed tests, no traces of desulfonated species C could ever
be detected, the desulfonation/fluorination pathway can be regarded as less likely to
occur under the tested reaction conditions for the fluorination of arylsulfonic acids.
Alternative mechanistic pathways for the conversion of la into 2a must now be

discussed.

2.2.4.3 Route B: fluorination/desulfonation

Considering the lack of success on promoting desulfonation in sulfonato species,

the examination of a mechanistic pathway involving other individual steps was
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discussed. Initially, metal-free systems were considered, to assess the native reactivity
of l1a in the presence of electrophilic fluorine sources. Surprisingly, when la was
reacted with two equivalents of Selectfluor in toluene at 80 °C for 20 h, a mixture of
various fluorinated species could be observed by F NMR analysis. This mixture
included 2a, which was observed in 28% NMR yield (Scheme 2.13).

CH, CH,

SO3H-2H,O  Selectfluor (2 equiv.) F
toluene, 80°C, 20 h
HsC CHjz HsC CHs

1a 2a

~ o

110.6
1
-118.6
119.7
-120.0
2

Internal standard

2a

!

T T T T T T
-110 -115 -120 -125 -130 ppm

Scheme 2.13. Metal-free desulfonative fluorination of 1a in the presence of Selectfluor
(**F-{*H} NMR spectrum, CDCls as solvent).

This result was certainly important, since it displayed a higher reactivity towards
the synthesis of 2a than in the absence of a metal catalyst (see previous subchapter). The
effect of the reaction conditions in this reaction was tested under metal-free conditions.
First, the use of bases was again considered (Table 2.4). Despite the use of various
inorganic bases, conversion of 1a into 2a remained unsatisfactory (Table 2.4, Entries 2-
8), obtaining in all cases significantly lower NMR Yyields for the desired product. Low
fluorination performance was also observed (negligible amounts of unidentified
fluorination products). Considering that nucleophilic aromatic substitution with
hydroxide bases is unlikely at 80 °C (usually requiring up to 300-350 °C), other reasons
are to be invoked for the decrease in reactivity, such as the acid-base neutralisation of
the substrate, which can now be highlighted as an inconvenience for the preparation of
2a.
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Table 2.4. Preliminary tests: base-promoted fluorination of mesitylenesulfonic acid
dihydrate.

CHs Selectfluor (2 equiv.) CHs
SO3H -2H,0 base (1 equiv) F
Ho cH, toluene, 80°C,20h |, -
1a 2a
Entry Base NMR vyield (%)™
1 --- 28
2 KOH 10
3 KHCO3 12
4 K,COs3 13
5 NaOH 6
6 NaHCO;3; 10
7 Na,CO3 6
8 K3PO, 7
9 Imidazole 3

8 Reaction conditions: 1a (0.1 mmol), Selectfluor (0.2 mmol), base
(0.1 mmol), toluene (0.3 mL), 80 °C, 20 h. ! Determined by °F
NMR (CDClj; as solvent), using 1-bromo-3-fluorobenzene as internal
standard.

However, during the base optimisation, the use of imidazole displayed very
interesting reactivity. While 2a was only observed in 3% NMR yield (Table 2.4, Entry
9), a different major species could be detected at -118 ppm by °F NMR analysis.
Despite its low overall NMR vyield (25%) and lack of good selectivity, this species could
be isolated and analysed by NMR techniques, and the fluorinated sultone 3a was
suggested as the possible reaction product, as the result of an oxidative cyclisation-
fluorination sequence (Scheme 2.14). This one-pot reaction and the related product have

no precedents in the literature.
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CH3 o
CHs Selectfluor (2 equiv.) ‘é’/o
SO3H -2H,0 imidazole (1 equiv.) o
toluene, 80 °C, 20 h HsC
H3C CH3 F

1a 3a
27% isolated yield

Scheme 2.14. Proposed one-pot oxidative cyclisation-fluorination of la for the
synthesis of fluorinated sultone 3a.

Unfortunately, despite the good reproducibility of this reaction, further
optimisation of the synthesis of 3a has yet to be achieved (for the complete
experimental data on the optimisation of this reaction, the Reader is referred to the
Supporting Data CD, Experimental Annex - Chapter 2, Table S3). The study of this

reaction is currently in progress within our research group.

Our synthetic efforts were again concentrated on the optimisation of a
methodology to selectively prepare 2a. Keeping a base-free system, the effect of other
parameters, such as solvent, temperature, reaction time or equivalents of Selectfluor,
was assessed; however, no improvement of the reactivity towards 2a could be observed
in any case, with no clear reactivity trends for appropriate discussion (for the complete
experimental data, the Reader is referred to the Supporting Data CD, Experimental
Annex - Chapter 2, Tables S1 and S4). This highlights the fact that, despite the catalyst-
free electrophilic fluorination of arylsulfonic acids being feasible, it cannot provide full
conversion and selectivity towards the desired compound.

However, an interesting observation encouraged the re-evaluation of metal
catalysis in this reaction, despite its failure during the desulfonation/fluorination studies.
While it has already been reported that stirring the Au(l) sulfonato species Au-3 in
toluene at 110 °C for 24 h does not afford any desulfonation product (Table 2.3, Entry
1), when two equivalents of Selectfluor were added to this reaction system, low
quantities of 2a were detected by °F NMR (8%; Scheme 2.15).
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0=8=0 Selectfluor (2 equiv.) . F
HaC CH,  toluene,80°C, 24 h
HsC CH,
2a
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Au-3

2a
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e |

Scheme 2.15. Evidence for the release of 2a via the reaction of Au-3 with Selectfluor.

This reaction could not be further optimised to increase the NMR vyield of 2a,
and the secondary fluorinated product could also not be isolated using standard workup
techniques, leading to extensive decomposition into multiple fluorinated species.
Despite these inconveniences, this observation showcases a formal elimination of SO3
together with the fluorination of the aryl fragment in Au-3, which was unexpected
considering the failure in the desulfonation of Au-3. As a result, a different reaction
mechanism, aided by the presence of Selectfluor, must be proposed. Different

alternatives can be presented along these lines:

1) Similarly to the mechanistic pathway presented by Ritter for the fluorination of aryl
trifluoroborates,’ an ipso fluorination of 1a, followed by elimination of sulfur trioxide,

can be proposed (Scheme 2.16).
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CHs CHy CH - [M] CH,
SO3H  [M] SOzM]  “F*" p - 803 F
—~—— ~——— —~———
HsC CHs HsC CHs HsC CHs
1a

H4C CH,4
2a

Scheme 2.16. Proposed fluorination/desulfonation mechanism for the conversion of 1a
into 2a.

This mechanism is in agreement with the conversion of la into 2a using
Selectfluor as the sole reagent. The incomplete conversion in this case is most probably
due to insufficient activation of the ipso-carbon, and thus the use of metal catalysts to
modify this property through complexation of the sulfonic acid group could be a

suitable way to overcome this drawback.

For that purpose, a variety of transition metal species were tested as catalysts for
this reaction. First, Au(l)-NHC species were considered (Table 2.5). Since Au(l)
sulfonato species afforded some conversion towards 2a in stoichiometric tests,
evaluating their performance in catalytic conditions was a straightforward consideration.
The use of [Au(OH)(IPr)] (Table 2.5, Entry 1) was compared with our reported
sulfonato species (Table 2.5, Entries 2-6), with Au-1 and Au-4 behaving similarly to the
hydroxide species, and slightly better than in the metal-free system (28%, see Table 2.4,
Entry 1). The use of the more defficient IPr®' as ligand (Au-5) led to lower NMR yield
of 2a (Table 2.5, Entry 6). Other active gold complexes were next tested to establish
more complete trends. While [Au(OTf)(IPr)] (Table 2.5, Entry 7) afforded similar NMR
yields to that obtained by Au-5, the chloride species raised the observed yield to 38%
(Table 2.5, Entry 8). This certainly demonstrates that a completely different mechanism
to that based on SOj3 extrusion from sulfonato intermediates, is involved in our system.
The NEts;-based bifluoride based on IPr was also tested, showing no reactivity
amplification (Table 2.5, Entry 9).
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Table 2.5. Optimisation of Au(l)-NHC catalyst.

GHs [Ad] (5 mol%) GHs
/C[S%H "2H0  selectfluor (2 equiv.) . /C[F
HaC CHs toluene, 80 °C, 20 h HsC CH,
1a 2a
Entry [Au] (mol%) NMR yield (%)™

1 [Au(OH)(IPr)] 32
2 Au-1 34
3 Au-2 22
4 Au-3 23
5 Au-4 33
6 Au-5 13
7 [Au(OTH(IPF)] 19
8 [Au(Ch)(IP)] 38
9 [Au(IPr)(NEts)][HF] 33

@ Reaction conditions: 1a (0.1 mmol), [Au] (5 mol%), Selectfluor
(0.2 mmol), toluene (0.3 mL), 80 °C, 20 h. ™ Determined by °F
NMR (CDCl; as solvent), using 1-bromo-3-fluorobenzene as
internal standard.

At this stage, other transition metal species were tested to further investigate the
activity of metal species in the conversion towards 2a (Table 2.6). Surprisingly, the use
of Au is genuinely necessary to maintain the fluorination capacity of the system, with
all tested metals displaying a much lower conversion. The studied species ranged from
simple Cu(l)/Cu(ll) salts (Table 2.6, Entries 1-2) and [Cu(OH)(IPr)] (Table 2.6, Entry
3), to Ag(l) (Table 2.6, Entry 4), Pd(Il) (Table 2.6, Entry 5) and Ni(ll) (Table 2.6, Entry
6), among many others (for further details about the tested transition metal species and
their performance, the Reader is referred to Chapter 7, Table 7.1), obtaining not only
lower conversions but also lower selectivities or complete inactivation of fluorination in

all tested cases.
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Table 2.6. Use of other transition metal-based species.

CHs

Ji:[sow 2,0 _ Seloctiluor (2 cauiv) _ Jﬁ:{
HaC CHs toluene, 80 °C, 20 h HsC CH,
1a 2a

Entry [Au] (mol%) NMR yield (%6)™!

1 [Au(CI)(IPN)] 38

2 CuCl 11

3 CuCl,-2H,0 4

4 [Cu(OH)(IPr)] <1

5 AgCI 15

6 [Pd(n3-cinnamyl)(CI)(1Pr)] 0

7 [Ni(acac),] 0

8 [Ni(CI)(Cp)(SIPN] 0

8 Reaction conditions: 1a (0.1 mmol), [Au] (5 mol%), Selectfluor
(0.2 mmol), toluene (0.3 mL), 80 °C, 20 h. ! Determined by *°F
NMR (CDCl; as solvent), using 1-bromo-3-fluorobenzene as
internal standard.

The use of Au in this reaction was clearly shown to be essential, although the
reaction mechanism is certainly unclear at this point. Since the best NMR yield so far
(38%) has been obtained for [Au(CI)(IPr)], which is a species that theoretically does not
present any complexation reactivity towards arylsulfonic acids, a reaction mechanism
involving more than simple formation of a modified sulfonato species must be

discussed.

Within this context, Au(lll) chemistry is now a feasible approach. This proposal
is inspired by the utility of Selectfluor not only as an electrophilic fluorine source, but
also as an oxidant due to its high oxidation potential. Moreover, the access to reactive
Au(Ill) species from Au(l) precursors in the presence of Selectfluor has been
documented in the literature.** These considerations encouraged the proposal of Au(l11)
mediation in the desulfonative fluorination of arylsulfonic acids. A tentative catalytic
cycle involving a Au(l)/Au(lll) system would be initiated by the oxidation of a given
Au(l)-NHC catalyst to its corresponding Au(lll) fluoride species in the presence of

Selectfluor; this species can promote fluorine transfer to an arylsulfonic acid via
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desulfonation of the substrate, yielding the desired compound and regenerating the

Au(l) species (Figure 2.4).

F =\ BF,  BF,
N_ N— /7
Ar— Ar + +
HBF, + SO; + Y F-NZ /N~
. s =
R L
SO3H NN BF,
Ar— Y —Ar VAR
Ag' - N\/\N+_\
/7 _BF4 —/
R " °F

Figure 2.4. General scheme for the newly proposed Au-catalysed synthesis of aryl
fluorides from arylsulfonic acids via Au(l1l) species.

While no clear experimental evidences of this cycle have been yet obtained, the
lack of fluorination selectivity observed in all catalytic tests and the impossibility to
isolate or characterise most of these species, together with the known long-term
instability of Au(l11)-NHC species, strongly support such a fluorination pathway. An
exhaustive investigation of Au(lll) systems has been therefore started within our
research group, to further unravel the reactive possibilities of these catalytic systems.
Initially, the feasibility of the use of Au(lI1)-NHC complexes as catalysts was tested.
The reaction of la under our standard conditions (two equivalents of Selectfluor in
toluene, 80 °C for 20 h), using 5 mol% of [AuCl3(IPr)] as catalyst, afforded 20% NMR
yield of 2a (Scheme 2.17). This shows that Au(l)/Au(l11) oxidation is not a rate-limiting
step, and that the use of Au(lll) species still allows the formation of 2a, although in
lower NMR vyields that the Au(l) homologue [Au(CI)(IPr)].

CHs [AUCI5(IPr)] (5 mol%) Pr
SOzH -2H,0  selectfluor (2 equiv.) - @/
toluene, 80 °C, 20 h o P
H3C CH3 oluene, ’ Cl—Au—Cl
1a ; Cl
20% NMR yield [AuCl3(IPr)]

Scheme 2.17. Fluorination/desulfonation of l1a in the presence of a Au(lll)-NHC
catalyst.

Next, the use of a less oxidising fluorination source was tested. This approach
was designed to assess the importance of Selectfluor for the reaction to proceed, which

could, in the last instance, be directly related to its oxidising capacity. NFSI was used as
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an alternative electrophilic fluorine source in this case, having a lower oxidation
potential than that for Selectfluor, yet still being a powerful fluorination source.!” Using
standard test conditions in the absence or presence of 5 mol% of [Au(OH)(IPr)] as
catalyst, and using two equivalents of NFSI, no traces of the desired compound 2a were
observed (Scheme 2.18). While a new single fluorinated species could be instead
detected, with a peak at -91 ppm by *°F NMR analysis in 81% NMR yield, extensive
decomposition after standard extraction techniques in air or under inert atmosphere was
obtained, precluding for any characterisation of the new species. The use of other
solvents commonly used with NFSI, such as acetone or CH3CN did not yield any of the

expected product either.

CHs [Au(OH)(IPD)]] (5 mol%) CHs

SO3H '2H20 NFSI (2 equiv.) F E 0\\ //0 O\\ //0
N - .
N - | Ph/S\N’S\Ph
HsC CH; solvent, 80 °C, 20 h HsC CHs ":
1a 2a ! NFSI

[ solvent: -toluene - acetone - CH3;CN ]

Scheme 2.18. Unsuitability of NFSI for the synthesis of 2a.

The studies of the Au(lll)-catalysed fluorination of arylsulfonic acids are
currently in progress, within the interest of our research group to uncover new evidence

for the role of Au and Selectfluor in this chemical transformation.

2.2.4.4 Other reactions: C(sp?)-H fluorination of arylsulfonic acids

During our optimisation studies, many side products were obtained, usually in
low amounts and without any possible clean isolation. However, the use of reaction
mixtures containing polar protic solvents displayed very good selectivity towards a
single fluorinated species according to NMR studies, and therefore our attention was
attracted towards the investigation of such reactivity.

The synthesis of this species in a selective fashion was initially observed when
Cu(l) species were being tested as catalysts. Reacting la with 1.1 equivalents of
Selectfluor in the presence of catalytic CuCl (5 mol%) and imidazole (10 mol%),
afforded 28% NMR yield of a new species, with only trace amounts of other fluorinated
side-products. The employed solvent was technical grade EtOH, and the reaction was
performed at 60 °C for 18 h. This strongly contrasted with the common lack of
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selectivity in our fluorination tests, thus attracting our synthetic efforts to the
understanding of such a reaction. Further tests actually showed that the system could be
simplified, with the presence of copper and base not being required for the preparation
of this compound, which was obtained in 29% NMR yield using Selectfluor in EtOH at
60 °C (Scheme 2.19).

CHj
lectfl 1.1 iv.
SO4H - 2H,0 Selectfluor (1.1 equiv.)
EtOH, 60 °C, 18 h
Hs;C CHj3
1a

Internal standard
Br< : F

Scheme 2.19. Preliminary tests for the selective synthesis of a new fluorinated species.

The optimisation of this reaction was next investigated. Aware of the solubility
issues related to the use of Selectfluor in organic solvents, the addition of water to the
reaction media could increase "F*" availability in the reaction media. Indeed, EtOH:H,0
mixtures proved very efficient for building up better NMR vyields of the new species
without reducing or changing the selectivity of the process (Figure 2.5), with a 7:3 ratio
of EtOH/H,0 displaying the highest NMR vyield (59%).
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CHj3

lectfl 1.1 iv.
SO4H - 2H,0 Selectfluor (1.1 equiv.) >
EtOH:H,0, 60 °C, 18 h
H;C CH;
1a
NMR yield (%)
100 +
90 -
80
70 -+
60 -
50 -+
40 -
30
: W i
10 L1
O T T T T T T T I-I_I 1
0] 10 20 30 40 50 60 70 80 90 100 %H,0

2] Reaction conditions: 1a (0.10 mmol), Selectfluor (0.11 mmol), EtOH:H,0 (0.5
mL), 60 °C, 18 h.

Figure 2.5. Effect of water in the fluorination of 1ain EtOH as solvent.

Using these conditions, the product could be isolated, although in an impure
mixture, with all spectroscopic data matching the monofluorination product 3'a (Table
2.7). Further optimisation proceeded using an EtOH/H,O (7:3) solvent mixture. The
reduction of the reaction temperature to 40 °C afforded better NMR yields of the new
species (63%) (Table 2.7, Entry 3). Under these conditions, other organic solvents were
tested in combination with water. In general, polar protic solvents performed similarly
to EtOH, promoting high degrees of selectivity for 3'a (Table 2.7, Entries 5-11), with
the exception of glycerol (most probably due to difficult homogenisation of the reaction
mixture; Table 2.7, Entry 7). The use of polar aprotic (Table 2.7, Entries 12-15) or non-
polar solvents (Table 2.7, Entries 16) led to very low fluorination of 1a. Due to its good
performance and interest in synthesis as a green solvent,'® n-butanol (Table 2.7, Entry
9) was selected for further optimisation. Using these conditions, an increase in the
reaction time to 48 h (Table 2.7, Entry 17) or a higher substrate concentration in the
reaction media (Table 2.7, Entries 18) could still not provide quantitative conversion to
3'a; however, the increase in the amount of Selectfluor (Table 2.7, Entries 19-21)
displayed a consistent increase in the observed NMR yield, with two equivalents of
Selectfluor being optimal (Table 2.7, Entry 20). Unfortunately, 3'a could not be isolated

in pure form, with minor amounts of impurities or solvent being present in all tests.
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Table 2.7. Optimisation of the fluorination of la.

CHs,
e G
HsC CHs F
1a 3'a
Entry  Selectfluor (equiv.) Solvent T(C) t(h) NMR yield (%)Y

1 1.1 EtOH 60 20 59
2 1.1 EtOH 50 20 60
3 1.1 EtOH 40 20 63
4 1.1 EtOH 30 20 46
5 1.1 'PrOH 40 20 70
6 1.1 2-methoxyethanol 40 20 42
7 1.1 glycerol 40 20 0
8 1.1 t-AmOH 40 20 60
9 1.1 n-BuOH 40 20 77
10 1.1 Ethanediol 40 20 58
11 11 n-hexanol 40 20 65
12 1.1 2-Me-THF 40 20 0
13 1.1 CPME 40 20 0
14 1.1 CHsCN 40 20 3
15 1.1 acetone 40 20 5
16 11 toluene 40 20 4
17 1.1 n-BuOH 40 48 79

18 11 n-BuOH 40 48 72
19 1.5 n-BuOH 40 20 81
20 2 n-BuOH 40 20 91 (90)
21 3 n-BuOH 40 20 92

@ Reaction conditions: 1a (0.1 mmol), Selectfluor, solvent (0.5 mL). ™ Based on *F
NMR analyses using 1-bromo-3-fluorobenzene as internal standard (CDCl; as solvent).
[ [1a] =1 M.

~118 ~



Chapter 2 - Arylsulfonic Acids: Substrates in Fluorination Chemistry

Experimental tests in the presence of radical traps were used to define the nature
of the fluorine transfer. When TEMPO was used as a radical scavenger under the
optimised reaction conditions, no trace of any fluorinated product was observed,
therefore suggesting that a more complex mechanism than simple electrophilic
fluorination is actually taking place in this reaction (Scheme 2.20). This is not
surprising, since ESI-MS studies of systems containing Selectfluor have proven the
existence of reaction intermediates that can only be explained by means of single-

electron transfer mechanisms.®

CHj3

Selectfluor (2 equiv.) o)
SOzH -2H,0 TEMPO (1 equiv.) | HsC N _CHs,
> > No reaction H30>(J<CH3
HsC CH, n-BUOH:H,O (7:3), 40 °C, 20 h :

1a ! TEMPO

Scheme 2.20. Radical trapping test for the C(sp®)-H fluorination using Selectfluor.

The utility of this type of fluorinated arylsulfonic acids was tested in preliminary
applications for synthesis. One of the main discussed ideas was the use of these
molecules as aryl fluoride surrogates for a fluorination/desulfonation mechanism. In
essence, the sulfonic acid group could be used as a meta directing group, yielding the
corresponding m-fluoroarylsulfonic acids which, upon treatment at high temperatures in
the presence of catalytic acid, could undergo desulfonation, yielding the related aryl
fluoride (Scheme 2.21).

A
SOzH  npr SOH H
R — R©/ — RE;/
F F

Scheme 2.21. Proposed fluorination-desulfonation sequence of arylsulfonic acids for
the synthesis of fluoroarenes.

Different approaches were followed to investigate the accessibility to a one-pot
fluorination-desulfonation procedure (Table 2.8). Initially, the use of the optimised
conditions together with the addition of catalytic H,SO, led to lower NMR yields for
3'a while only traces of 2a were present (Table 2.8, Entry 2), as expected from the
known inefficiency of acid-catalysed desulfonation processes at moderate temperatures.
To avoid any chemical interference, a sequential treatment of la seemed to be
necessary, and was therefore tested. After the use of our optimal conditions for

maximum efficiency of the fluorination step, 10 mol% of H,SO, was then added to the
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stirred mixture and warmed up to 100 °C for 5 h. While some consumption of 2'a was
observed, no proportional amount of 2a was present (Table 2.8, Entry 3). To ascertain
any possible reactivity towards our desired compound, forcing conditions were used.
Using one equivalent of H,SO,4 and 120 °C in this step, full consumption of 3'a was
observed, although only 8% of 2a was present in the reaction mixture (Table 2.8, Entry
4). Finally, the use of 2.5 equivalents of acid led to a similar consumption of 3'a, but in
this case a very broad signal around -128 ppm was present by *F NMR analysis,
corresponding to the area of 2a, and therefore suggesting a more extensive conversion
towards this species (Table 2.8, Entry 5). This promising observation is currently being

investigated by our research group.

Table 2.8. Preliminary studies on the fluorination-desulfonation of 1a.

3

Hs CH
CHs; i) Selectfluor (2 equiv.) SORH - xH,0 y
SO3H - 2H,0 n-BuOH/H,0 (7:3), 40 °C, 20 h o .
iy H* HsC CHs HsC CHs
F F
3'a 2a

H3C CHjy

1a

: [b]
Additional reagents NMR yield (%)

Entry Step i)

in step i) 3'a 2a
1 91
2 HyS04 (10 mol%) 59 3

H,SO,4 (10 mol%),
n-BuOH/H,0 (7:3), 100 °C, 5 h

4 H,SO,4 (1 equiv.) 0 8
n-BuOH/H,0 (7:3),120°C, 5 h

5 H,SO4 (2.5 equiv.) traces Broad
n-BuOH/H,0 (7:3), 120°C, 5 h peak

3 Reaction conditions: i) 1a (0.1 mmol), Selectfluor (0.2 mmol), solvent (0.5 mL), 40
oC, 20 h; ii) See Table. ™ Based on °F NMR analyses using 1-bromo-3-fluorobenzene
as internal standard (CDCl; as solvent).

2.3 Conclusions

In conclusion, the use of arylsulfonic acids as substrates for fluorination

chemistry has been explored for the first time in the literature, having led to very

~120 ~



Chapter 2 - Arylsulfonic Acids: Substrates in Fluorination Chemistry

interesting results that will be of great importance for the future development of related
synthetic methods.

First, the access to aryl fluorides from the corresponding arylsulfonic acids
through a C-F formation/C-S cleavage sequence has been experimentally demonstrated.
This approach will definitely provide an interesting alternative to the current
fluorination methodologies once our on-going studies are completed. Feasible reaction
mechanisms have been proposed and studied by establishing conceptually correct
synthetic sequences (in the case of non-catalysed systems) and catalytic cycles (in the
case of metal-catalysed systems), with special attention to the application of Au(l)-NHC
complexes as catalysts. Sufficient experimental evidences have been gathered to discard
a desulfonation/fluorination procedure for NHC-Au-sulfonato species. However,
evidences of the important mediation of Selectfluor as an electrophilic fluorinating
source and as an oxidant, together with the highly convenient use of Au-NHC catalysts,
are now available and being exploited for the development of a fully optimised
synthetic methodology. Only partial conversion towards the expected compound has
been obtained to date, but the obtained results are encouraging and will soon provide
efficient access to aryl fluorides.

Parallel to these studies, the metal-free monofluorination of C(sp?)-H bonds in
arylsulfonic acids for the synthesis of substituted fluoroarylsulfonic acids has been
optimised and successfully applied to a highly substituted alkylbenzenesulfonic acid in
excellent yield. Although mechanistically simple, this reaction is not available in the
synthetic literature, and could represent an important step for the preparation of sulfonic
acid derivatives. The applicability of this method is still being studied, in order to
expand it to other substituted arylsulfonic acids and to employ these compounds for
further synthesis. Preliminary tests have successfully shown the viability of a C-H
fluorination/desulfonation sequence, for the synthesis of aryl fluorides through
removable directing groups. Although no optimised conditions are yet available, the

synthetic concept is very interesting and it is being further explored.
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3.1 Introduction

The use of polyfunctionalised organic molecules gives synthetic chemists the
opportunity to perform rapid and efficient structural diversification, which is of great
interest to the synthetic community. Selecting, assembling and applying these
structures represents an example of "smart" chemistry, raising the current frontiers of
organic synthesis to new levels of chemical accessibility and efficiency, by rendering

synthetic routes more practical and cost-efficient.

Among the wide variety of molecules tagged as "polyfunctionalised”, 1-
haloalkynes are a family of alkyne derivatives that have certainly attracted much
attention in the last decade.’ Due to their unique reactivity, these molecules are versatile
building blocks for organic synthesis. Particular attention is to be paid to 1-iodoalkynes,
whose mention in the literature is relatively scarce when compared to bromo- or
chloroalkynes. The high reactivity of the C-1 bond usually represents a "double-edged
sword" in synthesis, with more careful handling and storage for organoiodine
compounds being required. However, since 1-iodoalkynes are generally used as
immediate reactive species, the real impact of this inconvenience is minimal, and we
therefore consider that the utility of 1-iodoalkynes has been widely underestimated.
Encouraged by the most recent advances in the preparation of these molecules, the
present chapter will discuss the optimisation of a new Au(NHC)-based catalytic system
for the preparation of 1-iodoalkynes from simple terminal alkynes and a convenient

electrophilic iodination source (Figure 3.1).

~N__N—g

R
Y,
/lb«u
NEt;

[Au(NHC)(NEt;)][HF2]

R——H .

1-iodoalkynes

NIS
Figure 3.1. General scheme for Au(NHC)-catalysed iodination of terminal alkynes.
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3.2 1-lodoalkynes: state-of-the-art

1-lodoalkynes constitute a family of terminal alkyne derivatives with an
iodinated C-C triple bond, which provides interesting reactive opportunities. First, the
well-known m-reactivity of alkynes towards electrophilic addition? provides access to
functionalised iodoalkenes.® On the other hand, the presence of a reactive C-I bond, the
common feature in organoiodine compounds,® allows metal-mediated cross-coupling
chemistry to be accessible, resulting in a useful tool for the synthesis of internal alkynes
or for the alkynylation of organic fragments.> Both reactive aspects have been exploited,
making use of these compounds as versatile intermediates for the preparation of a
plethora of organic molecules (Figure 3.2).° In addition, the 1-iodoalkyne moiety, in
itself, is an important building block that can be found in fungicides’ and antimicrobial
reagents.’

Schreiber (1993)
Me Me Me =

Mori (2012)

ch’T\-_—\

OAc Ph x / COz;Me

Hashmi (2015) Jiang (2013)

R%\;,C:- R-=1I r—ﬂCVQ—

Kunishima (2000) /j \\ Browne(2010)
Fe=—{ N=
Lee (2003) Chen (2002) 8.
F. F L

R——=rR
R I

Figure 3.2. Selected uses of 1-iodoalkynes in coupling (green) or addition chemistry
(blue), and iodoalkyne utility as reactive intermediates for the synthesis of complex
molecules (red).

Despite the widespread use of the traditional reaction between a metal acetylide
(commonly generated from a terminal alkyne and a strong organometallic base such as
n-butyllithium)® and an electrophilic iodide source (with molecular iodine, I, being a

||I+||

widely used source of ) for the iodination of terminal alkynes,’® the need for

stoichiometric amounts of base and the use of restrictive reactions conditions (e.g., low
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temperatures and moisture-free conditions) have evidenced a lack of efficiency for more

complex systems (Scheme 3.1).

n-BulLi 2

THF, -78 °C

R———H R——Li

> R—
THF, -78 °C
R = aryl, alkyl

Scheme 3.1. Traditional strategy for the iodination of terminal alkynes.

In order to circumvent the aforementioned inconveniences, the use of end-
capped alkyne derivatives as reactive equivalents of terminal alkynes represents a
convenient approach. In 1994, Isobe and co-workers reported the use of
trimethylsilylacetylenes as substrates for iodination (Scheme 3.2), obtaining moderate to
excellent yields for some aliphatic compounds.™* However, the use of organolithium®?
or organomagnesium intermediates’® to prepare these molecules constitutes a major
hurdle. Later on, the use of propiolic acids provided a very interesting alternative
(Scheme 3.2).* The excellent isolated yields and the easy iodination procedure at room
temperature using catalytic amounts of base in the presence of NIS as electrophilic
iodine source was only eclipsed by the very limited scope of commercially available
substrates. A base-free protocol with a higher substrate availability was further reported
by Kabalka and co-workers in 2004, using alkynyltrifluoroborate substrates (Scheme
3.2)."® These bench-stable compounds being easily accessed by reaction of the parent
boronic acids with KHF,, provided access to aromatic and aliphatic 1-iodoalkynes at
room temperature with excellent performance; however, the use of a specific oxidising
reagent (N-chloro tosylamide) and the limited scope of substrates have most probably

precluded a wider applicability of this method.

AgNO; NIS

a) R——TMS

NEt; NIS
b) R—==—COOH : > R—

_ oxidant, Nal /
c) R——BF;K

Scheme 3.2. Common approaches to the synthesis of 1-iodoalkynes from various
terminal alkyne derivatives.

The limited library of commercially available substrates and the moderate atom
economy of the protocols described above, as well as other procedures employing

terminal alkyne derivatives'® are of important concern. It is to be noticed that the use of
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iodine (I;) as an electrophilic iodination source has been slowly shifting to other
reagents which present improved features for synthesis.” Nowadays, the structurally

6n,19

diverse reagents available, including iodide®® and iodonium salts, iodinated ionic

liquids,?® iodoalkanes,? iodinated cyclic nitronates®® or iodoamino derivatives such as

6cBiBker or N-jodosuccinimide,®® can cover a wide range

N-iodomorpholine hydroiodide
of synthetic necessities. However, despite the great advances within this context, a
generally applicable iodination method is still not available, which reaffirms the interest

in seeking new alternatives.

The use of transition metals as catalysts for alkyne functionalisation has been
extensively reviewed.?* In that context, the in situ generation of metal acetylides under
basic conditions has been exploited in-depth, and some examples of metal-catalysed
electrophilic iodination of terminal alkynes are available in the literature (Table 3.1).
The use of Cul® or AgNOz*"*"26 a5 catalysts has afforded the conversion of a range of
alkynes into the corresponding 1-iodoalkynes with good results. Nevertheless, since an
excess of base is required for the copper-based system, and due to the fairly high
catalyst loading of AgNO3 (10-20 mol%) and sensitivity of the latter catalyst, the search

for a better catalytic system for alkyne iodination is still ongoing.

More recently, Sheppard and co-workers have shown the convenience of using
Au complexes for this transformation. Inspired by the stoichiometric test from Hashmi
and co-workers,%’ they reported the use of a cationic Au(l)-phosphine complex for the
iodination of a fairly wide range of aromatic and aliphatic substrates.?® This report is of
great interest, since it removes the requirement for external base or other additives, as
well as reducing the toxicity of the catalyst. Inspired by these reports (Table 3.1), the
application of transition metal-NHC complexes was suggested as a suitable alternative
to phosphine chemistry. Within our interest in the synthesis and catalytic applications of
transition metal complexes bearing NHC ligands, we envisaged that the capability of
such complexes to activate alkynes could also provide a new expedient access to 1-

haloalkynes through electrophilic halogenation.
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Table 3.1. State-of-the-art for the transition metal-catalysed iodination of terminal
alkynes.

[M], n|+u
additives
R—H ) R—|

lodination Examples

Metal Author (year) R Catalyst source and yields
Hofmeister 8 examples
(1984) Alkyl 65-86% yield

Rowan 2 examples

A Aryl -
9 (2011) AGNO, NIS 75-98% yield
10 mol% 1.2 equiv.
& siang Alkyl (10 mol) (hzeiv) 2 eamples
(2013) Aryl provided

Dichtel Arvl 8 examples
(2015) y 71-92% yield

Jeffery Alkyl Cul P 7 examples
(1988) Aryl (5-10 mol%) (1 equiv.) 77-98% yield

Yan Alkyl Cul Kl 10 examples
(2007) Aryl (5 mol%) (2 equiv.) 82-98% vyield
Tsai Alkyl Cul I, 10 examples
(2009) Aryl (1-2 mol%) (2 equiv.) 41-87% yield
Au
: Sheppard Arvl [Au(NTf,)(PPh3)] NIS 13 examples
& (2012) y (1 mol%) (1 equiv.) 29-90% yield

In order to test our hypothesis, a suitable family of catalysts was selected. Au(l)-
NHC bifluorides (described in Chapter 1)*° perfectly match the needs for an active
cationic Au(l) species capable of deprotonating a terminal alkyne and further react with
electrophiles. Their high tolerance to air, moisture and light makes them suitable for fast
and easy screening as catalysts. Increasing the applicability of these species in catalysis
is also a very important factor that helped determining the suitability of the presented

species for our studies.
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3.3 Results and discussion

Phenylacetylene (4a) was selected as a readily
HsC, CHj;

available and simple model substrate for optimisation, oy = i, 2
. I 5N M@
while  N-halosuccinimides (NXS) were chosen as @,/Pr j\/w iy
convenient electrophilic halogen sources due to their ,LEt3
commercial availability, ease of handling and good [Au(IPF)(NEt;)][HF]

reactivity.®® The first aim was to prove the catalytic

activity of Au(l)-NHC bifluorides in the halogenation of terminal alkynes. Gratifyingly,
our initial test reacting 4a with two equivalents of NIS in toluene at 65 °C for 24 h under
nitrogen atmosphere displayed an encouraging 55% conversion towards
(iodoethynyl)benzene (5a), when 5 mol% of the Au(l) bifluoride -catalyst
[Au(IPr)(NEts)][HF,] was used (Table 3.2, Entry 1). As expected, the reactivity of N-
bromosuccinimide (Table 3.2, Entry 2) and N-chlorosuccinimide (Table 3.2, Entry 3)
for the synthesis of the corresponding bromo- and chloro-derivatives, though promising,
was significantly lower. These results encouraged us to pursue further optimisation.

Table 3.2. Preliminary tests for the Au-catalysed halogenation of 1a®

[AU(IPIMe)(NEty)[HF 4] (5 mol%)
7\ — | NXS (2 equiv.) -~ < > —
— toluene, 65 °C, 24 h
Entry NXS Product Conversion (%)™

1 NIS ¢ = 55
2 NBS @%Br 34
3 NCS @%m 15

(2] Reaction conditions: 1a (0.25 mmol), [Au] (5 mol%), NXS (0.50 mmol),
toluene (0.5 mL), 65 °C, 24 h. [’ Determined by *H NMR (CDClI; as solvent).

The importance of the catalyst was first evaluated. In the absence of the gold
catalyst, only 6% conversion towards the expected product was observed (Table 3.3,
Entry 1). The effect of the temperature was next examined. While the use of 80 °C
(Table 3.3, Entry 3) or 30 °C (Table 3.3, Entry 5) afforded conversion values lower than
50%, an intermediate value of 50 °C gave full conversion of the starting material in
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favour of the desired species (Table 3.3, Entry 4). This influence is probably due to
limited activation of the alkyne at lower temperatures and a higher decomposition rate
of NIS at higher temperatures; thus, 50 °C was selected as the optimal temperature. The

||I+||

stoichiometry of the source was next investigated. A clear decrease in the
conversion towards 5a was observed when the number of equivalents was reduced from
2 to 1.5 (Table 3.3, Entry 6). Although the use of a non-polar organic solvent such as
toluene presents clear advantages in terms of reactivity, further information about the
use of other types of solvents was gathered. A lower performance was evidenced with
the use of dichloromethane as a polar aprotic solvent (Table 3.3, Entry 7), with only
36% conversion towards 5a. When dry EtOH was selected as a polar protic solvent,
more complex reactivity was observed, with complete consumption of 4a and no traces
of the expected compound (Table 3.3, Entry 8).%! It is to be noted that no further solvent
testing was performed at this stage, since our studies of the reactivity of 1-iodoalkynes
have shown that the use of these three solvents was certainly advantageous.®* With this
information in hand, further optimisation was considered using the experimental
conditions detailed in Table 3.3, Entry 4. A decrease in Au loading to 3 mol% was not
possible without eroding the reaction conversion (Table 3.3, Entry 9). Refinement of the
employed catalyst was explored at this stage. By testing other available Au(l)-NHC
bifluorides (Table 3.3, Entries 10-11), a significant improvement could be observed
when [Au(SIPr)(NEt;3)][HF,] was employed; the catalyst loading could now be reduced
to 3 mol% without diminishing the iodination reaction performance (Table 3.3, Entry
11). This catalyst also afforded the reduction of the reaction time to 15 h, maintaining
full conversion towards 5a (Table 3.3, Entry 12), and allowing the isolation of the
iodinated alkyne in 89% isolated yield.
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Table 3.3. Optimisation of the Au(l)-catalysed iodination of 1al®

[cat.], NIS

Ph E : toluene, 30-80 °C, 24 h Ph 5? !
Entry [Cat.] (Mol%) T (°C) Conversion (%)™
1 65 6
2 [Au(IPrMe)(NEts)][HF2] (5) 65 55
""""" 3 [AWPM(NEL)IHF]G) 80 37
4 [Au(IPrMe)(NEts)][HF:] (5) 50 >99
5 [Au(IPrMe)(NEts)][HF2] (5) 30 38
"""" 6 [AUPM)(NEG)HF() 50 35
"""" 7 [AUPM)NEW)IHF] () 0 3%
gle] [Au(IPrMe)(NEts)][HF:] (5) 50 0
""""" 9 [AUPM(NEL)IHF] () 50 43
10 [Au(IPr)(NEts)][HF2] (3) 50 76
11 [Au(SIPr)(NEts)][HF,] (3) 50 >99
1211 [Au(SIPr)(NEts)][HF,] (3) 50 >99 (89)1

8 Reaction conditions: alkyne (0.25 mmol), [Au], NIS (2 equiv.), toluene (0.5 mL),
24 h. I Determined by *H NMR. ©INIS (1.5 equiv.). [ CH,CI, as solvent. ®! Dry
EtOH as solvent. (715 h. [ |solated yield.

With the optimal conditions in hand, the reactivity of other aromatic terminal
alkynes was explored, in order to establish the generality of this iodination procedure.
The experimental results are summarised in Scheme 3.3. No significant difference in the
reactivity of aromatic alkynes bearing EDG or EWG in the meta- or para positions was
observed. In all cases the corresponding 1-iodoalkynes 5a-5k were obtained in good to
excellent yields. On the other hand, ortho-substituted substrates proved to be less
compatible, as displayed by the low isolated yield (40%) of the iodinated alkyne 5d; this
is presumably due to the increased steric hindrance in the vicinity of the alkyne, which
in turn hampers the coordination of Au to the alkyne moiety. This inconvenience could
not be overcome by using a higher catalyst loading or longer reaction times. This

limitation is not a new phenomenon in Au-catalysed addition chemistry to alkynes, as it
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has been observed in other Au-based systems.*® The general procedure could also be
applied to aromatic dialkynes by simply increasing the amount of Au to 6 mol%, with
the corresponding double iodination product 5l being successfully isolated in 84% yield.

[Au(SIPr)(NEt3)][HF ] (3 mol%)

_ NIS (2 equiv.) _
Ar — > Ar pr— |
toluene, 50 °C, 15 h
4 5
MeO OMe
5a: 89% 5b: 84% 5c: 98% 5d: 40%
HsC,
H3C—©%I ©%| ‘Bu—@%l F—@%I
5ea: 93% 5fa: 91% 5g: 82% 5h: 84%
X F3C
©%| Q%I — </ \\, |
FsC
5:X=F, 80% 5k: 81% 51: 84%lP!
5j: X = Cl, 95%

[l Reaction conditions: alkyne (0.50 mmol), [Au(SIPr)(NEt3)][HF,] (3 mol%), NIS (1.0 mmol, 2 equiv.), toluene
(1 mL), 50 °C, 15 h. Isolated yields. ! [Au] 6 mol%.

Scheme 3.3. Scope of the Au(l)-catalysed halogenation of aromatic terminal alkynes!®

The suitability of aliphatic terminal alkynes was next examined. The benzylic
alkyne 1m could be successfully converted into its related iodoalkyne 5m in 59%
isolated yield (Scheme 3.4). A much more challenging approach was found when
reacting 1-octyne or 1-ethynylcyclohexene, for which low conversions (<30%) of the
starting material was observed, albeit the products could be isolated and identified in
26% and 22% isolated yields for 5n and 50, respectively (Scheme 3.3). An explanation
for this lack of reactivity can be proposed by means of the lower acidity of aliphatic

alkynes when compared to the aromatic congeners.
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[Au(SIPr)(NEt3)][HF>] (3 mol%)
NIS (2 equiv.)
Alk—=——-H > Alk———I
toluene, 50 °C, 15 h
4 5

N /\/\/\

| I X

|
5m: 59% 5n: 26% (+ impurities) 50: 22%

[BIReaction conditions: alkyne (0.50 mmol), [Au(SIPr)(NEt;)][HF,] (3 mol%), NIS (1.0 mmol,
2 equiv.), toluene (1 mL), 50 °C, 15 h. Isolated yields

Scheme 3.4. lodination of aliphatic terminal alkynes under the optimised reaction
conditions

Heterocyclic substrates were also tested under our optimal conditions, with 2-
ethynylpyridine (4p) being selected as model substrate. Full consumption of 4p was
observed by *H NMR, concomitantly with the appearance of two new pyridine-based
species, including the expected iodinated alkyne (5p) being present as the major species
(Scheme 3.5). However, the purification of 5p proved impossible, due to strong cationic
Au-pyridine interactions.** In a similar fashion, difficulties associated with the
purification of the secondary product hampered the full characterisation of this species.
With mass analysis proving the incorporation of iodine in the substrate, the formation of

a N-iodopyridinium salt (5'p) was proposed as a side reaction.

[Au(SIPr)(NEts)][HF,] (3 mol%) /A X
\_/—\ NIS (2 equiv. — ¢ H>—=—-n
7 \/ I S (2 equiv.) . 78\ = . 0
=N

toluene, 50 °C, 15 h =N Y
4p 5p 5'p

Scheme 3.5. lodination of 2-ethynylpyridine using optimised conditions.

Further optimisation of the reaction was attempted, and some relevant results are
presented in Table 3.4. Increasing or decreasing the catalyst loading diminished the
selectivity towards 5p (Table 3.4, Entries 2-3). The effect of the amount of NIS was
also examined. Reducing the amount of NIS from 2 to 1.3 equivalents led to incomplete
conversion of the starting material, with a consistent preference for the terminal
iodination product (Table 3.4, Entry 4). Further increase to 1.6 equivalents did not
follow a trend towards increased selectivity for 5p, as it could be expected when
comparing the results in entries 1 and 4 (Table 3.4). The increase of the reaction time to
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24 h was also not effective, with minimum variation in the selectivity being observed
(Table 3.4, Entry 6).

Table 3.4. Selectivity optimisation tests for the synthesis of 5p®

[Au(SIPr)(NEts)][HF ] (3 mol%) 7\ *_ H
I — NIS (2 equiv.) o { =1 + \o¢

_N/ toluene, 50 °C, 15 h =N Y

4p 5p 5'p

: ] i ~[0]
Starting material Product ratio

Entry Experimental conditions (%) 5p 5p
1 Optimised conditions 0 85 15
2 5 mol% of [Au] 0 66 34
3 1 mol% of [Au] 0 73 27
4 1.3 equiv. NIS 8 82 18
5 1.6 equiv. NIS 0 56 44
6 24 h of reaction time 0 86 14

(8 Reaction conditions: 4p (0.20 mmol), [Au], NIS, toluene (0.4 mL), 50 °C, 15 h.
T Based on aromatic signal ratio in *H NMR (CDCl5).

In view of the difficulties to optimise this catalytic system, the unsuitability of
N-based heterocycles as substrates for efficient iodination using our optimised
procedure was deduced, and the experimental pathway was discarded until further

experimental analyses can be performed.

Finally, the versatility of the presented catalytic halogenation procedure was
demonstrated by re-testing N-halosuccinimides under the optimised conditions, in an
attempt to access higher yields of the corresponding 1-bromo- and 1-chloroalkynes. To
our delight, total consumption of the starting material was observed by TLC after 24 h
when NBS was tested, obtaining the corresponding 1-bromoalkyne for substrates 4e and
4f in excellent yields (Table 3.5, Entries 1-2). Unfortunately, the chlorination of 4e
under similar conditions only provided 33% isolated yield of the related chloroalkyne
5ec (Table 3.5, Entry 3), due to the marked decrease in reactivity of the employed
succinimide for electrophilic halogenation, as opposed to the more reactive bromo- and

iodo counterparts.
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Table 3.5. Bromination and chlorination of aromatic terminal alkynes using the
optimised Au-catalysed system.

[Au(SIPr)(NEt3)I[HF 5] (3 mol%)

NXS (2 equiv.)
Ar—=—H = A—=—X
toluene, 50 °C, 24 h

4 5
Entry Substrate Product Yield (%)™

1 dea HBC_Q%Br 91

5eb
HsC

2 Afa @%Br 90
5fb

3 4ea e <:> = 33
5ec

2 Reaction conditions: alkyne (0.50 mmol), [Au] (3 mol%), NXS
(1.0 mmol), toluene (1 mL), 50 °C, 24 h. ! |solated yields.

3.4 The catalytic system
3.4.1 Reactivity profiling: iodination of 4a

In order to gain further understanding of efficiency of our catalyst for iodination,
some reactivity profiles were performed and discussed. First, a more detailed study of
the rate of iodination of 4a vs time was carried out, as shown in Figure 3.3. The
iodination procedure under the optimised conditions (Figure 3.3, blue) reached 60%
conversion after 5 h, and full conversion could only be obtained after 15 h of reaction
time, as previously mentioned in our optimisation discussion. During our experimental
work with these profiles, a noticeable acceleration of the conversion could be noticed
when the reaction was performed in air instead of under N2, which was quite surprising
and intriguing. Indeed, when a similar conversion profile was run in air for the
iodination of 4a using the optimal conditions (Figure 3.3, red), full conversion towards

5a was observed after only 5 h.
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[Au(SIPr)(NEt3)I[HF5] (3 mol%)
7\ — H NIS (2 equiv.) - 7/ \__— |
— toluene, 50 °C, time —
4a 5a

5a (%)
100 - i
80 -
60

—$—nitrogen atmosphere
—— Air

40
20

0 5 10 15 20 t(h)

Figure 3.3. Effect of air and N, on the conversion of 4a into 5a.

In light of these observations, several parameters for this reaction were
reassessed, with the amount of NIS being first tested. The use of 1.3 equivalents (Figure
3.4, red) displayed a very similar reactivity profile to the use of 2 equivalents (Figure
3.4, blue), with full conversion towards 5a observed after 5 h. Further reduction in the
number of equivalents of this reagent led to incomplete consumption of 4a (Figure 3.4,

green), and was therefore discarded.

[Au(SIPr)(NEt3)][HF ] (3 mol%)
NIS

/N =—n - ¢ N\ —_
— toluene, 50 °C, time, in air —
4a 5a
5a (%)
100 ? E E
80 - ' :
60 - —&—2 equiv. NIS
40 - —d-1.3 equiv. NIS
#—1 equiv. NIS
20 -
0 Kt : | | |
0 3 10 15 20 t(h)

Figure 3.4. Influence of the amount of NIS on the conversion of 4a into 5a in air.

In light of this new information, the reaction of 4a with 1.3 equivalents of NIS
using 3 mol% of [Au] in toluene at 50 °C for 5 h afforded 85% isolated yield of 5a

(Scheme 3.6). This iodination performance is comparable to that presented by our
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previous optimised system (89%, see Scheme 3.3), employing a lower loading of NIS
and a shorter reaction time. This clearly highlights the great utility of this system for the
iodination of alkynes. A very important feature of this final methodology is the need for
reaction times comparable to those required for the known Ag-based iodination

3f,3h,26

procedure, rendering the use of Au even more competitive in this area of study.

[Au(SIPr)(NEts)][HF ] (3 mol%)

A NIS (1.3 equiv.)
74 — H — » < >7: |
— toluene, 50 °C, 5 h, in air

4a 5a: 85%

Scheme 3.6. Isolated yield of 5a using in-air optimised iodination conditions.

3.4.2 Mechanistic studies

A qualitative mechanistic study of the catalytic iodination of terminal alkynes
using Au-NHC bifluorides was conducted, in an attempt to unravel the reaction

pathways involved and to support our mechanistic assumptions for this reaction.

A mechanistic proposal can be made (depicted in Scheme 3.7), mainly based on
the known reactivity of Au-NHC species and alkynes. Initially, the cationic bifluoride
precursor (A) is suspected to decoordinate the L-type ligand, generating the cationic
[Au(NHC)]" species (B), whose high reactivity displaces the equilibrium back to the
amine-ligated form A unless a suitable alkyne substrate is present in the reaction
mixture to generate the Au-alkyne © complex (C). The presence of basic moieties, such
as NEts, could promote alkyne deprotonation and subsequent 7 to o-shift of the gold
centre, generating the Au(l) species, Au-acetylide D. This species contains an alkyne
fragment which can react with electrophiles, such as NIS, leading to a bond metathesis
and releasing the expected iodoalkyne 5a, concomitantly with a Au(l)-succinimide
intermediate (E). The basic character of the imido fragment could further promote bond
metathesis between E and another molecule of alkyne to liberate succinimide and to

recover the active acetylide D in order to close the catalytic cycle.
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NEt,

kAr — H

[Au(IPr)]"HF 5
I

——H

NEt,

{[Au(l Pr)(NEt3)][HF] <<= [Au(IPr)][H Fz]}

Ar

O

[HNEt3][HF ]

Ar———Au—NHC
e © -

Scheme 3.7. Proposed catalytic cycle for the Au(l)-catalysed iodination of terminal
alkynes.

The study of these individual reactive steps was then performed. First,
experimental evidence of the mediation of species D in the iodination reaction and
regeneration of the Au catalyst into the cycle were explored. For such purpose, the
advantageous reactivity of the Au complexes with the formula [Au(OH)(NHC)] for the
activation of acidic X-H bonds (X = C, O, N) was exploited. Species D was easily
prepared by following a procedure reported by Nolan and co-workers in 2010, based on
mixing equimolar amounts of [Au(OH)(IPr)] and 4a in toluene for 6 h at room
temperature.® The expected acetylide complex D was isolated in 90% vyield as a white
solid (Scheme 3.8, top). Substituting 4a with succinimide and following the same
experimental procedure, a white solid, identified as complex E, was cleanly isolated in
95% yield after 3 h (Scheme 3.8, bottom).
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ipr [\ ipr
- 0 YT
Jpr N_NiPr /‘2 @;r Ay Pr
@,‘/ Y ip :) + Ph———H - I

Pr A1u r toluene, r.t., 6 h |
OH Ph
[Au(OH)(IPr)] 4a D

91%

A H,0 iPr
Pr 7\ 'Pr
& A A S g S Y \Q
. N i ipet
‘ R + 0 o} Pr Pr
'Pr A1u Pr v toluene, r.t., 3h Au
OH Ov

[Au(OH)(IPr)] .
95%

Scheme 3.8. Synthesis of gold intermediates D and E.

Further stoichiometric reactions were performed with these complexes:
1) When complex D was reacted with 1.3 equivalents of N-iodosuccinimide in toluene
at 50 °C, clear conversion towards the iodinated alkyne 5a was detected (Scheme 3.9).
'H NMR analysis clearly showed complete consumption of complex D after 1 h of
reaction. This supports the feasible role of D as the active gold-alkyne species for the

electrophilic iodination step, as proposed in the previous catalytic cycle.

‘Pr
P
Au Pr Au i

r
' Pr
toluene, 50 °C, 1 h
! o~y
Ph

D E Sa

&
I

Scheme 3.9. Stoichiometric synthesis of 5a through direct iodination of NHC-Au-
acetylide complex D.

2) In an attempt to test the recyclability of intermediate E, this complex was reacted
with 4a in stoichiometric amounts, in toluene at 50 °C. However, the formation of the
acetylide species D was not observed after 1 h. Complex D could only be detected by
NMR analyses when an excess of alkyne was used (four equivalents) and the reaction
time was extended to 15 h (Scheme 3.10).
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ipr [T\ Pr.

/5 RS

) .

Pr A|u Pr + Ph——=————-H vay = No reaction
oﬂ/v/o toluene, 50 °C, 1 h

(1 equiv.) (1 equiv.)

_‘.iF’r N/=\N iPr. iPr N/=\N ipr. y
Y YT U
Fr Alu r =—H > @;r I Pr’ + © N _o
Oﬁo toluene, 50 °C, 15 h v
(1 equiv.) (4 equiv.) Ph
E 4a D

Scheme 3.10. Recyclability test of the Au-succinimide species C in the presence of 4a.

These results clearly evidence the rate-limiting character of the conversion of
species E into species D. This can be explained by the lower availability of "free" base
to deprotonate 4a after complete consumption of triethylamine. The use of an excess of
4a can push the reaction towards full conversion, based on LeChatelier’s principle,

together with longer reaction times.

Another explanation can be given to understand this slow step. The presence of
[HNEt;][HF,] (generated after the deprotonation of 4a) could be non-innocent after
species E is available in the reaction medium, regenerating the highly active bifluoride
catalyst A (Scheme 3.11), which can indeed react with 4a at a much faster rate than
species E following the proposed mechanism in Scheme 3.7. This intermediate step
could explain the difficulties for species E to be transformed into D in the absence of
NEt; or [HNEt;][HF;]. However, no further investigation of this pathway was

performed.

Jp

r [HNEt;][HF,] "'F2
Jpr

- g S

< NEt,

E A

Scheme 3.11. Proposed regeneration of bifluoride species A from species E in the
presence of [HNEts][HF,].
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3.5 Conclusions

In conclusion, a new synthetic approach to 1-iodoalkynes has been designed,
providing an alternative to traditional iodination methodologies using strong bases,
complex terminal alkyne derivatives or iodination reagents, as well as harsh reaction
conditions. This mild methodology has allowed the preparation of aromatic 1-
iodoalkynes by using a low catalyst loading of a Au(l) species together with the use of
N-iodosuccinimide (a commercially available iodination reagent with low toxicity and
good reactivity) as electrophilic iodine source. The methodology can be performed
either in air or under an inert atmosphere, with minimal modifications required for each
approach; in both cases, the methods provide good to excellent yields of aromatic
iodoalkynes under mild and practical conditions. While the applicability to aliphatic and
heteroaromatic terminal alkynes is restricted, it is firmly believed that future
optimisation studies will provide more robust approaches to overcome these

inconveniences and adapt the catalytic system to a broader range of substrates.
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Chapter 4 - Functionalisation of 1-lodoalkynes: Au(l)-catalysed Hydrofluorination and
Hydration

4.1 Introduction

The interest in the synthesis of 1-iodoalkynes for their use as building blocks in
organic chemistry was mentioned in the previous chapter, with addition and cross-
coupling chemistry representing the main applications for these molecules. With the
widespread use of transition metal-NHC catalysts in these two areas of synthesis, the
discussion about their use for novel transformations of 1-iodoalkynes was interesting for

our research group.

As a result, this chapter will first present the application of Au(l)-NHC
bifluorides as catalysts in the hydrofluorination of 1-iodoalkynes, providing selective
access to 2-fluoro-1-iodo-2-arylalkenes (Figure 4.1, top). The available methods for the
preparation of this fluorinated building block are very limited, and the direct
hydrofluorination of these substrates has never been performed, therefore representing a

great method for organic synthesis.

On the other hand, the use of Au(l)-NHC catalysts was also explored for a fairly
new reaction: the hydration of 1-iodoalkynes for the synthesis of a-iodomethyl ketones
(Figure 4.1, bottom). Despite some limited number of tests reported in the literature for
this route, the reaction conditions have never been optimised. Describing a full
methodology will therefore not only facilitate the preparation of these molecules, but
also increase their availability and, hence, their presence in the current arsenal of

chemical synthesis.

fluoroiodoalkenes

Au-NHC

' a-iodomethyl
RJ\/I ketones

Figure 4.1. General scheme for Au(NHC)-catalysed hydrofluorination (top) and
hydration (bottom) of 1-iodoalkynes.
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4.2 Hydrofluorination of 1-iodoalkynes
4.2.1 Fluoroiodoalkenes: state-of-the-art

Fluoroiodoalkenes are chemical entities containing both iodo- and fluoro-
functionalities on an alkene moiety. This fragment can be found in the literature as a
reactive intermediate in a number of organic reactions, exploiting its ability to yield
polysubstituted fluorinated alkenes. These molecules exhibit a very rich chemistry that
has not been fully explored to date. For example, one can propose the addition of
nucleophiles or hydrogen to the fluoroalkene structure, generating complex molecules
containing a valuable C(sp®)-F bond and a controlled substitution pattern that could
otherwise be challenging to access (Figure 4.2). Alternatively, coupling chemistry can
be employed, being a major application for fast and efficient synthesis of
polysubstituted fluoroalkenes. Feasible reactions would be the formation of Grignard
reagents for the synthesis of allylic alcohols, or their use in Pd-catalysed cross-coupling
chemistry (Figure 4.2). These are only a few proposals of transformations based on

fluoroiodoalkene substrates, which would certainly be interesting to explore later on.

[] Addition chemistry [] cross-coupling chemistry

F
Nu | .
R‘S_ (Addltion of nucleophlles)
v rA
- R
H

F
,"" R H
.. Rt AS_| (Hydrogenation of fluoroalkenes)
LeemtT R'
H

eem R_g\_{"' (Coupling with Grignard reagents)
R’ OH

.\‘ F
R
_g—R' (Pd-catalysed cross-coupling)
R'

Figure 4.2. Selected feasible concepts of organic functionalisation of fluoroiodoalkenes.

The most common motif in these molecules is a 1,2-dihaloalkene distribution,
which results in two C-X bonds with marked reactivity differences (Figure 4.3). While a
broader understanding and efficiency on the preparation of tetrasubstituted
fluoroiodoalkenes is available in the literature,? less is known about the synthesis of the

trisubstituted counterparts, therefore attracting our attention.
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THIS THESIS:
F, I F, I
H H R R’
Disubstituted Trisubstituted Tetrasubstituted

(1,2-fluoroiodoethylene)

Figure 4.3. Families of fluoroiodoalkenes.

The oldest methodology on the preparation of a fluoroiodoalkene moiety was
reported by Nomura in 1986, where these molecules were detected as intermediates in
the synthetic pathways to prepare 1-iodoalkynes and iodoalkenyl ethers, utilizing gem-
difluoro-a-iodoalkanes as substrates (Figure 4.4, D).2 The interest in this chemistry led
to later investigation of the use of more accessible precursors to isolate
fluoroiodoalkenes. In this context, gem-difluoro-a-alcohols have displayed quite a
remarkable versatility to yield not only the desired iodoalkane derivatives (Figure 4.4,
A),* but also other precursors to these species, such as the related tosylates (Figure 4.4,
B and C).> The direct conversion of gem-difluoro-a-iodoalkanes was complemented by
other pathways, as studied by Gotoh and co-workers in 1987.° The oxidation of these
molecules to iodonium salts (Figure 4.4, E), followed by controlled elimination of HF
(Figure 4.4, F), afforded fluoroalkenyl iodonium species that could then be transformed

into the corresponding fluoroiodoalkenes (Figure 4.4, G).

R F (A) . R F (D) _ —
o - >~ R?_(H

(B) R F ﬂf \_» O;I'f F OTf //
o SO, 0 ST

R = perfluoroalkyl R =H, alkyl, aryl

Figure 4.4. Traditional use of gem-difluoroalkyl derivatives for the synthesis of
fluoroiodoalkenes.*®

While this alternative method adds more complexity to the overall synthesis of
fluoroiodoalkenes, this was balanced by a wider substrate scope, now tolerating
substrates other than perfluorinated alkanes. With a generally higher overall
performance for the synthesis of fluoroiodoalkenes, iodonium salts have overtaken
traditional approaches in this field. Since the early examples of this reaction,®’ the
synthetic access to suitable iodonium species has been significantly facilitated, thanks to

new functionalisation methods. Among these advances, the use of terminal alkynes as
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substrates for the preparation of fluoroalkenyl iodonium salts is certainly an important
discovery. In combination with the versatility of the hydrofluorination of alkynes
provided by the newest reported methodologies, this modern concept for the preparation

of fluorinated alkenes represents an interesting strategy in synthesis (Scheme 4.1).

HF F X-

X
R————-~H » R— |’: s
Ar R)ﬁ/\Ar

H

Scheme 4.1. Use of terminal alkynes for the synthesis of fluoroalkenyl iodonium salts.

The contributions of Hara and co-workers are significant in this field. Since their
earliest work on the electrochemically-generated p-iodotoluene difluoride as a reagent
to prepare fluoroalkenyl iodonium fluoride salts,® this group has explored the utility of
these species for the synthesis of different fluoroalkenyl derivatives. This includes
species such as o, B-unsaturated fluorinated esters® and, for the interest of the discussed
chemistry, fluoroiodoalkenes. Various methods for the transformation of terminal
alkynes into the related iodonium salts are nowadays available in the literature,™® and the
use of aqueous HF for the hydrofluorination of these intermediates is most commonly
considered to access the desired fluoroiodoalkenes. ** In the case of that last step, a
standarised procedure involving Cul as catalyst in the presence of Kl is frequently
employed for the final conversion of fluoroalkenyl iodonium salts into fluoroidoalkenes
(Scheme 4.2).

F X Cul (5 mol%) F
RJ\(F\Ar Kl (1 equiv.) . R)\(I
DMF, r.t.
H H
R = alkyl, aryl

Scheme 4.2. Cu-catalysed synthesis of fluoroiodoalkenes from fluoroalkenyl iodonium
salts.

lodonium salts can also be used as substrates to prepare other reactive molecules
affording fluoroiodoalkenes. This is the case of (fluoroalkenyl)boranes, which can be
obtained from the corresponding iodonium salts, and have been shown to be alternative

sources of a fluoroalkenyl skeleton leading to the desired fluoroalkenes.*?

In an attempt to simplify the synthetic procedures, direct iodofluorination of
terminal alkynes has been discussed.?®® With precedents in the work from Gregor¢ic

and Zupan from 1987, this chemistry has been explored in more recent years,
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providing interesting results. In fact, the most recent example in fluoroiodoalkene
synthesis has been released during this year, with the work from Hara and co-workers

on the catalyst-free iodofluorination of terminal alkynes with IFs-pyridine-HF in the

presence of hydroquinone (Scheme 4.3).%

IF5-pyridine-HF (2 equiv.) F
R———H hydroquinone (2 equiv.) R;g\f
CH,Clp, rt,, 11-24 h H
R = alkyl, aryl |
11 examples
60-81% yield
Only (E)-alkenes

Scheme 4.3. lodofluorination of terminal alkynes using IFs-pyridine-HF.*

While fluoroiodination procedures are interesting, the need for complex reaction
systems and the impossible task of obtaining (Z)-fluoroiodoalkenes in any reported

procedure, are important drawbacks that have not been fully addressed to date.

It is surprising that only one piece of work about direct hydrofluorination of 1-
iodoalkynes has been reported in the literature as a suitable approach for the preparation
of fluoroiodoalkenes. Analysing the reported methods, it can be seen that the formation
of iodonium salts is always performed prior to the hydrofluorination step, thus
suggesting that the protection of the C-1 is important for the reactions to proceed.
Further supporting this proposal, during the studies for the sequential
bromination/hydrofluorination of terminal alkynes by Jiang and co-workers, 1-
iodoalkynes provided an unselective mixture of the desired fluoroiodoalkene and the
corresponding fluorinated gem-diiodo species (Scheme 4.4)." This represented the first

proof of concept of a direct hydrofluorination reaction of 1-iodoalkynes.

F F
AgF (2 equiv. 4-Me-CgH 4-Me-CgH

4-Me-CgH,——I oF @equiv) _ 6 4_3\7| + 6 4_S\—|
CH3CN, H,0 H

|
° h
80°C, 8 I 2 : 1 I

74% yield

Scheme 4.4. First reported direct hydrofluorination of 1-iodoalkynes for the synthesis of
fluoroiodoalkenes.*

Although being strong evidence for the interference between addition of HF to
multiple bonds and the presence of free C-1 moieties, no consistent studies have clearly
demonstrated the generality of this incompatibility. Moreover, other terminal alkyne
derivatives, such as ynamides, have been hydrofluorinated using modern methodologies

without any evidence of side reactivity.'® Further support can be found in the recent
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advances in mild hydrofluorination of alkynes using transition metals, especially gold(l)
catalysts (for further details, the Reader is referred to Chapter 1). Considering all
aforementioned reasons, the feasibility of the hydrofluorination of 1-iodoalkynes was

re-assessed.

The most inspiring report for a direct hydrofluorination of 1-haloalkynes was
recently presented by Nolan and co-workers, with the use of a hydrofluorination system
catalysed by a Au(l)-NHC bifluoride species.’’ In the presented substrate scope, 1-
(chloroethynyl)benzene was used, obtaining 89% isolated yield of 1-chloro-2-fluoro-2-
phenylethene (Scheme 4.5).

[AU(IPr*To'Y(NEt5][HF,] (2 mol%)
NEt;-3HF (3 equiv.)

7\ NH4BF,4 (1.5 equiv.) F
=—Cl - A\
— CH,Cl,, r.t., 5 days » Cl
89% yield

Scheme 4.5. Hydrofluorination of (chloroethynyl)benzene using a Au(l)-NHC
bifluoride catalyst.'’

No further exploration of other 1-haloalkynes was presented in this report,
therefore representing a great opportunity to investigate the feasibility of the

hydrofluorination of 1-iodoalkynes for the synthesis of fluoroiodoalkenes.

4.2.2 Results and discussion

(lodoethynyl)benzene (5a) was selected as model substrate, due to its simplicity
and easy synthetic access through the Au-catalysed method described in Chapter 3. Our
initial test was analogous to the catalytic conditions employed by Nolan for the
hydrofluorination of internal alkynes. By using 3 mol% of the bifluoride catalyst with
the formula [Au(IPr*)(NEt3)][HF-], in the presence of three equivalents of NEt;-3HF
and 1.5 equivalents of NH4BF, in toluene, full conversion of the starting material
towards a new species was confirmed by TLC and *H NMR analyses after 48 h at 50 °C
(Scheme 4.6). The product was confirmed as the hydrofluorination compound, 2-fluoro-
1-iodo-2-phenylethene (6a). Very interestingly, no signs of any side-product was
observed in this reaction, completely discarding our concerns about possible chemical
incompatibilities, and representing the first reported method for the selective

hydrofluorination of 1-iodoalkynes.
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[Au(IPr*)(NEts][HF,] (3 mol%)
NEt;-3HF (3 equiv.) F
o NH,BF, (1.5 equiv.) Ph—g\_
- toluene, 50 °C, 48 h i !
5a 6a: > 99% conv.

Scheme 4.6. Preliminary test on the Au(l)-catalysed hydrofluorination of 5a.

Gratified by this result, further optimisation studies were conducted (for the
complete experimental data, the Reader is referred to the Supporting Data CD,
Experimental Annex - Chapter 4, Table S1). The use of a simpler bifluoride system was
desirable, and changing the NHC ligand from IPr* to SIPr still afforded complete
consumption of 5a yielding 6a as the sole product. This change in the NHC does not
only benefit from the relative ease of preparation of SIPr when compared to IPr* (due to
the higher molecular complexity of the later), but also to a practical feature that will be
exploited in further reactions (for additional information about this, the Reader is
referred to Chapter 5). Under these experimental conditions, the SIPr-derived catalyst
allowed a decrease of the reaction time to 2 h while still maintaining full conversion
towards 6a. Under these reaction conditions, 6a was isolated in 88% yield by simple
purification through column chromatography, with all spectroscopic data matching with

a vicinal (Z)-fluoroiodoalkene moiety (Scheme 4.7).

[AU(SIPr)(NEt;][HF] (3 mol%) F
NEt;-3HF (3 equiv.) Ph
o — | NH,BF, (1.5 equiv.) N
— toluene, 50 °C, 2 h ~ H
5a 6a: 88%

Scheme 4.7. Optimised hydrofluorination conditions for 5a.

These optimised conditions were applied to various 1-iodoalkynes, in order to
investigate the generality of the method (Scheme 4.8). The procedure was successfully
applied to various aromatic 1-iodoalkynes, maintaining high reactivity at fairly short
reaction times. Interestingly, a challenging substrate such as 5k afforded the
corresponding symmetrical compound (6k) as a single product through double
hydrofluorination using 6 mol% of the gold catalyst after only 4 h and in an 86%

isolated yield.
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[Au] (3 mol%), NEts-3HF, NH,BF,

toluene, 50 °C
MeO

F
_g\_l
H
6
F F F
HsC
H H H
6a: 88% (2 h) 6c: 91% (3 h) 6ea: 82% (2 h)

F F, F
H H H
6j: 87% (3 h) 61: 86%®! (4 h)

[ Reaction conditions: alkyne (0.50 mmol), NEt;-3HF (1.5 mmol), NH,BF, (0.75 mmol),
[Au(SIPr)(NEt3)][HF 5] (3 mol%), toluene (1 mL), 50 °C. Isolated yields. Reaction times in
parenthesis. 16 mol% of [Au].

Scheme 4.8. Scope of the Au(l)-catalysed hydrofluorination of 1-iodoalkynes.

The suitability of this catalytic system for the hydrofluorination of 1-
bromoalkynes was also tested. Bromoalkynes 5eb and 5fb were reacted under the
optimised conditions, and after 2 h, the derived hydrofluorinated products 6eb and 6fb

were obtained in 84% and 90% yields, respectively (Scheme 4.9).

F
[Au] (3 mol%), NEt;-3HF, NH,BF,4
) N—=—pr > R N—_pg;
R\=— toluene, 50 °C, 2 h

H
5eb: R = 4-Me 6eb: R = 4-Me, 84%
5fb: R =3-Me 6fb: R = 3-Me, 90%

Scheme 4.9. Hydrofluorination of 1-bromoalkynes using the optimised Au-catalysed
system.

The robustness of the methodology was further demonstrated by performing
some scale-up reactions. 5a, 5eb and 5fb were tested in quantities of up to 3 mmol, and
in all cases the expected products were obtained in comparable yields to those reported

in Scheme 4.8, with no changes in the reaction times (Table 4.1).
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Table 4.1. Scale-up experiments: hydrofluorination of iodo- and bromoalkenes®

Ry [Au] (3 mol%), NEty'3HF, NH,BF, R_g\_x
T toluene, 50 °C, 2 h H
5 6
Isolated yield

Entry Substrate Amount(g) Product Amount (g) (%)
1 5a 0.68 g 6a 0.679 91
2 5eb 043¢ 6eb 040¢ 85
3 5fb 043¢ 6fb 043¢ 90

2 Reaction conditions: 1-haloalkyne, NEts-3HF (3 equiv.), NH4BF4 (1.5 equiv.),
[Au(SIPr)(NEt3)][HF] (3 mol%), toluene, 50 °C, 2 h.

4.2.3 Mechanistic studies

An in-depth investigation into the mechanism of the Au-catalysed
hydrofluorination of 1-iodoalkynes was not conducted within our experimental work;
however, a catalytic cycle is tentatively proposed for this reaction, based on the known
reactivity of Au complexes with general alkynes (Scheme 4.10). As discussed in
Chapter 3, the equilibrium of the employed Au(l) bifluoride precursor between its
coordinated (Scheme 4.10, A) and its "naked" form (Scheme 4.10, B) generates an
active species that, upon coordination with the employed 1-iodoalkyne, forms the -
coordinated Au(l)-iodoalkyne species (Scheme 4.10, C). The reaction with the
nucleophilic fluorine source generates the related 2-fluoro-1-iodoalkenyl gold(l) species
(Scheme 4.10, D), which released the expected compound upon reaction with H”,
regenerating the active cationic Au(l) species for another catalytic cycle. The
regioselectivity of the reaction can be rationalised from the perspective of general
addition chemistry of HX reagents to alkynes, following a Markovnikov-type

addition.*®
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[AU(IPr)(NEty)J[HF ]
NH,BF
e }NEt3
NEty 2HF
[Au(IPr JIHF]
BF, + NH;
[HNEts-2HF]*
A
[A“ (IPn)] r [Au(IPr] " HF,
F |

Ar

Gy

@

[HNEty2HF]*HF,  NEts-3HF

Scheme 4.10. Proposed catalytic cycle of the Au(l)-catalysed hydrofluorination of 1-
iodoalkynes.

4.3 Hydration of 1-iodoalkynes
4.3.1 a-lodomethyl ketones: state-of-the-art

The family of a-iodomethyl ketones conforms to a group of molecules with an
outstanding performance in synthesis. By being important precursors for the formation
of C-C, C-O and C-N bonds, these compounds are excellent substrates for the synthesis
of heterocycles'® or as reactive precursors for a-functionalisation of ketones.?’ As a
result of this versatility, the use of a-iodomethyl ketones in total synthesis is nowadays a
valuable approach to increase molecular complexity. For example, the preparation of
certain pharmacological substances, such as (-)-trachelanthamidine,?* dendrobine?®
cylindricine C,2 among others,?* has benefited from the use of iodoketones as key

intermediates (Figure 4.5).
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(¥)-monomorine |
H

Dendrobine

Cylindricine C

merrekentrone C

lactam tachykinin
receptor antagonist

Figure 4.5. Some examples of "Blockbuster™ drugs prepared via a-iodomethyl ketone
intermediates.

These molecules can be prepared in different ways, with the direct iodination of
methyl ketones still being the most common and direct approach,? as a result of the
good availability of the corresponding substrates and the high atom economy of the
iodination process. This type of acid-promoted iodination proceeds via the formation of
an enol that readily attacks the electrophilic iodine source (with molecular iodine being
the traditional reagent for such purpose). Subsequent regeneration of the ketone moiety
affords the desired final product (Scheme 4.11).

I2 PN
0 HOH* Hige  -HO*

:OH ! HOG -HI 0
A RJ\CHa é{&’_\ A RJ\/' RJ\/ :

R CHj [—]
R = alkyl, aryl
Scheme 4.11. Traditional electrophilic iodination of methylketones.

However, direct iodination procedures present a number of drawbacks that have
only been partially assessed over the decades, such as undesirable polyhalogenation
products and complex solvent/additive combinations required for high efficiency. The
use of silyl enol ethers or acetates has been explored as a suitable alternative,?® but the
difficult preparation and purification of the related substrates has precluded a more
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extensive application. Some other protocols have taken advantage of the chemistry of
different functional groups, such as the oxidation/iodination of alkenes,?’ the oxidation
of iodoalcohols® or the electrophilic iodination of a-substituted methyl ketone

26029 therefore resulting in a range of synthetic possibilities being nowadays

precursors,
available for the preparation of these species. However, the need for a-substituents as
directing groups significantly limit the application of these approaches, and the

discovery of simpler approaches is still of interest.

A highly attractive method is based on the hydration of 1-iodoalkynes. This
protocol presents important advantages, such as a very high atom economy, the use of
water as the only reagent and a generally broader scope of accepted substrates.
Surprisingly, this strategy has only been scarcely discussed in the literature. The early
work by Nakagawa and co-workers in 1972 represents the first described attempt to
hydrate a 1-iodoalkyne moiety.* In their report, iodopropargyl alcohol was successfully
hydrated to its related ketone in the presence of catalytic HJO under acidic conditions,
using H,O as solvent (Scheme 4.12). Despite this interesting reaction, the use of
mercuric oxide as catalyst significantly restricted the interest in this method, and no
further hydration attempts for haloalkynes followed for some years

HgO (12 mol%), o

HO H2S0, (1 equiv.) HO\_(_
—— 1 H,0,30°C,2h |

53% yield

Scheme 4.12. First report of the synthesis of an a-iodomethyl ketone via Hg-catalysed
hydration of iodopropargyl alcohol.*

Later on, and in consonance with the growing success of catalytic hydration of
alkynes®® (specially in the case of gold catalysis),® a reborn interest in this reaction was
witnessed. In 2012, during the study of the Au(l)-catalyzed iodination of terminal
alkyne derivatives using the gold bistriflimide complex [Au(NTf,)(PPhs)], Sheppard
and co-workers reported the first experimental proof of a mild catalytic system for the
hydration of aromatic 1-iodoalkynes, together with two examples of a-iodomethyl
ketones isolated in moderate vyields (Scheme 4.13).** However, very limited
experimental data were provided for this system. Encouraged by the performance of
Au(l)-phosphine systems, He and co-workers later reported a more general hydration
system for 1-haloalkynes (Scheme 4.13).3* In spite of its optimal application to bromo-
and chloroalkyne substrates, very low catalytic activity was observed upon use of the

~ 160 ~



Chapter 4 - Functionalisation of 1-lodoalkynes: Au(l)-catalysed Hydrofluorination and
Hydration

corresponding iodo derivatives, with the hydration product from (iodoethynyl)benzene
(5a) being observed in < 20% NMR vyield. It was assumed that steric hindrance was
limiting the efficiency of the hydration of 1-iodoalkynes, but no further experimental

information was provided.

. Ph -
[Au], HQO o ! 1 .Ph
R—I » R 1 Ph<p _pZ
_/<_| | d cy-F~cy
' Alu Alu
' NTf, NTf,

' Sheppard (2012) He (2013)

Schfme 4.13. Au-catalysed hydration of 1-iodoalkynes reported by Sheppard™ and
He.*

More recently, two new alternatives to gold catalysis have expanded the
available protocols for hydration chemistry. While these approaches report the use of
simple Ag(1)® and Cu(11)* salts, important inconveniences can be still witnessed for
these methods, such as the use of a non-innocent strongly-acidic solvent (trifluoroacetic
acid), or the limited information about their application to 1-iodoalkynes. Four
examples of aromatic a-iodomethyl ketones were isolated in > 90% yield in the case of
the Cu(ll) system (Figure 4.6), whereas no iodoalkyne hydration examples were studied
with the AgF catalyst. Recently this year, a new method involving the use of 10 mol%
In(OTf)3 in AcOH at 100 °C has been applied to a handful of 1-iodoalkynes,®" although
it presents similar drawbacks to those reported for previous protocols (Figure 4.6).

Cu(OAc),-H,0

H,O
— é
In(OTf) Ohe 6)6 © P
R—I n 3 R —> R
D
[M]
HOAc

Figure 4.6. Catalytic hydration of 1-iodoalkynes using Cu(11)*® and In(l11) salts.*’

With all this information at hand, it is noticeable that no general mild system for
the synthesis of a-iodomethyl ketones from 1-iodoalkynes is yet available in the
literature, thus a more consistent study will be well received by the research community.
Our interest in the preparation and application of transition metal-NHC complexes

(NHC = N-heterocyclic carbene) was considered as a plausible solution to this problem.
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Considering the aforementioned success of gold catalysts, and with the plethora of

32e-j,320

complexes available for the excellent general hydration of alkynes, the use of

Au(l)-NHC catalysts was indeed an interesting choice for examination.

4.3.2 Results and discussion

The optimisation of a hydration protocol for (iodoethynyl)benzene (5a) as model
substrate was discussed. The initial blank test, under metal-free conditions, revealed that
stirring 5a in the presence of two equivalents of water in MeOH at 50 °C for 24 h
affords no conversion towards the expected product, 2-iodo-1-phenylethanone (7a).
However, when 1 mol% of the digold(1)-NHC complex [{Au(IPr)}2(u-OH)][BF4] was
introduced, 59% NMR vyield of 7a was observed, using 1-bromo-3-fluorobenzene as
internal standard (Scheme 4.14). The selection of this complex for preliminary studies
responded to the recent studies presented by Nolan and co-workers about its high
efficiency for the hydration of alkynes,® providing an excellent starting point for

optimisation purposes.

@ Q -
{AU(IPr)}s(n-OH)IBF4] (1 mol%) Pr H ipr

H,0 (2 equiv) 0 ~0< j
Ph—=—I : > >—A Aul
MeOH, 50 °C, 24 h Ph

5a .
59% NNIR yield ; @ é’

[{Au(IPr)},(u-OH)I[BF 4]

Scheme 4.14. Preliminary test of the hydration of 5a using Au(l)-NHC catalysts.

Encouraged by this result, further optimisation was conducted. The nature of the
Au catalyst was first studied (Table 4.2). While the chloride, hydroxide and bifluoride
species derived from the IPr-Au(l) fragment showed low catalytic activity (Table 4.2,
Entries 2, 3 and 5, respectively), an increase in the reactivity was observed when
[Au(NTf,)(IPr)] was used (69% NMR yield; Table 4.2, Entry 4).
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Table 4.2. Testing Au(l)-NHC catalysts in the hydration of 5a.

[Au] (1 mol%)

(0]
H,0 (2 equiv
Ph——=—1I 0@eaulv) Ph)J\/I
solvent, 50 °C, 24 h

5a 7a

Pr /T \ Pr =\ iprHF2
P

I
'prA’r @’/PrAu'r

NEt3

X = OH [Au(OH)(IPr)] [Au(IPr)(NEt3)][HF,]
X=Cl  [Au(Cl)(IPr)]
X =NTf, [Au(NTf,)(IPr)]

Entry [Au] (mol %) 5a (%)
1 [{Au(IPr)}2(u-OH)][BF4] 59
2 [AU(CI)(IPP)] 10
3 [Au(OH)(IPr)] 0
4 [Au(NTf,)(IPr)] 69
5 [Au(IPr)(NEts)][HF-] 0

8l Reaction conditions: 5a ﬁO.lO mmol), [Au] (1 mol%), H,0 (0.20
mmol), solvent (0.30 mL). ™ *H NMR vyields using 1-bromo-3-
fluorobenzene as NMR standard (CDClj; as solvent).

This complex, first reported by Gagosz and co-workers,*® was selected for
further optimisation. The selection of the solvent was next examined (Table 4.3). Upon
testing a variety of solvents, the performance of alcohols (Table 4.3, Entries 1-4) was
clearly superior to polar aprotic (Table 4.3, Entries 5-10) and non-polar solvents (Table
4.3, Entries 11-12). While the performance of commercial EtOH as solvent was high
(Table 4.3, Entry 2), the use of dry EtOH (commercial EtOH dried over activated 4A
Molecular Sieves for at least 48 h; stored under nitrogen atmosphere) was optimal for
this reaction, obtaining 86% NMR vyield of 7a (Table 4.3, Entry 3).
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Table 4.3. Effect of the solvent in the Au(l)-catalysed hydration of 5al®!

[Au] (cat.) (o)
o | H,0 (2 equiv) - Ph)J\/l
solvent, 50 °C, 24 h
5a 7a
Entry [Au] (mol %) Solvent 7a (%)™

1 [Au(NTT)(IPr)] (1) MeOH 69
2 [Au(NTT)(IPr)] (1) EtOH 76
3 [AU(NTT,)(IPr)] (1) EtOH (dry) 86
4 [Au(NTT)(IPr)] (1) i-PrOH 71
5 [AU(NTS,)(IP)] (1) t-AmOH 29
6 [Au(NTT)(IPN] (1) Acetone 0
7 [AU(NTS,)(IP)] (1) CH;CN 0
8 [Au(NTT)(IPr)] (1) THF 47
9 [Au(NTT)(IPr)] (1) 2-Me-THF 25
10 [Au(NTT)(IPr)] (1) DCE 3
11 [AuNT)(IPA] (1) CPME 7
12 [Au(NTT)(IPN] (1) Toluene 4
13 [Au(NTT)(IPN)] (1) 1,4-dioxane 44

8l Reaction conditions: 5a (0.10 mmol), [Au] (cat.), H,O (0.20 mmol), solvent
.30 mL), : : yields using 1-bromo-3-fluorobenzene as

(0.30 mL), 50 °C, 24 h. ' *H NMR yields using 1-b 3-fluorob

NMR standard (CDCl; as solvent).

At this stage, the recurrent presence of a side product was noticed. Although
rarely observed in NMR vyields > 15%, the nature of this product did not match any
expected species. This species was observed in up to 32% NMR vyield when acetone
was used as reaction solvent (Table 4.3, Entry 5), and could be identified as the

deiodination product of 7a (acetophenone, 7'a) (Scheme 4.15).

[AU(NTR,)(IPF)] (1 mol%)

H,0 (2 equiv.) Q 9
Ph—=—I s ' > Ph)j\/' * ph)J\/"'
acetone, 50 °C, 24 h
5a 7a 7T'a

up to 32% NMR yield

Scheme 4.15. Side reactivity using acetone as solvent: deiodination of 7a.
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The selectivity of the reaction was completely shifted towards 7'a when an
EtOH/acetone mixture was used under the conditions shown in Table 4.3. The
deiodinated species 7'a was isolated in 93% vyield using these catalytic conditions
(Scheme 4.16).

[Au(NTE)(IPr)] (1 mol%) o
_ H,0 (2 equiv)
Ph—=—I > Ph)LCH3
acetone/EtOH (1:1), 50 °C, 24 h
5a 7'a: 93%

Scheme 4.16. Optimised system for the hydration/deiodination of 5a.

Further refinements to the methodology for the selective conversion of 5a into
7a were still required. The optimisation of other reaction parameters is presented in
Table 4.4. The adjustment of the reaction temperature was discussed. Both decreasing
(Table 4.4, Entry 1) or increasing (Table 4.4, Entry 2) the reaction temperature had a
detrimental effect on the optimal conversion towards 7a. Similar observations were
made when the number of equivalents of H,O were altered (Table 4.4, Entries 3-4), with
two equivalents proving to be optimal. The increase of the catalyst loading to 2 mol%
finally afforded > 99% NMR vyield of 7a (Table 4.4, Entry 5). Under these conditions,
7a was isolated in 88% yield after evaporation of the volatiles under reduced pressure
and column chromatography. The contrast between the NMR vyield and the isolated
yield resulted from the difficulty to isolate pure 7a, as the main side product of this
reaction (7'a, see Scheme 4.15) could not be efficiently separated from the desired
compound by simple purification methods, thus inconveniencing the overall procedure.
In order to overcome this problem, further evaluation of the methodology was
considered. Since an increase in the amount of [Au] was strictly required to obtain
reproducible full consumption of 5a, it was hypothesised that the reaction conditions
could be re-optimised at such catalyst loading. Indeed, after some testing, the reduction
of the reaction time to 5 h could not only maintain the full consumption of 5a, but also
reduce the amount of 7'a to < 3%, with 7a being isolated in 96% yield (Table 4.4, Entry
6).
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Table 4.4. Optimisation of the Au-catalysed hydration of 5a into 7a.l
[Au] (cat.) o
H,0 (2 equiv)
R—I '
solvent, 50 °C, 24 h R)J\/I
5a 7a
[Au(NTT)(IPN)] . o oz [b]
Entry (Mol%b) H,O (equiv.)) T (°C) 2a (%)

1 1 2 40 68

2 1 2 60 50

3 1 1 50 68

4 1 3 50 68
5 2 2 50 99 (88)[
6l 2 2 50 99 (96)!

8] Reaction conditions: 5a (0.10 mmol), [Au] (cat.), H,O (0.20
mmol), solvent (0.30 mL), 50 °C, 24 h. I’ *H NMR yields using 1-
bromo-3-fluorobenzene as NMR standard (CDCl; as solvent).
Isolated yield in parenthesis. [ 5 h.

With the optimal conditions at hand, the reaction scope was investigated
(Scheme 4.17). The hydration conditions can tolerate different substitutions in meta-
and para-positions of the aromatic ring, and the corresponding products can be isolated
in good to excellent yields. Other substrates are currently being tested in our research
group to further expand the substrate scope.

[Au(NTf,)(IPr)] (2 mol%)
H,0 (2 equiv)

o}
R—I ’
EtOH (dry), 50 °C, 5 h RJ\/ !
5 7

7 o o o

7a: 95% 7c: 81% 7e: 89% 7f: 95%

o o o

79: 90% 7h: 86% 7i: 83%

Reaction conditions: iodoalkyne (0.50 mmol), H,O (1.00 mmol), [Au(NTf,)(IPr)] (2 mol%), toluene
(0.75 mL), EtOH (0.75 mL), 50 °C, 24 h. Isolated yields.

Scheme 4.17. Scope of the Au(l)-catalysed hydration of 1-iodoalkynes."?
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An interesting observation was made when the highly electron-withdrawing 1-
(iodoethynyl)-3,5-bis(trifluoromethyl)benzene (5k) was used as substrate. The
optimised conditions did not afford any trace of the iodoketone; instead, the

monoalkoxylation product 7*'k was isolated in 80% yield (Scheme 4.18).

OEt
FG F4C |
<: >7: | [Au] (2 mol %), H,0
[o} . >
FiC EtOH (dry), 50 °C, 5 h CFs
5k 7"k: 79%

Scheme  4.18.  Au-promoted  hydroalkoxylation  of  1-(iodoethynyl)-3,5-
bis(trifluoromethyl)benzene (5k).

This species has never been isolated for any other substrate in the presented
scope, thus evidencing the presence of a competitive side-reaction, most likely
promoted by the electron-poor nature of 5k. While this type of products have been
reported to hydrolyse under acidic conditions to yield the corresponding ketones, our
experimental attempts to hydrolyse 7"’k into 7k were not clean, with substantial side
reactivity observed in the process. Current investigations are exploring the hydration of
other electron-deficient substrates to establish a possible reactivity trend, as well as

more consistent hydrolysis methods for the selective liberation of the desired ketones.

The presence of hydroalkoxylation products was not new in our studies, since
during our early optimisation tests for the hydration of 5a, partial nucleophilic attack of
the alcohol solvent (MeOH) to this substrate was observed under certain reaction
conditions involving high [Au] loadings. Under these conditions, although
monoalkoxylation products were not observed, the dialkoxylation product could be
identified and isolated in poor yields (Scheme 4.19). This further supports the crucial
importance of the use of EtOH as solvent for the selective hydration of 1-iodoalkynes
into the corresponding a-iodomethyl ketones. Some discussion about the effect of the
solvent in Au-catalysed hydration of internal alkynes is available in the literature,*

although no analogous studies for haloalkynes are available.
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(0]
EtOH
> I
Ph)l\/
[Au] (cat.), H,O
Ph——= o
MeO OMe
5a MeOH +
Isolated

Scheme 4.19. Selectivity of the Au-catalysed hydration of 5a in the presence of MeOH
or EtOH as solvent.

4.3.3 Mechanistic studies
4.3.3.1 Hydration of 5a

The mechanism for the hydration of 1-iodoalkynes can now be discussed. No
mechanism has been presented in the literature for the hydration of these substrates;
nevertheless, the structural similarities to general alkynes suggest that similar hydration
pathways might be involved. Based on these background studies, and considering our
experimental observations, a mechanistic proposal for the Au-catalysed hydration of 1-
iodoalkynes in EtOH as solvent can be depicted (Figure 4.7). The neutral Au(l) complex
(Figure 4.7, A), in equilibrium with its active cationic form (Figure 4.7, B), can activate
the iodoalkyne via w-coordination (Figure 4.7, C). The resulting species can then be
attacked by a molecule of water (Figure 4.7, D), which readily deprotonates to generate
the gold(l) enol species (Figure 4.7, E). Upon protodeauration, the cationic Au fragment
is released back into the catalytic cycle, together with the corresponding iodoenol

(Figure 4.7, F), which can tautomerise to yield the desired iodoketone.
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[AU(NTE,)(IPF)]
(4]
o) HO

A,J\/' = Ar>=<H 1 R—=—I
H*\_}/r [Ar)]*\
HO | [Au(IPr)]*
Ar>_< Au(IPr) A—=—i

Figure 4.7. Proposed mechanism for the Au-catalysed hydration of 1-iodoalkynes.

This mechanism will compete with the nucleophilic addition of EtOH for the
case of 5k, which will proceed through a similar catalytic cycle where the added
nucleophile is an alcohol molecule, and where species F will be the final
hydroalkoxylation product. The competitiveness of these reactions is being further

studied within our research labs.

As mentioned before, recent studies on the mechanism of the Au-catalysed
hydration of alkynes has shed some light into the effect of the solvent in the involved
steps in the hydration reaction.”’ This study has provided consistent proofs of the
importance of the solvent for the lowering of reaction barriers and also for proton
transfer from water to alkyne substrates (in our case, a concerted transformation of
species D into species F, see Figure 4.7). Another important revised effect is related to
the present anions from the initial Au species, which present a non-innocent role to
promote efficient hydration of alkynes.** Among their conclusions, the positive effect of
anions containing an -SO3; fragment is in accordance with the optimal performance of
[Au(NTf,)(IPr)] as catalyst for the presented hydration of 1-iodoalkynes. Both
contributions are nowadays purely speculative for our reaction system, and therefore
further evidence is to be gathered for a full comprehension of the hydration mechanism

for 1-iodoalkynes.
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4.3.3.2 Hydration/deiodination of 5a

The formation of the deiodinated product 7'a from its corresponding o-
iodomethyl ketone 7a has been reported in the literature, and two different pathways
have been proposed to operate in this reaction:

- lIsrael and co-workers reported the deiodination of a-iodomethyl ketones in the
presence of thiols and selenols.** The proposed mechanism involves deiodination by the
heteroatom, followed by deprotonation of the X-H bonds (X = S or Se), generating the
corresponding enol. This molecule can then tautomerise to the desired methylketone.
The generated R-X-I intermediates (X = S or Se) are unstable species that will undergo
fast homocoupling with excess thiol/selenol to generate disulfides or diselenides,
respectively (Scheme 4.20, top). The presence of disulfides was confirmed by vapor-

phase chromatography, therefore supporting the validity of this mechanism.

- The combination of acetone and Lewis acids has been recently proposed to promote
deiodination of a-iodomethyl ketones. Itoh and co-workers observed this unexpected
product, and suggested a reaction pathway for its preparation involving the activation of
these substrates by catalytic I, (acting as Lewis acid) towards iodine abstraction by the
enol of acetone, releasing a-iodoacetone and the corresponding methylketone in the

process (Scheme 4.20, bottom).*

Israel (1980) R'X+'X'R

RXH
(X =S, Se) O/—‘HAX -R [1-x-R]

/_> )lol X Keto-enol

OH tautomerism

0
AFJ\/I 3 Ar/& Ar)LCHe,
o Yo ¢ < o

cat. I,

acetone \\/)\CH?» H3CJ\/I

Scheme 4.20. Mechanistic proposals for the deiodination of a-iodomethyl ketones.

Both mechanisms seemed operative in our system, depending on the employed
reaction conditions . The proposed mechanism for the deiodination of 7a into 7'a using
a [Au]/acetone system is presented in Scheme 4.21. In an initial step, the enol of acetone

deiodinates 7a with concomitant formation of a C-Au bond. The resulting ketoalkyl
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gold(l) species can then undergo protodeauration to generate the expected side product
7'a.

:OH 0
C
|
° [Au] ( %CHg \)LCHs o H* [Au]
acetone ]
)l\/l _ )l\/l —LF A )J\/[AU]
Ar Ar r Protodeauration |Ar”_ "CHa

7a 7'a
[Au]

o

Scheme 4.21. Proposed mechanism for the deiodination of 7a in the presence of
acetone.

On the other hand, proposing a reaction mechanism to explain the deiodination
product observed in an acetone-free system is a more difficult task. This is due to the
impossibility to unequivocally detect any involved intermediate during our experiments.
As a result, only speculative mechanisms can be proposed to date, which are the object
of further studies in our group in the current days.

Initially, an analogous pathway to the aforementioned thiol-promoted
deiodination proposal could be proposed. In this case, alcohols will promote the
deiodination of 7a, with the resulting enol tautomerising to the methyl ketone 7'a.
Unstable EtOl is formed in the process, and similarly to thiols and selenols, this species
could undergo homocoupling with excess EtOH to generate ethyl peroxide as side-
product (Scheme 4.22). The presence of the organic hypoiodite in the reaction mixture
has not been confirmed to date, with the chemistry literature lacking consistent

structural/chemical information to support this route.**

EtOH HI
Et—0O-O-Et
.. |[1—o-Et|
0 O/—\ HZO-Et OH Keto-enol 0
EtOH e j
| < é tautomerism
Ar);:/ - Ar)J\/ \\/ Al’/g AI’)LCH:;
7'a

Scheme 4.22. Proposed mechanism for the acetone-free deiodination of 7a.

Alternatively, a disproportionation reaction of the a-iodoketones can be
proposed (Scheme 4.23). This reaction will lead to the corresponding methylketone and
a, a-diiodoketone. This type of disproportionation has been observed by Voronkov and

co-workers, although being performed under inert and photochemical conditions (A =
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254 nm).*® Again, no experimental evidence about a similar mechanism being operative

in our system has been gathered thus far.

0 y oo 0 0
| ispropo |onat|on‘ + |
Ar)J\/ > Ar)LCH3 Ar
7a 7'a !

Scheme 4.23. Alternative mechanism for the synthesis of 7'a via disproportionation of
7a.

4.4 Conclusions

In summary, two new Au(l)-catalysed funcionalisation methodologies for 1-
iodoalkynes have been designed. The utility of Au(l)-NHC bifluorides as catalysts in
hydrofluorination chemistry of internal alkynes has been extended to these terminal
alkyne derivatives, obtaining fluoroiodoalkenes with high regio- and stereoselectivity.
Moreover, the hydration of 1-iodoalkynes using a Au(l)-NHC catalyst represents the
first optimised procedure for the hydration of 1-iodoalkynes, and can now be postulated
as a very straightforward synthetic pathway for the preparation of a-iodomethyl
ketones, a group of synthetically versatile building blocks. In both cases, good
performance of the Au(l)-NHC catalytic systems under fairly mild conditions was
observed, with a good number of examples having been prepared and isolated. These
methodologies will certainly be interesting synthetic approaches in organic synthesis for

the efficient preparation of organic molecules derived from fluoroalkenes and ketones.
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5.1 Introduction

In the previous chapter, the preparation of fluoroiodoalkenes and a-iodomethyl
ketones using Au(l)-NHC complexes has provided new and very interesting methods
for synthesis. Taking a closer look at these products, the presence of a C-I bond still
represents an opportunity into further functionalisation of these scaffolds. The
exploitation of this remaining reactivity of the prepared molecules is detailed within this
chapter. First, the studies on the cross-coupling chemistry using fluoroiodoalkenes as
substrates, involving either boronic acids or terminal alkynes as coupling partners, will
be disscused. The invaluable utility of Pd(11)-NHC catalysts in cross-coupling reactions,
a known application for such complexes, can now be expanded to these particular
coupling partners, further highlighting its versatility in modern coupling chemistry. On
the other hand, the reactivity of a-iodomethyl ketones towards a variety of new species

has been acknowledged by reproducing several reports available in the literature.

Finally, a very interesting synthetic approach will be discussed: the use of
sequential chemistry involving our catalytic systems. By performing suitable
combinations of the presented reactions in a sequential manner, terminal alkynes could
be easily converted to a wide range of new organic molecules, without the need for the
costly and time-consuming isolation of each intermediate. Our success in this line of
study is represented in this chapter by extensive optimisation studies, which have led to
a succesful integration of sequential synthetic methods employing Au(l)- and Pd(Il)-
NHC catalysts (Figure 5.1).

Pd-catalysed cross-coupling

Ar—{y F F

1 Ar Ar
H _3\—Ar' Y =ar
. " "

Ar—=—H >Ar — Nucleophilic
substitution Oxidation

o} O

(0]
Ar—/(_ Ar
Ar—((_l Nuc _%:o

H

Figure 5.1 Proposed synthesis applications of fluoroiodoalkenes and a-iodomethyl
ketones for stepwise or sequential organic synthesis.
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5.2 Fluoroiodoalkenes: reactivity studies

5.2.1 Introduction

In organic synthesis, the traditional reactivity of carbon-halogen bonds towards
substitution reactions with nucleophiles is well documented. While this type of
nucleophilic substitution reactions (Sy) has been used for the synthesis of a wide range
of molecules, the attractiveness of the original concept of these reactions has diminished
in recent times. This is due to the strict control of the reaction conditions for optimal
selectivity, the presence of competing mechanisms (Syl1 vs Sy2) and the low
performance of these reactions in more complex systems, reducing the range of useful

applications for these reactions.

However, the use of the electrophilicity of the carbon atom in C-X bonds (X =
Cl, Br, 1) has not been rejected in synthesis. In fact, a new generation of reactions,
employing new types of formal nucleophilic substitution of organic halides, has become
one of the most admired and powerful family of protocols. This is particularly important
in the field of C-C bond formation, where these novel coupling approaches have stood

out.

The fluorinated haloalkenes, prepared as described in Chapter 4, conform to a
family of molecules that could be used in cross-coupling chemistry. By activating C-1 or
C-Br bonds towards nucleophilic attack, the fluorohaloalkene moiety could be
transformed into trisubstituted fluoroalkenes, a complex and very interesting molecular

fragment in organic chemistry.

In view of this, the exploration of the reactivity of fluorohaloalkenes towards the
addition of carbon-based nucleophiles was discussed within our research group. The

results of our experimental work will be discussed in the following sections.

5.2.2 Suzuki-Miyaura cross-coupling with boronic acids

5.2.2.1 Trisubstituted fluoroalkenes: state-of-the-art

The Suzuki-Miyaura cross-coupling is one of the most well-known cross-
coupling transformations within the organic synthesis community. The immense
bibliography on this reaction can set up a perfect background for the understanding of

this reaction,™ which consists on the coupling of organic halides with boronic acids,
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promoting C-C bond formation. The reaction requires the presence of a palladium

catalyst and a base to proceed efficiently (Scheme 5.1).

[Pd] (cat.)
b
R-X + R'-B(OH), B = R-R' + X-B(OH),
R = alkyl, aryl
R' = alkyl, aryl
X=Cl, Br, |

Scheme 5.1. General scheme of the Suzuki-Miyaura cross-coupling reaction.

Since the compounds prepared during the course of our studies contain C-X
bonds (X = CI, Br, 1), their use in cross-coupling chemistry was considered. Our
attention was attracted towards the reactivity of fluoroiodoalkenes towards coupling
with boronic acids. This is not a new synthetic concept, as Hara and co-workers have
already detailed two procedures involving Pd(Il) catalysts and phosphine ligands for the
transformation of fluoroiodoalkenes into the corresponding trisubstituted fluoroalkenes
(Scheme 5.2).2 Both (Z)- and (E)-fluoroiodoalkenes could be efficiently converted to
their corresponding cross-coupled products, maintaining high stereoselectivity (99:1)
based on the starting configuration of the substrate.

[Pd(OAc);,] (5 mol%)
(S)-(-)-BINAP (5 mol%) F

F
R'B(OH), (2 iv.), K,CO ) (2 iv.
R—S\_H (OH), (2 equiv.), K;CO3 (aq.) (2 equiv.) R_g\_H
|

benzene, reflux, 5 h, under N,

R'
R = alkyl 7 examples
R' = aryl 77-94 %
Z:E (1:99)
[PACI,(PPh3),] (5 mol%)
F PhB(OH), (1.2 equiv.), K,CO3 (aq.) (1.2 F
R equiv.) R
Hara (2006) _g\,, > \_pp,
benzene, 80°C, 1.5h
H H
R =CygHy¢ Ph R = CqoH21, 88% (Z:E, 99:1)

R = Ph, 85% (Z:E, 99:1)

Scheme 5.2. State-of-the-art in cross-coupling of fluorohaloalkenes with boronic acids
using Pd-phosphine catalysts.

This approach towards cross-coupling of fluoroiodoalkenes is interesting for the
synthesis of more complex molecules, as shown in a number of reported examples,*

thus highlighting the interest of the synthetic community in such protocols.

It is however surprising that no other catalytic system based on palladium has
been explored so far for this transformation, especially considering the intensive study

of coupling chemistry using other families of Pd(Il) complexes. Among those, our
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interest in the use of Pd-NHC species was in line with the research aims in our group.
With an abundant application of these complexes in general cross-coupling,® their
application for this particular transformation certainly deserved some attention, as it
could provide an alternative to phosphine-based methods and, eventually, a step forward
into more efficient coupling chemistry. Circumventing the drawbacks of the reported
procedures (such as fairly high Pd loadings, use of benzene as non-green solvent, or a
reduced number of reported examples, among others) was also an important reason to

further investigate this reaction.

As mentioned before, the use of Pd(I)-NHC catalysts in general Suzuki-
Miyaura cross-coupling chemistry is nowadays well documented, with a wide variety of
protocols being deeply studied and the involved mechanisms being profoundly analysed
and discussed. The most common structure in active palladium catalysts for Suzuki-
Miyaura coupling is based on an NHC-Pd(II)-allyl skeleton. These Pd(lIl) species are
generally air- and moisture-stable precursors that have outstanding catalytic properties.
In view of this, the feasibility of cross-coupling chemistry to further increment the
complexity and the value of fluoroiodoalkenes as building blocks was experimentally
tested. The optimisation studies for the Pd(Il)-catalysed Suzuki-Miyaura cross-coupling

reaction with fluoroiodoalkenes as substrates will next be presented.

5.2.2.2 Results and discussion

N~
Ph iPr \—/ 'Pr
Pd-1 Pd-2
[Pd(n3-cinnamyl)(CI)(IPr)] [Pd(u-CI)(CI)(IPT)]2

Figure 5.2. Proposed Pd(Il)-NHC catalysts for the Suzuki-Miyaura cross-coupling
reaction of fluoroiodoalkenes and boronic acids.

Our optimisation started with the use of 2-fluoro-1-iodo-2-phenylethene (6a) as
a model halide substrate, readily accessible through our previously described
hydrofluorination procedure of (iodoethynyl)benzene (5a) (see Chapter 4). p-
Tolylboronic acid was selected as coupling partner, due to its commercial availability

and relative structural simplicity for preliminary analyses. [Pd(n3-cinnamyl)(CI)(1Pr)]
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(Pd-1) and [Pd(pu-CDCI(IPr)], (Pd-2) were selected as well-defined Pd(I1)-NHC
complexes for testing in these studies. Their availability as commercial products and
their widespread presence in modern Suzuki-Miyaura coupling reactions in the

literature,®” made them a robust choice for testing purposes (Figure 5.2).

The results of the optimisation of this reaction are shown in Table 5.1. The use
of both Pd(Il) catalysts at 1 mol% in the presence of 1.1 equivalents of the
corresponding bases according to the optimal literature procedures,®® proved adequate
for the reaction between 6a and p-tolylboronic acid in a toluene/EtOH (1:1) mixture at
room temperature (Table 5.1, Entries 1-2). The inclusion of toluene in this mixture
responds to a characteristic of this system that will be exploited by further experiments,
presented later on in this chapter (see Chapter 5.4.2). The use of Pd/C as a simpler and
cheaper catalyst did not provide optimal results under these conditions (Table 5.1, Entry
3), therefore highlighting the particularly efficient use of Pd(Il)-NHC systems as
catalysts. [Pd(n>-cinnamyl)(CI)(IPr)] was selected for further optimisation, due to its
better performance in the coupling reaction. The increase of the reaction temperature to
50 °C did not provide significantly better conversion by itself, according to *°F NMR
analysis (Table 5.1, Entry 4); however, when combined with a 2 mol% loading of Pd
and an increase in the amount of base to two equivalents, full conversion towards the
desired cross-coupled 8aa product was obtained (Table 5.1, Entry 5). This system
provided only Z isomers of the corresponding trisubstituted fluoroalkenes, thus
displaying a stereoselectivity controlled by the substrate. This reaction could also be
performed with EtOH as the sole solvent if beneficial for synthetic purposes (Table 5.1,
Entry 6). Whereas toluene was unable to convert 6a optimally (Table 5.1, Entry 6), as
expected from the more favorable activation of the Pd(ll) catalyst upon usage of
alcohols, as previously discussed.® Using the conditions reported in Table 5.1, Entry 5,
86% isolated yield for this compound was obtained after simple purification by column

chromatography on silica gel.
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Tabl[e]5.1. Optimisation of the Pd-catalysed cross-coupling of 6a with phenylboronic
acid."

F [Pa) (cat) F
Q_\g_, + (H%B—@—cm e - (O .
p toluene/EtOH (1:1), T (°C), 16 h y Hy

6a 8aa

Conversion of 6a

Entry [Pd] (mol%) Base (equiv.) T (°C) (%)
1 Pd-1 (1) K,COs (1.1) 25 73
2 Pd-2 (0.5) NaOMe (1.1) 25 31
3 Pd/C (1) Na2COs (2) 25 2
4 Pd-1 (1) K,COs (1.1) 50 76
5 Pd-1 (2) K,COs (2) 50 > 99 (86)L!
6! Pd-1 (2) K,COs(2) 50 54
7t Pd-1 (2) K,COs (2) 50 > 99

8l Reaction conditions: 6a (0.1 mmol), p-tolylboronic acid (0.2 mmol), [Pd]
(cat.), solvent (0.2 mL), 16 h. ! Determined by *°F NMR analysis (CDCl; as
solvent). [ Toluene as solvent. ™ EtOH as solvent. ¥ Isolated vyield in
parenthesis.

With these conditions in hand, a brief examplification of the reaction was
performed (Scheme 5.3). The generality of the system was showcased by obtaining
equally good isolated yields when either the boronic acid (8ab) or the starting
iodoalkene (8c) was changed. The obtained products were isolated as pure (Z)-alkenes,
with no traces of other stereoisomers being detected. The outstanding control over the
regio- and stereoselectivity of the final compound must be outlined as the highest
attraction of this methodology, as opposed to other available methodologies (such as the
hydrofluorination of internal alkynes). As a result of this, the described methodology
represents one of the most interesting and competitive approaches towards the synthesis
of trisubstituted (Z)-fluoroalkenes, and a genuinely good application of

fluoroiodoalkenes for the synthesis of complex fluoroalkenes.
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F [Pd(n3-cinnamyl)(CI)(IPr)] (2 mol%) F
R—S\_ R'B(OH), (2 equiv.), K,COs (2 equiv.) - R—g\_
! toluene:EtOH (1:1), 50 °C, 16 h R
H H
6 8
F F MeO .
oo O30 Oy
H H H }
8aa: 86% 8ab: 84% 8c: 81%

8l Reaction conditions: iodoalkene (0.50 mmol), R'B(OH), (1.0 mmol), [Pd(n3-cinnamyl)(CI)(IPr)] (2 mol%),
K5,CO3 (1.0 mmol), toluene:EtOH (1:1) (1.0 mL), 50 °C, 16 h. Isolated yields.

Scheme 5.3. Scope of the Pd-catalysed Suzuki-Miyaura cross-coupling of
fluoroiodoalkenes with arylboronic acids.™

The proposed mechanism for this reaction is based on the use of Pd(0) species as
active catalytic species, using a traditional oxidative addition/reductive elimination
sequence. The activation pattern for Pd(I1)-NHC to Pd(0)-NHC species in alcohol
media is shown in Scheme 5.4. Full computational studies have supported this pathway
for Pd(ll) reduction to Pd(0) prior to the incorporation of the metal into the catalytic

8
cycle.
(o]
NHC. Cl e NHC 0f NHC 0( HJK NHC H /\"'Ph
\Pd/ K’ \Pd/ H o Ly ~pg” _L» ~pd” _A’ T
ph/\\‘? ph/\\‘? Ph Ph Catalytically-active

Pd species

Scheme 5.4. Proposed activation pathway for Pd(I1)-NHC catalysts in alcohol solvents.?

Afterwards, these Pd species (Scheme 5.5, A) promotes the oxidative addition of
the fluoroiodoalkene, generating the fluoroalkenyl Pd(I1) iodide intermediate (Scheme
5.5, B). This intermediate reacts with the activated boronic acid, providing the
trisubstituted Pd(Il) center bearing the required fluoroalkenyl and aryl fragments
(Scheme 5.5, C). This species can finally undergo reductive elimination, releasing the
desired trisubstituted fluoroalkene and regenerating the Pd(0)-NHC species back into

the catalytic cycle.
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NHC—Pd(Il)

F
T e e
A NHC—Pd(0)
Ar VV

F NHC F NHC

B(OH),X  Ar'—[B(OH),X][M]
MI ﬂ MX
Ar'—B(OH),

Scheme 5.5. Proposed catalytic cycle for the cross-coupling reaction of
fluoroiodoalkenes with arylboronic acids using Pd(11)-NHC catalysts.

5.2.3 Cu(l)-free Sonogashira cross-coupling with terminal alkynes

5.2.3.1 Fluorinated enynes: state-of-the-art

The Sonogashira coupling is another Pd-catalysed transformation for which a lot
of attention has been dedicated in the last decades. This reaction consists of the coupling
of aryl or vinyl halides with terminal alkynes, yielding the corresponding arylalkynes or

enynes, respectively (Scheme 5.6).°

[Pd] (cat.)
[Cu] (cat.)
R-X + R—=—H base . R—=—R + X-H
R = alkyl, aryl
R' = alkyl, aryl
X=Cl, Br, |

Scheme 5.6. General scheme of the Sonogashira cross-coupling reaction.

The Sonogashira coupling reaction has also been extensively studied in the
literature, with a variety of reports and reviews discussing the conditions, mechanisms
and applications of this versatile reaction.’® As in the case of the Suzuki-Miyaura
coupling, fluoroiodoalkenes contain a vinyl halide that could be suitable for
Sonogashira-type reactions, in order to access fluorinated enynes starting from

fluorohaloalkenes. The concept of this reaction also has limited presence in the
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literature. The earliest report on a similar transformation comes from the cross-coupling
of difluoroiodoalkenes with terminal alkynes using [PdCl,(PPhs);] and Cul as dual

catalytic system (Scheme 5.7).*

[PACI,(PPhs)5] (5 mol%)
Cul (5 mol%), NEt3 (1 mol%)

n

R \ R'C==CH (1.05 equiv.) - R \
| neat, r.t, 6 h ——R'
F F
R = alkyl, aryl 11 examples
50-87% yield

Scheme 5.7. First reported Sonogashira coupling of fluorinated iodoalkenes.™

This early report from Yang and Burton makes use of a very standarised set of
conditions in the Sonogashira coupling, yet it is the only example in the literature where
fluorinated iodoalkenes have been used as substrates. The use of bromoalkene
derivatives for this type of chemistry has been more commonly reported. Jiang and co-
workers explored the utility of a series of bromofluoroalkenes by reacting these
substrates with terminal alkynes under Sonogashira conditions. The use of the
conventional Pd(I1)/Cu(l) mixture reported by Burton, combined with the presence of
catalytic PPhs and the use of CH3CN as solvent, permitted the synthesis of 10 examples
of TMS-capped fluoroenynes in good to excellent yields (Scheme 5.8).%

[PdCI;(PPhs),] (5 mol%), PPhs (10 mol%)
F Cul (10 mol%), NEt; (1 mol%)

Ar R'C==CH (1.6 equiv.) A
\ S
Br CH5CN, 70°C, 10 h ——R

H H

10 examples
84-93% yield

Scheme 5.8. Use of bromofluoroalkenes for Sonogashira coupling.*?

However, using a simpler catalytic system is greatly desirable. Not only the
simplification of the reaction conditions, but also the prevention of side reactivity, was
an important concern. The use of Cu(l) as co-catalyst provides the most significant
reduction of the system operativity: although it promotes the generation of active
acetylide species from the deprotonation of terminal alkynes, the increased activity of
such compounds also leads to homocoupling chemistry, releasing 1,3-diynes in the
process and neglecting the alkyne source for the Sonogashira coupling.*®

To overcome this main inconvenience, other approaches have been followed,
such as the substitution of Cu by other co-catalysts** or the complete removal of such

secondary metal source.’® The latter one retains a much higher importance since it
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simplifies the required catalytic system and diminishes the operational costs of the
reaction. Among the studied approaches, the use of Pd(ll) catalyst as the sole pre-
catalyst is undoubtedly one of the most powerful synthetic tools within the field; with
the catalyst acting as both alkyne activator and cross-coupling mediator. This concept
has also been applied to the coupling of fluorohaloalkenes with successful results.
Rolando and co-workers used palladium(ll) acetate, in conjunction with PPh; and NEts,
for the transformation of mixtures of bromofluoroalkenes and terminal alkynes into the
corresponding fluorinated enynes (Scheme 5.9). These forcing conditions (represented
by the use of the base as solvent) could still not allow an efficient synthesis of the final
compounds, with yields up to 83% and very substrate-dependent stereoselectity of the

isolated products.®®

F [Pd(OACc);] (2 mol%), PPhs (4 mol%) F
Ar \ R'C==CH (1.6 equiv.) . Ar \
Br NEt;, reflux, 3 h — R’
F F
4 examples

63-83% yield
92:8 to 40:60 (Z:E)

Scheme 5.9. Copper-free Sonogashira coupling of bromofluoroalkenes.*

However, this report is the only reference in the copper-free Sonogashira
reaction using fluorohaloalkenes as substrates. Due to this, it represented our starting
point for the discussion of a more efficient catalytic system for the synthesis of

fluorinated enynes.

Within our research group, and in paralel to our discussions about the utility of
fluorohaloalkenes, a new copper-free Sonogashira methodology was developed during
this past year. This protocol consisted of the coupling of aryl bromides with propiolic
acids, for the generation of internal arylalkynes (Scheme 5.10, top).® After the
optimisation of the reaction conditions, employing Pd-1 (see Figure 5.2) as catalyst, it
was discovered that not only decarboxylative coupling of propiolic acids could be
performed, but also the deprotonative coupling of terminal alkynes could be achieved to
provide the corresponding arylalkynes. The later allowed the use of a much more
commercially available family of acetylide precursors, while still affording equally

good performance towards the desired internal alkynes (Scheme 5.10, bottom).*’
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HOOC———R' (2 equiv.)
[Pd(n3-cinnamyl)(CI)(IPr)] (3-5 mol%)
K,COj5 (2 equiv.)

EtOH (dry), 80 °C, 16 h

O
R H————R' (1.3 equiv.)

[Pd(n3-cinnamyl)(CI)(IPr)] (3-5 mol%)
K2003 (13 equiv.)

EtOH (dry), 80 °C, 16 h

N\
/

Scheme 5.10. Pd(I1)-catalysed decarboxylative and deprotonative coupling of terminal
alkyne derivatives with bromoarenes.*’

The use of a relatively low amount of base (when compared to other standard
copper-free couplings based on Pd), the outstanding reactivity using challenging aryl
bromides, and the good performance of a very common Pd(Il)-NHC catalyst in our
laboratories, encouraged further extension of this reaction to include fluorohaloalkenes.
Based on these speculations, bromofluoroalkenes were proposed as suitable starting
materials for the Pd-catalysed reaction following an analogous mechanism to that
reported in the previously mentioned system. By combining the simplicity of a single
catalyst with the utility of bromofluoroalkenes, this procedure could represent a great

acquisition to the reduced set of reactions for the synthesis of fluorinated enynes.

5.2.3.2 Results and discussion

1-Bromo-2-fluoro-2-(3-methylphenyl)ethene (6fb) was selected as a suitable
substrate for optimisation purposes. The preparation of 6fb from terminal alkynes has
been fully described in previous chapters (see Chapter 3.3 and Chapter 4.2.2), via
bromination of 3-ethynyltoluene (4f) followed by hydrofluorination of the resulting 1-
bromo alkyne (5fb). 4f was also chosen as the terminal alkyne for the coupling

optimisation studies.

The reaction conditions optimised for the coupling of aryl bromides as substrates
were directly tested on 6fb, in order to ascertain the reactive nature of these substrates
towards a similar type of coupling. Indeed, when 6fb was reacted with 1.3 equivalents
of the terminal alkyne 4f in the presence of 3 mol% of [Pd(n3-cinnamyl)(CI)(IPr)] (Pd-

1) and two equivalents of K,COg3, a new fluorinated species was obtained in 59%
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conversion, according to °F NMR analyses. The species was later confirmed as the
expected Z-fluoroenyne (Scheme 5.11).

HsG CHs HyG
F Pd-1 (3 mol%), KoCOs F CHs
- =D
. EtOH (dry), 80 °C, 16 h V= O
H (1.3 equiv.) H
6fb 4f

9fa
59% conversion

Scheme 5.11. Preliminary test for the Pd-catalysed coupling of bromofluoroalkene 5fb
and terminal alkyne 4f.

This reaction mixture also showed the presence of a secondary fluorinated
compound as a major side product, which was not identified during our optimisation
tests. Despite this observation, the promising reactivity of the system (Table 5.2, Entry
1) encouraged further optimisation. Increasing the amount of 4f to two equivalents
afforded full consumption of the starting material, with a slightly higher proportion of
9fa observed in the reaction mixture (Table 5.2, Entry 2). The increase of the base
proved inefficient to promote better selectivity towards 9fa (Table 5.2, Entry 3), not
even when lower temperatures were used to avoid promoting side reactions (Table 5.2,
Entry 4). Lastly, the increment of [Pd] to 5 mol% using two equivalents of alkyne and
1.3 equivalents of base could afford full conversion of 6fb into the corresponding

expected compound 9fa (Table 5.2, Entry 5).

~ 190 ~



Chapter 5 - Functionalised 1-lodoalkyne Derivatives: Reactivity and Application in
Sequential Synthesis

Table 5.2. Optimisation of the Pd-catalysed cross-coupling of 5fb with 4f.1

H4C CH, HaC
F _ <:/< Pd-1 (cat.), K,COs F CHs
+ H—= -
N g EtOH (dry), T (°C), 16 h O N —
H r H O
6fb 4f ofa
[Pd] 4f o K,COs Ratio (%)™

Entry (mol %)  (equiv.) T(0) (equiv.) SM 9fa  Others

1 3 1.3 80 1.3 5 59 36

2 3 2 80 1.3 0 67 33

3 3 2 80 2 0 60 40

4 5 2 70 2 0 61 39

5 5 2 80 1.3 0 > 99 <1

[?Reaction conditions: 6fb (0.1 mmol), 4f, [Pd] (cat.), K,COs, dry EtOH (0.5
mL), 16 h. ! Determined by *°F NMR (CDClI; as solvent).

With the optimal conditions on hand, a representative scope of substrates was
tested for this transformation (Scheme 5.12). Good to excellent isolated yields and

stereoselectivity were obtained in all cases, favoring (Z)-alkenes.

F Pd-1 (5 mol%) F
R=\ K,CO3 (1.3 equiv.) R=\
Br + H———R' > ——R'
H EtOH (dry), 80 °C, 16 h H
6 9
H,C H,C
F CHj F
=G =0
H H
9fa: 90% (98:2, Z:E) 9fb: 85% (95:5, Z:E)
H,C
F  HsCO F CHj
e~
=0 V=0
H H
ofc: 69% (94:6, Z:E) 9ea: 91% (96:4, Z:F)

@l Reaction conditions: 6 (0.50 mmol), alkyne (1.0 mmol), [Pd(ns-cinnamyl)(CI)(IPr)] (5 mol%), KoCO3
(0.65 mmol), EtOH (dry) (1 mL), 80 °C, 16 h. Isolated yields.

Scheme 5.12. Scope of the Pd-catalysed cross-coupling of terminal alkynes with 1-
bromo-2-fluoro-2-arylalkenes

~191 ~



Chapter 5 - Functionalised 1-lodoalkyne Derivatives: Reactivity and Application in

Sequential Synthesis

A mechanistic proposal for this reaction can be drawn, which is depicted in
Scheme 5.13. First, the generation of a Pd(0) species from the Pd(Il) precursor will
proceed as described in Scheme 5.4, which will then react with the bromofluoroalkene
via oxidative addition, generating the fluoroalkenyl-Pd(Il) bromide complex (Scheme
5.13, B). This species can then coordinate a molecule of terminal alkyne through =-
interaction, generation a tetracoordinated Pd(Il) species (Scheme 5.13, C). In the
presence of a suitable base (in this case, K,COs3), the alkyne can be deprotonated,
inducing o-coordination in the Pd center and Br™ extrusion in the form of a potassium
salt (Scheme 5.13, D), with the resulting tricoordinated Pd(l1) species having a suitable
fragment arrangement for reductive elimination to take place, liberating the
corresponding fluoroenyne in the process, and inducing the turnover of Pd(0) species in

the catalytic cycle.

F Ar'
[A P ] NHC— Pd(II) )\/Br
;

o

NHC F NHC
Pd———Ar ~_Pd.
r r
N F
KHCO; He A j’/\H
KBr _<;
Pd |
K,COs3
c

Scheme 5.13. Proposed catalytic cycle for the Pd-catalysed copper-free Sonogashira
coupling of bromofluoroalkenes.

5.3 a-lodomethyl ketones: reactivity studies
5.3.1 Introduction

The use of a-iodomethyl ketones displays alternative synthetic approaches to the
chemistry discussed for fluorohaloalkenes. In the case of these molecules, the study of
Sn-type reactions is highly interesting and could be very useful for synthetic purposes.

As a result, the use of nucleophiles to functionalise a-iodomethyl ketones via
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nucleophilic substitution mechanisms is commonly used within the scientific
community. Moreover, the use of C(sp®)-1 bonds open new synthetic possibilities that
are unavailable for alkenyl iodides. The literature has covered a wide range of reactions
involving new types of transformations of these substrates, with some examples being

definitely attrative for synthetic chemists.

5.3.2 Nucleophilic substitution: synthesis of e-substituted ketones

The main utility of o-iodomethyl ketones is related to their use as organic
halides that can react with nucleophiles through displacement of "I™. Very much has
been investigated in this field, with no new contributions being discussed in this thesis
within the field. However, highlighting the feasibility of this reaction was important to
acknowledge the interest in preparing these building blocks as discussed in Chapter 4.
To achieve this aim, a simple nucleophilic substitution using piperidine as nucleophile
was tested. This methodology, reported by Wang and co-workers,'” was reproduced to
obtain the respective o-aminoketone derivative 10a in excellent yield at room

temperature (Scheme 5.14).

O . . as
piperidine, rt, 16h ) O

7a 10a: 93%

Scheme 5.14. Nucleophilic substitution reaction of 7a with piperidine.*®

This reaction is, in fact, a line of study that really interests our research group
due to the various synthetic possibilities of a-aminoketones, and current on-going work
is being focused on studying this family of substrates and their integration in complex
synthetic routes involving the transformation of terminal alkynes using metal-NHC

catalysts.

5.3.3 Oxidation chemistry: synthesis and reactivity of a-ketoaldehydes

Apart from direct nucleophilic substitution reactions in a-iodomethyl ketones,
other synthetic possibilities are accessible for these substrates. Among a variety of
examples, their oxidation to 1,2-dicarbonyl species can be cited as one of the most
common transformations of these and other a-halomethyl ketones present in the

literature. This reaction proceeds through the so-called Kornblum oxidation, first
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reported by Kornblum and co-workers in 1957.'*%° The general reaction consists of the
transformation of primary organic halides into the corresponding aldehydes, in the
presence of DMSO and a base (commonly NEts3) (Scheme 5.15).

S ® o N ’S\ ——— s /S\ ——
R7CX R™ "0 CH, R70"7IGH R,le

R = alkyl, aryl _:
X =Cl, Br, | NEts

Scheme 5.15. Mechanism of the Kornblum oxidation of organic halides.

In the case of a-iodomethyl ketones, the acidity of the a-protons is sufficient for
the oxidation reaction to proceed without the presence of an external base, as reported
by different groups in the course of their oxidation studies.”** As a result, o-
ketoaldehydes can be prepared following this procedure. Indeed, this reactivity has been
acknowledged within our experimental studies by following the method employed by
Chaskar and co-workers in 2015,%* using 1-iodo-2-phenylethanone (7a) as substrate;
upon stirring this compound in DMSO at 110 °C for 30 minutes, almost quantitative
conversion was observed towards phenylglyoxal (11a) (Scheme 5.16). 11a is a yellow
liquid that solidifies upon standing in air, due to the formation of its hydrate. This
compound is less prone to polymerisation or decomposition, and represents the usual
form of handling for this compound. The hydrate can regenerate the 1,2-dicarbonyl
species upon heating, with the hydrated molecule thus acting as sort of a protecting

group (Scheme 5.16).
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0
0 )J\(o
> Ph
ph)l\/l DMSO, 120 °C, 30 min H
7a 11a: 99%
0 . H,0 0 . o)
. —_—
Ph)l\( Ph)]\f H0 = Ph)J}(H
H A H HO" "OH

Scheme 5.16. Kornblum oxidation of 7a for the synthesis of 11a,%* and equilibrium
between its anhydrous and hydrated form.

Phenylglyoxal and other similar derivatives are useful building blocks in
synthesis, further increasing the versatility of a-iodomethyl ketones for the production
of complex organic molecules. For example, 1,2-dicarbonylic compounds are excellent
intermediates for cyclisation chemistry using appropriate 1,2-disubstituted species with
nucleophilic functional groups. A wide variety of transformations using this scaffold are
available in the literature, and it was demonstrated that the efficiency of some of these
reactions is certainly interesting for the preparation of useful organic compounds. First,
7a was reacted with ethylenediamine in the presence of DMSO, promoting cyclisation
to yield the corresponding substituted pyrazine in 70% isolated yield (Scheme 5.17,
top), as reported by Bathula and co-workers in 2014.% The use of other similar species,
such as aminoalcohols, aminothiols or others, can most certainly provide similar
reactive approaches for the preparation of 6-membered-ring heterocycles. Next,
monofunctionalisation reactions at the more reactive aldehyde position were explored.
Interestingly, the literature accounts for some interesting methodologies allowing the
selective derivatisation of the aldehyde group. For example, benzamidine hydrochloride
was used, as reported by Wu and co-workers in 2014, for the expedient access to o-
ketoimides (Scheme 5.17, bottom).?® An example of this reaction was performed in our
laboratories, successfully transforming 7a into the corresponding a-ketoimide

derivative 13a in 85% isoalted yield.
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HzN/\/NHZ (1 equiv.)
K,CO5 (1.2 equiv.) NI N
/ DMSO, 100°C, 16h  ph” ~&N
o 12a: 70%
[
Ph)l\/ NH-HCI o
7a )J\ (1 equiv.) H
\ Ph” ~NH, Ph)HrN\n,Ph
DMSO, 130 °C, 16 h B O O
13a: 85%

Scheme 5.17. Applications of phenylglyoxal in synthesis: direct preparation of
substituted pyrazines and o-ketoimides from 7a.?*%

All presented methodologies are straightforward procedures, providing clean
products after using traditional extraction/washing techniques and purification by
column chromatography. These examples have served to ascertain the interest in
preparing a-iodomethyl ketones as valuable building blocks for the synthesis of
different families of ketone derivatives, further highlighting the efficient methodology

presented in Chapter 4 for their easy preparation from 1-iodoalkynes.

5.4 Sequential chemistry
5.4.1 From terminal alkynes
5.4.1.1 Introduction

With the completed optimisation of several individual reactions using terminal
alkynes as substrates, a valuable approach was discussed to provide further utility to this
work: the inclusion of these reactions in one-pot protocols. This approach basically
represents the integration of each single reaction step into a one-pot procedure allowing
to speed up the synthetic process, minimising the required purification steps and
simplifying the overall synthesis of the involved intermediates for any synthetic
purpose. The various methods presented in this thesis are susceptible to be integrated in
one-pot procedures, and therefore some efforts were dedicated to the study of this

synthetic consideration, with the results presented in the following subchapters.

5.4.1.2 lodination/hydrofluorination chemistry: optimisation studies

Our first line of study concentrated on the optimisation of an
iodination/hydrofluorination/cross-coupling sequence for terminal alkynes, in order to

access trisubstituted (Z)-fluoroalkenes (Figure 5.3). The optimisation of the individual
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steps has been thoroughly described in this thesis (for further details, the Reader is
referred to Chapter 3.3, 4.2.2 and 5.2.2, respectively), with these methods being
preliminarily used in the study of each possible sequence before a three-step protocol

could be studied in-depth.

i) iodination
i) hydrofluorination
iii) Suzuki-Miyaura cross-coupling
Ar—=—H > ° Ar'
4 8

Figure 5.3. Proposed transformation of terminal alkynes (4) into trisubstituted (Z)-
fluoroalkenes (8) using sequential iodination/hydrofluorination/Suzuki-Miyaura cross
coupling reactions.

Initially, the optimisation of an iodination/hydrofluorination protocol was
discussed. The one-pot tandem iodination/hydrofluorination reaction was tested using
phenylacetylene (4a) as substrate, using both optimised reaction setups in a single
vessel. It was hypothesised that this approach could still provide a single stereo- and
regioisomer, since the only clear side product (the product of the direct
hydrofluorination of 4a prior to its iodination) could not be observed in control tests
reacting 4a under the optimised hydrofluorination conditions. Despite this encouraging
obsertvation, after combining all reagents in a single vial and reacting the mixture at 50
°C for 24 h, no expected iodofluoroalkene 6a could be observed, with only partial

conversion to iodoalkyne 5a being witnessed (Scheme 5.18).

[Au(SIPr)(NEt3)][HF ] (3 mol%)

NIS (2 equiv.) F F
NEt,-3HF (3 equiv.), NH,BF, (1.5 equiv.) ©_§
7 N =y » N
— toluene, 50 °C, 24 h H Not observed
4a 6a

Scheme 5.18. Preliminary test for the one-pot iodination/hydrofluorination of 4a.

Nevertheless, this discouraging result did not negate our interest in combining
the individual steps for a faster, cleaner and easier overall synthetic route. Our focus
changed from a one-pot tandem reaction to a one-pot sequential reaction, in which each
reactive step could be performed in the same reaction vessel after complete
consumption of the involved starting material was acknoweledged. Using this approach,
the chances of hampering the involved reactions are lower, thus facilitating a better
overall reactivity. Indeed, after some optimisation, the iodination/hydrofluorination

sequence could be finally used to access 6a from 4a without any intermediate isolation
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of 5a, and the optimisation studies performed to unravel this protocol are summarised in
Table 5.3. 4a was first reacted under the optimised iodination conditions before
NEt;-3HF and NH4BF,; were added to the reaction mixture. Unfortunately, using this
reaction setup did not afford any conversion to 6a, either in the absence (Table 5.3,
Entry 1) or the presence of a fresh charge of the Au(l) catalyst for the second reaction
step (Table 5.3, Entry 2). These observations strongly points to a negative interaction of
NIS with the hydrofluorination system, and therefore a new approach was followed.
Based on the low solubility of this reagent in toluene, a filtration through a small plug of
cotton after the first reaction step allowed an easy removal of most of the excess of NIS
and the related released product (succinimide, see Scheme 3.7). The supernatant could
be then transferred to a clean reaction vessel to perform the hydrofluorination step.
Under these conditions, low conversion towards 6a could finally be obsered (Table 5.3,
Entry 3). The filtration step presented an inconvenience: the retention of the gold
catalyst in the cotton, due to its also low solubility in toluene, which was most probably
causing a low catalytic performance of the hydrofluorination step. To overcome this, a
new charge of [Au(SIPr)(NEt3)][HF,] was re-introduced in the reaction mixture,
obtaining 21% conversion towards 6a (Table 5.3, Entry 4). The requirement for an
excess of NIS in the first reaction step was re-assessed, in order to find another
alternative better fitting with sequential conditions. Satisfyingly, it was found that an
increase of the reaction time to 24 h in step i) allowed the amount of NIS to be reduced
to 1.3 equivalents, maintaining full conversion towards 5a and providing also full
conversion towards 6a when hydrofluorination conditions were thereafter used (Table
5.3, Entry 5).
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Table 5.3. Optimisation of the sequential approach for the conversion of 4a into 6a.

i) [AU(SIPF)(NEts)][HF ] (3 mol%) F
J\_— ,, _NIS(2equiv.) toluene, 50°C, 16 . @—\gﬂ

— i) NEt3-3HF (3 equiv.), NH4BF, (1.5 equiv.) H
4a toluene, 50 °C, 3 h 6a
Entry Reaction conditions Conversion (%)™

1 Optimised conditions 0

2 Step ii: + 3 mol% [Au] 0
After step i: + filtration through

3 7
cotton

4 After step i: + filtration through cotton 21
Step ii: + 3 mol% [Au]
Step i: NIS (1.3 equiv.)

5 Step i: 24 h of reaction time > 99

After step i: + filtration through cotton

Step ii: + 3 mol% [Au]

oI Reaction conditions: i) 4a (0.20 mmol), [Au] (3 mol%), NIS (0.40 mmol),
toluene (0.4 mL), 50 °C, 16 h; ii) NEt3-3HF (0.60 mmol), NH;BF, (0.30 mmol),
toluene (0.5 mL), 50 °C, 3 h. ! Determined by *H NMR (CDClIj as solvent).

Although the filtration step and the reintroduction of the gold catalyst were still
necessary, an excellent 82% isolated yield (based on the starting alkyne) of 6a could be
obtained using these optimised conditions. This value is slightly higher than that
obtained in a stepwise transformation of 4a into 6a (78% over two individual steps),
which certainly shows the great utility of our optimised conditions for fast and efficient
synthesis. In addition, the sequential reaction was scaled up to 5 mmol (starting from
4a), while maintaining a good performance after only increasing the time of step ii) to 4
h (88%, Table 5.4, Entry 1). Other substrates were tested, such as the methoxy- (Table
5.4, Entry 2) or the chloro-derivative (Table 5.4, Entry 3), obtaining equally good
results also after increasing the reaction time by one hour from their respective
optimised times. This showcases the generality of this straightforward sequential

iodination/hydrofluorination procedure, representing a great synthetic step.
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Table 5.4. Examples of sequential iodination/hydrofluorination of terminal alkynes (4)
for the synthesis of fluoroiodoalkenes (6).

F
i) [Au], NIS, toluene, 50 °C, 24 h
7\ ——H - R®_\$7|
RA= i) [Au], NEt3-3HF, NH4BF, toluene, 50 °C

H
4 6
Entry R Product Timeii)  Conversion of 6a (%)™
1 H 3a 3h (4 h) 82 (88%)[!
2 m-OMe 3c 4h 88
3 m-Cl 3] 4h 78

[ Reaction conditions: i) alkyne (0.50 mmol), [Au(SIPr)(NEts)][HF,] (3 mol%),
NIS (0.65 mmol), toluene (1 mL); ii) [Au(SIPr)(NEtg)][HFz][ 53 mol%), NH,BF,
(0.75 mmol), NEts-3HF (1.5 mmol), toluene (1 mL), 50 °C. ! Isolated yields. [! 5
mmol scale in parenthesis.

5.4.1.3 lodination/hydration/functionalisation chemistry: optimisation

studies

The use of a-iodomethyl ketones as intermediates for further functionalisation

has some precedent in the literature,?:**

and therefore the application of sequential
chemistry protocols to this field is not as innovative as in the case of fluoroiodoalkenes.
However, since our hydration protocol is new, no application in reaction sequences for
that particular reaction is available. To the best of our knowledge, all reported examples
transforming terminal alkynes to functionalised ketones via iodoketone intermediates
require the use of oxidants to promote C-O formation; on the other hand, in the
previously described hydration methodology for 1-iodoalkynes, the reaction conditions

for the formation of such bonds are much milder.

It was therefore straightforward to propose the analysis of reaction sequences
including this hydration protocol, which could render ketone synthesis from terminal
alkynes much simpler while requiring less harsh conditions. The preparation of
functionalised  ketones/heterocycles/1,2-dicarbonylic  compounds using further
expansion of the sequence was proposed as a final aim that could have a huge impact in

synthesis (Figure 5.4).
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i) iodination
ii) hydration

(0]
iii) functionalisation o X- Ar
Ar—=——H »Ar—<_ or Ar—<_ ) or o
4 Nuc =X R

Figure 5.4. Proposed transformation of terminal alkynes (4) into ketone derivatives
using sequential iodination/hydration/functionalisation reactions.

Phenylacetylene (4a) and its derivatives were used for the study of the
sequential approaches. First, the discussion of a one-pot iodination hydration required
some attention; however, this setup was disregarded as a suitable strategy, since Au(l)
catalysis is known for also promoting hydration in terminal alkynes, which would
eventually lead to complex mixtures of products. Indeed, when 3 mol% of
[Au(NTf,)(IPr)] was used as catalyst in the presence of 1.1 equivalents of NIS and two
equivalents of H,O, 4a was unselectively converted to a mixture of the hydration
product derived from 4a (acetophenone, 7'a), (iodoethynyl)benzene (5a) and the desired

product (1-iodo-2-phenylethanone, 7a) (Scheme 5.19).

[Au(NTf,)(IPr)] (3 mol%)
NIS (1.1 equiv.)

H,0 (2 equiv.) (o] o
Ph—=—-H » Ph———I| + + H
EtOH (dry), 50 °C, 24 h Ph)l\/ ' Ph)J\/

4a 5a 7a 7'a

Scheme 5.19. One-pot iodination/hydration of 4a using [Au(NTf,)(IPr)] as catalyst.

Although no detailed investigation of this approach was performed, the obtained
results suggested a strong influence of the order of addition of the reagents, with a later
addition of water providing a better selectivity towards 7a. This is in accordance with a
fast iodination taking place in water-free conditions, thus favoring a higher proportion
of 5a for its conversion into 7a. These results clearly pointed to a sequential procedure

being the most optimal approach for this reaction.

In view of this, sequential transformations were considered. This approach
provided a much better approach, since it afforded maximum conversion of 4a into 5a
prior to the hydration step. First, it was discovered that, by simply stirring a reaction
mixture containing 4a, 3 mol% of [Au(NTf,)(IPr)] and 1.1 equivalent of NIS in dry
EtOH at 50 °C, full conversion towards 5a was observed by *H NMR analysis after 24
h. The addition of two equivalents of H,O to this reaction mixture, with stirring at 50 °C
for further 5 h, afforded full conversion towards 7a, which could be isolated via column

chromatography in 79% vyield (with respect to the starting alkyne) (Scheme 5.20).
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i) [Au] (3 mol%), NIS (1.1 equiv.) o
EtOH, 50 °C, 24 h
Ph—=—H )l\/|
ii) H,O (2 equiv.), EtOH, 50 °C, 5 h Ph
4a 7a: 79%

Scheme 5.20. Sequential Au-catalysed iodination/hydration of 4a.

5.4.2 From l-iodoalkynes
5.4.2.1 Hydrofluorination/cross-coupling chemistry: optimisation studies

The feasibility of a hydrofluorination/cross-coupling sequence was studied. Due
to various incompatibilities between the reactivity of the present compounds (for
example, acids and bases), the one-pot reaction was directly discarded. The feasibility
of a sequential reaction was also rejected after our preliminary test acknowledged the
lack of reactivity of the second step under these conditions (Table 5.5, Entry 1) due to
the expected complete neutralisation of the base during the cross-coupling stage by the
remaining NEt;-xHF. An efficient sequential transformation for 5a into 7aa would
therefore require full neutralisation of NEts;-xHF species prior to the cross-coupling
step. Gratifyingly, a very favorable physical characteristic of the reaction mixture in the
hydrofluorination step was key to keep high interest in this reaction: the separation of
the acidic compounds in a secondary organic layer. This allowed the easy separation of
the toluene layer (containing the hydrofluorination product) into a different reaction
vessel for the cross-coupling reaction to be performed. While this approach afforded
some conversion towards the expected species 7aa (Table 5.5, Entry 2), the incomplete
conversion of 6a was most probably due to the presence of some remaining acid in the
toluene phase. Stirring this phase with an excess of K,COj3 provided the best alternative
towards the elimination of any inconvenient species. Although the use of H,O as co-
solvent in this system did still not afford any conversion towards the final product
(Table 5.5, Entry 3), EtOH was a better selection for this step, providing full conversion

of 5a into 7aa in the ulterior cross-coupling step (Table 5.5, Entry 4).
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Table 5.5. Optimisation of the sequential approach for the conversion of 5a into 7aa.

i
i) [Au], NEty-3HF, NH,BF, toluene, 50 °C, 2 h Q \
| v o
<:> ii) [Pd], R'B(OH), K,COj5 toluene/EtOH (1:1), O CHs

50°C, 16 h H
5a Taa
. : . Conversion of 6a
Entry Handling between step i) and ii) (%))
1 None 0
2 + separation from the acidic layer 11

+ separation from the acidic layer
3 + stirring with K,COg3 (5 equiv.), 0
toluene/H,0 (1:1), r.t., 30 minutes

+ separation from the acidic layer
4 + stirring with K,COg3 (5 equiv.), > 99
toluene/EtOH (1:1), r.t., 30 minutes

8] Reaction conditions: i) 5a (0.20 mmol), NEt;-3HF (0.60 mmol), NH,BF, (0.30
mmol), toluene (0.4 mL), 50 °C, 3 h; ii) p-tolylboronic acid (0.40 mmol), [Pd] (2
mol%), K,COs (0.40 mmol), toluene/EtOH (0.8 mL), 50 °C, 16 h. [ Determined
by *F NMR (CDCl; as solvent).

These conditions granted access to 7aa in 84% isolated yield after purification
by column chromatography on silica gel (Scheme 5.21). Such as in the previously
discussed sequence, the obtained final yield of 7aa is higher than that obtained through
the two individual steps (76%), again proving the utility of the sequential use of

functionalisation reactions based on transition metal-NHC complexes.

i) [Au], NEts-3HF, NH,BF, toluene, 50 °C, 2 h F
IN\_— ii) K,CO3, toluene/EtOH (1:1), r.t., 30 min - C
-/ iii) [Pd], RB(OH), K,COj3 toluene/EtOH (1:1), Ha
50°C, 16 h ' ’ H
5a 7aa: 84%

Scheme 5.21. Sequential hydrofluorination/cross-coupling reaction of 5a
iodination/hydrofluorination reactions of terminal alkynes (4).

5.4.2.2 Hydration/functionalisation chemistry: optimisation studies

The next step was to investigate if the hydration reaction could integrate any of
the previously tested functionalisation reactions. Gratifyingly, removal of EtOH under
reduced pressure, after the hydration step, afforded a crude reaction mixture, pure

enough to be used for sequential reactivity. For example, piperidine could be added to
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this reaction mixture; and after stirring at room temperature for 16 h, 88% isolated yield

of the a-aminoketone 10a was obtained (Scheme 5.23).

i) [Au] (2 mol%), H,O o
EtOH (dry), 50 °C, 5 h
Ph——1I - Ph)J\,N

ii) piperidine, r.t., 16 h
5a ypip 10a: 88%

Scheme 5.22. Sequential hydration/nucleophilic substitution of 5a in the presence of
piperidine for the synthesis of a-aminoketone 10a.

Similarly, addition of DMSO to the previously mentioned mixture and stirring at
120 °C for 30 minutes also afforded sequential hydration/oxidation chemistry to take

place, obtaining 90% vyield of phenylglyoxal (11a) (Scheme 5.23).

i) [AU] (2 Mol%), H,0 Q
EtOH (dry), 50 °C, 5 h o
Ph—=—I > Ph
ii) DMSO, 110 °C, 30 min H
5a 11a: 90%

Scheme 5.23. Sequential hydration/Kornblum oxidation of 5a for the synthesis of
phenylglyoxal (11a).

With the sequential access to 11a having being established, the incorporation of
further reactivity was straightfoward. Stirring the reaction crude under the
corresponding reaction conditions used for the individual steps described before (see
Chapter 5.3.3) afforded good to excellent isolated yields for the related products without
any change in the reaction parameters or workup being required. The isolated yields
were in all cases comparable to those of the combined individual steps, reinforcing the

utility of sequential chemistry for this chemistry (Scheme 5.24).

HQN/\/NHZ (1 equiv.)

K,CO5 (1.2 equiv.) N/\
g )I\/N
DMSO, 100 °C, 16 h Ph” \F
. 0,
[AU] (2 Mol%), H,O 0 12a: 70%
Ph——= > )j\/,
5a EtOH (dry), 50 °C, 5 h Ph NH-HCI
(1 equiv.) (0] H
Ph” “NH,
- J\H/N\H,Ph
DMSO, 130 °C, 16h o O
13a: 77%

Scheme 5.24. Sequential hydration/functionalisation of (iodoethynyl)benzene (5a) to
produce ketone derivatives.
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5.4.3 Other reaction sequences: iodination/hydrofluorination/cross-coupling
sequence for terminal alkynes

Finally, we attempted to combine several sequential procedures into one. This
approach was successful for the preparation of 7aa starting directly from 4a. While the
combination of both optimised procedures afforded some conversion towards the final
species, some unreacted intermediate 6a could still be observed. During the
experimental work, a much more turbid organic phase was observed in this three-step
sequence when compared to the previously optimised two-step one, and we therefore
proposed that traces of organic species, salts and others were saturating our organic
phase, reducing the final neutralisation and cross-coupling steps. To circumvent this
problem, the addition of a small amount of water during the neutralisation step proved
an excellent solution for the solubilisation of water-soluble products (salts, acids...)
from the crowded organic phase, and the coupling step could finally be performed
obtaining full conversion towards 7aa, and isolating this product in 61% yield (Scheme
5.25).

i) [Au], NIS, toluene, 50 °C, 24 h F
ii) [Au], NEt3-3HF, NH,BF, toluene, 50 °C, 3 h O
7 N=—y > ) CH
— iii) [Pd], R'B(OH), K,COj3, toluene/EtOH/H,O H 3
(20:10:1), 50 °C, 16 h
4a 7aa: 61%

Scheme 5.25. Sequential Au/Pd-catalysed iodination/hydrofluorination/cross-coupling
reaction of 4a.

With only one purification step to afford the end-product, and obtaining a
comparable yield to that obtained via three individual steps (67%) and with no
selectivity decrease upon using more complex systems, this final sequential reaction

proves its robustness and synthetic value for the chemistry community.

5.5 Conclusions

The preparation of fluorohaloalkenes and a-iodomethyl ketones has opened new
synthetic pathways that have been successfully exploited for the preparation of a
"second generation" of 1-iodoalkyne derivatives. First, a Pd(I1)-NHC complex, [Pd(n3-
cinnamyl)(CI)(IPr)], has been successfully used to optimise two new synthetic methods
to derivatise fluorohaloalkenes. A Suzuki-Miyaura cross-coupling reaction has given

access to stereo- and regiocontrolled trisubstituted (Z)-fluoroalkenes starting from
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fluoroiodoalkenes; on the other hand, a copper-free Sonogashira cross-coupling was
found very wuseful for the preparation of fluorinated enynes starting from
bromofluoroalkenes, with the family of final compounds having no representative in the

literature until now.

On the other hand, the use of a-iodomethyl ketones for further transformation
into useful chemicals has been reproduced for several reported examples. These tests
provided a hint about the reactivity these molecules can access, therefore demonstrating
the high remaining interest in the preparation of such compounds.

Finally, several studies of the combination of all presented and individually
optimised reactions throughout this thesis have been discussed, obtaining new great
sequential methodologies for the preparation of complex fluoroalkene and ketone
derivatives starting from simple and commercially available terminal alkynes. The
sequential transformation of alkynes has only been scarcely explored in the literature,
and only a limited number of reactions have actually been considered within this
context. This observation highlights all this presented work as one of the most extensive
investigations into the development of new sequential methodologies for the fast
functionalisation of terminal alkynes. The utility of transition metal-NHC catalysts for
the coupling of the different sequences without any loss in performance and selectivity
is an outstanding point that should be mentioned. These catalysts have allowed the use
of more simple starting materials, easy between-step handling and good scalability,
excellent reactivity and straightforward isolation of the products.This work goes to
show the outstanding qualities of these sequential procedures. We hope that this work
will help the scientific community in the modern and highly important search for cost-
efficient synthetic protocols.
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The reactions presented in this thesis certainly represent new opportunities for
the synthetic community to functionalise simple building blocks, and it is hoped that the
knowledge discussed hereby can result of great importance for a more extensive

application of transition metal-NHC catalysis in sequential chemistry.

The optimisation of a fluorination protocol for arylsulfonic acids through C-S
cleavage is being continued within our research group. With the latest results showing
an important role of Selectfluor and Au(l) catalysts, our next approaches will be based
in the exploration of suitable oxidation conditions for Au(l) to ascertain the importance
of oxidative/reductive processes. A broader screening of electrophilic fluorinating
sources will be also carried out, in order to further assess its role in the presented
reaction. Testing F-TEDA derivatives, N-fluoropyridinium salts and others, such as 4-
iodotoluene difluoride, will be our next step towards further optimisation of this

reaction (Figure 6.1).

CH; CH;
—_—

H3;C CHj; H3C CH3

ELECTROPHILIC FLUORINATING SOURCES

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

Accufluor + N-fluoropyridinium triflatej : 4-idoitfi|3tct))rlila%ne :

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

! F-TEDADERIVATIVES | | PYRIDINIUMSALTS : i  OTHERS !
: I P E :
5 s o N om- b o
i FN/ONTOH G @ ot P ISp
: = . N* Vo :
E BF4 BF; H II: HEH H,C
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Figure 6.1. Next approaches to be tested in the fluorination of arylsulfonic acids
through C-S cleavage: scope of electrophilic iodinating sources and oxidants.

The utility of the C(sp®)-H fluorination of arylsulfonic acids is also being
investigated. Our preliminary studies of this reaction in other substrates have shown low
to moderate NMR vyields, which indicates that the selection of the substrate is crucial for
an optimal performance of this transformation. Variations of the optimised system and
the use of other substrates are currently being tested in our lab to further expand the

applicability of this method.

The use of 1-iodoalkynes, fluoroiodoketones and a-iodomethyl ketones as

building blocks is naturally not restricted to the reactions that have been presented in
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this thesis (Scheme 6.1). Inspired by this fact, our group is currently discussing three

new synthetic approaches integrating our optimised protocols:

1) The Au-catalysed hydration of fluorinated enynes for the synthesis of fluorinated

a, f-unsaturated ketones (Scheme 6.1, E to L).

2) The synthesis of «,f-unsaturated tricarbonylic compounds from phenylglyoxal
derivatives (Scheme 6.1, H to M).

3) The enantioselective synthesis of a-aminoalcohols using a-iodomethyl ketones
(Scheme 6.1, K to N).

These methodologies will definitely be important acquisitions for synthesis as
individual reactions, and integrating these reactions in sequential synthesis will certainly

be considered.

R

H

A
i ! Work in progress
\ [Aul, NIS

F
R_$\_ [Au], NEts-3HF [Au], H,0 o] amine : O

R | —_— ,

I RJK/I ERJ\/NRR

[Au], H,O
acetone

amine release

— O I
T
=
- M

l DMSO lketone reduction

0 : i OH

Scheme 6.1. Summary of functionalisation reactions of terminal alkynes studied
throughout this thesis, and perspectives for new reactions being currently studied within
our research group.
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7.1 General information

Only the most relevant experimental information is described in this session.
The supporting information contained in the Supporting Data CD provided with this
thesis contains more extensive experimental data, including extra experiments, NMR,

IR and HRMS spectra, as well as other source data of interest.

All glassware was dried overnight in an oven at 80 °C before use. Dry solvents
were obtained from a PureSolv SPS-400-5 solvent purification system. All other
solvents were purchased from commercial sources and used as received.
[Au(NHC)(NEts)][HF].* [Au(NTf,)(NHC)],” [{Au(IPr)}2(u-OH)][BF,],°
[AU(C)(NHC)],*  [Au(OH)(NHC)],>  [Pd(n’-cinnamyl)(CD)(IPr)]° and  [Pd(u-
CICI(IPr)]," were prepared according to reported procedures, with the spectroscopic
data in accordance with the literature. All other substrates and reagents were purchased

from commercial sources and used as received, unless otherwise stated.

Purification by flash column chromatography was performed using silica gel 60
(230-400 mesh). *H, *C-{*H}, *F-{*H}, COSY, HSQC and HMBC Nuclear Magnetic
Resonance (NMR) spectra were recorded on a Bruker AC300 or on a Bruker Avance
400 Ultrashield spectrometer using the residual solvent peak as reference (CDCls: 64 =
7.26 ppm, d¢c = 77.16 ppm) at 298K. Elemental analyses were performed at London
Metropolitan University 166-220, Holloway Road, London, N7 8DB. HMRS analyses
(TOF MS ASAP+) were carried out by the EPSRC National Mass Spectrometry Service
Centre at Swansea University, using the Atmospheric Solids Analysis Probe (XEVO
G2-S ASAP). Infra red spectra (Vmax) Were recorded on a Shimadzu Fourier transform
IR Affinity-1 infrared spectrophotometer using the MIRacle™ single reflection
horizontal ATR accessory from Pike (ANSe single crystal). Only the characteristic

peaks are quoted. Samples were directly placed on the crystal (ATR).

Representative characterisation data is provided for new products. In the case of
already reported products, appropriate references from the literature are provided for the

corresponding methodology and/or characterisation data.
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7.2 Experimental data
7.2.1 Chapter 2

7.2.1.1 Optimisation of the C(sp?)-S fluorination of 2,4,6-trimethylbenzene
sulfonic acid dihydrate (1a).

CH, CH, !
SOzH - 2H,0 [M], Selectfluor F I\ BFf
solvent, T (°C), time o F_N:\/\,Nh\

1a 2a Selectfluor

A 3-mL screwcap vial equipped with a stirring bar was charged with 1a (23.9
mg, 0.10 mmol), the catalyst, Selectfluor and solvent (0.3 mL). The mixture was stirred
in air at the corresponding temperature and time. A freshly prepared solution of 1-
bromo-3-fluorobenzene (0.5 mL, 0.2 M in CDCl3) was then added to the reaction
mixture. The sample was homogeinised, filtered through a small plug of cotton and
analysed by **F-{*H} NMR.

This compound has been reported before and the analytical data match the literature

report.?

7.2.1.2 Synthesis of [Au(OSO,Ar)(NHC)] complexes

e
Ar/NYN\Ar Ar'SOzH (1 equiv.)‘ /E;J
AIU toluene, r.t., 4 h O=$=O
OH Ar'
AuOH Au-X

A 3-mL screwcap vial equipped with a stirring bar was charged with the Au
complex (100 mg), the arylsulfonic acid (1 equiv.) and toluene (1.5 mL). The reaction
mixture was stirred in air at room temperature for 4 h. The white slurry was
concentrated under vacuum to about 1/4 of the total volume, and pentane (1 mL) was
then added. The precipitate was filtered and washed with pentane (3x5 mL), and further

dried under reduced pressure, obtaining the expected complexes.
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[Au(OSO,Ph)(IPF)] (Au-1)

White solid (123 mg, 93% yield)

'H NMR (400 MHz, CDCl5, 298K): & (ppm) = 7.60-7.52 (m, 4H, CHy,), 7.35-7.32 (m,
5H, CHa,), 7.24-7.19 (M, 4H, CHay), 2.50 (sept, Jy.n = 7.2 Hz, 4H, CH(CHa),), 1.31 (d,
3Jhn = 6.4 Hz, 12H, CH(CH3),), 1.23 (d, J.n = 6.7 Hz, 12H, CH(CHs3),).

Bc-{*H} NMR (101 MHz, CDCls, 298K): & (ppm) = 164.4 (s, 1C, Cp,), 145.7 (s, 4C,
Car), 133.8 (s, 2C, Car), 131.1 (s, 1C, CHay), 130.4 (s, 2C, CHay), 128.2 (s, 2C, CHay),
126.4 (s, 2C, CHar), 1245 (s, 4C, CHar), 123.6 (s, 2C, C4 and Cs), 29.0 (s, 4C,
CH(CHz3)y,), 24.5 (s, 4C, CH(CHs),), 24.3 (s, 4C, CH(CHj3),).

Elemental analysis: Calculated - C: 53.37, H: 5.56, N: 3.77 ; found - C: 53.27, H: 5.62,
N: 3.74.

IR (solid): 754, 970, 1153, 1284, 1460, 2960 cm'®

HRMS calcd. for CasHiAuN,OsS [M+H]" 743.2582, found 743.2589 ; calcd. for
CasHa0AUN,O3SNa [M+Na]* 765.24, found 765.24.

[Au(OSO,Tol)(IPr)] (Au-2)
ipr /7 \ ipr
N N N
r Au r
|

0=S5=0

CHj

White solid (126 mg, 92% yield).
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'H NMR (400 MHz, CDCls, 298K, TMS): & (ppm) = 7.55 (t, %Ju.n = 7.8 Hz, 2H,
CHa), 7.40 (d, br, 334 = 6.8 Hz, 2H, CHa/), 7.31 (d, 3Ju.n = 7.8 Hz, 4H, CHa), 7.21
(s, 2H, H4 and Hs), 2.48 (sept, 3341 = 8.0 Hz, 4H, CH(CH3),), 2.32 (s, 3H, Ca-CH3),
1.29 (d, *Jy.4 = 6.8 Hz, 12H, CH(CHs)2), 1.21 (d, *Ji.1 = 7.3 Hz, 12H, CH(CHj3)y).

BC-{*H} NMR (101 MHz, CDCls, 298K): & (ppm) = 164.5 (s, 1C, Cp,), 145.7 (s, 4C,
Car), 140.4 (s, 1C, Ca), 133.8 (s, 2C, Ca/), 131.0 (s, 2C, CHa/), 128.8 (s, 2C, CHay),
126.4 (s, 2C, CHp), 124.5 (s, 4C, CHa/), 123.6 (s, 2C, C4 and Cs), 29.0 (s, 4C,
CH(CHs),), 24.5 (s, 4C, CH(CHj3)y), 24.3 (s, 4C, CH(CHs),), 21.5 (s, 1C, Car-CHs).

This compound has been reported before and the analytical data match the literature

report.®

[Au(OSO;Mes)( IPr)] (Au-3)

White solid (130 mg, 96% yield)

'H NMR (400 MHz, CDCl;, 298K, TMS): & (ppm) = 7.50 (t, ®Js.n = 8.0 Hz, 2H,
CHay), 7.24 (m, 4H, CHp,), 7.17 (s, 2H, H* and H°), 6.65 (s, 2H, CHa/), 2.44 (sept, *Ju.+
= 7.1 Hz, 4H, CH(CHs),), 2.30 (s, 6H, CaCH3), 2.19 (s, 3H, CACH3) 1.24 (d, 3y =
6.9 Hz, 12H, CH(CHs),), 1.18 (d, *Ju.4 = 6.9 Hz, 12H, CH(CHs),).

BC-{*H} NMR (101 MHz, CDCls, 298K): & (ppm) = 164.8 (s, 1C, Cp,), 145.6 (s, 4C,
Ca), 137.7 (s, 1C, Ca), 133.7 (s, 2C, Ca;), 131.0 (s, 2C, Ca), 130.9 (s, 2C, CHa)),
124.4 (s, 4C, CHa), 123.5 (s, 2C, C, and Cs), 28.9 (s, 4C, CH(CHs),), 24.4 (s, 4C,
CH(CHa),), 24.2 (s, 4C, CH(CHj3)2), 23.0 (s, 2C, Ca-CHs), 20.9 (s, 1C, Ca-CHs).

~217 ~



Chapter 7 - Experimental Section

[Au(OSO,Ph)(SIPr)] (Au-4)

White solid (103 mg, 84% yield)

'H NMR (400 MHz, CDCl3 298K, TMS): & (ppm) = 7.49-7.41 (m, 4H, CHa,), 7.31-
7.24 (m, 5H, CHp,), 7.18-7.14 (m, 2H, CHa,), 4.10 (s, 4H, Hy and Hs), 2.98 (sept, 3Ju.4
= 6.8 Hz, 4H, CH(CHs3)), 1.35 (d, *Ju.1s = 6.9 Hz, 12H, CH(CHa),), 1.33 (d, ®J4.n = 6.9
Hz, 12H, CH(CHa),).

BC-{*H} NMR (101 MHz, CDCls, 298K): & (ppm) = 186.8 (s, 1C, C,), 146.7 (s, 4C,
Car), 143.1 (s, 1C, Ca), 133.8 (s, 2C, Car), 130.4 (s, 2C, CHa,), 130.3 (s, 1C, CHa)),
128.2 (s, 2C, CHap,), 126.3 (s, 2C, CHap,), 124.9 (s, 4C, CHa,), 53.5 (s, 2C, C4 and Cs),
29.2 (s, 4C, CH(CHs),), 25.1 (s, 4C, CH(CHy3)y), 24.4 (s, 4C, CH(CHa),).

Elemental analysis: Calculated - C: 53.22, H: 5.82, N: 3.76 ; found - C: 53.05, H: 5.75,
N: 3.84.

IR (solid): 758, 806, 1155, 1273, 1498, 2960 cm™

HRMS calcd. for CssHisAuN,OsS [M+H]" 745.2738, found 745.2737 ; calcd. for
Ca3H42AUN,O3S [M+Na]* 745.26, found 767.26.

[Au(OSO,Ph)(IPrY)] (Au-5)

White solid (102 mg, 84% yield)
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'H NMR (400 MHz, CDCl; 298K, TMS): & (ppm) = 7.60 (t, %Ju.ny = 7.8 Hz, 2H,
CHa), 7.50-7.48 (m, 2H, CHa), 7.35-7.30 (m, 5H, CHa/), 7.20 (m, 2H, CHa,), 2.39
(sept, *Jp.n = 6.9 Hz, 4H, CH(CHa),), 1.30 (d, *Jy.4 = 7.8 Hz, 12H, CH(CHs),), 1.25 (d,
3Jhn = 6.9 Hz, 12H, CH(CHj3)y).

BC-{*H} NMR (101 MHz, CDCls, 298K): & (ppm) = 164.1 (s, 1C, Cp,), 146.2 (s, 4C,
Car), 131.9 (5, 2C, Cay), 131.0 (s, 1C, CHa;), 130.5 (5, 2C, CHay),), 128.2 (s, 2C, CHay),
126.4 (s, 2C, CHp), 124.9 (s, 4C, CHa,), 119.4 (s, 2C, C4 and Cs), 29.4 (s, 4C,
CH(CHs),), 24.6 (s, 4C, CH(CHz)y), 23.7 (s, 4C, CH(CHs)y).

Elemental analysis: Calculated - C: 48.84, H: 4.84, N: 3.45 ; found - C: 48.87, H: 4.87,
N: 3.37.

IR (solid): 759, 804, 966, 1151, 1159, 1294, 2960 cm™

HRMS calcd. for CssH3sAuClN,O3S [M+H]* 811.1802, found 811.1816 ; calcd. for
C33H33AUCI,N,O3SNa [I\/|'*‘Nc’:1]+ 833.16, found 833.16.

[Au(OSO,Ph)(IPr*)] (Au-6)

\Ph /_\ Phé

HsC PhAu Ph—or
0

0=S=0

@

'H NMR (400 MHz, CDCl; 298K, TMS): & (ppm) = 7.70-7.69 (m, 2H, CHp,), 7.24-
7.22 (M, 1H, CHa), 7.19-7.12 (m, 24H, CHp;), 7.10-7.03 (m, 10H, CHp,), 6.86 (m,
12H, CHay), 5.78 (s, 2H, Ha and Hs), 5.18 (s, 4H, CHPh,), 2.27 (s, 6H, CHa).

White solid (103 mg, 92% yield)

BC-{'H} NMR (101 MHz, CDCl3, 298K): & (ppm) = 177.1 (s, 1C, Cy), 164.1 (s, 1C,
Car), 143.1 (s, 4C, Ca), 142.1 (s, 4C, Ca), 141.0 (s, 4C, Cp,), 140.5 (s, 2C, Ca), 133.5
(s, 2C, Car), 130.4 (s, 4C, CHa), 130.3 (s, 2C, CHa/), 129.8 (s, 8C, CHa,), 129.4 (s, 8C,
CHar), 128, 8 (s, 8C, CHa/), 128.5 (s, 8C, CHar), 128.1 (s, 4C, Cp,), 126.9 (s, 4C, Cay),
126.5 (s, 4C, Ca), 123.6 (s, 2C, C4 and Cs), 51.4 (s, 4C, CHPhy), 22.1 (s, 2C, CHs).
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Elemental analysis: Calculated - C: 71.08, H: 4.85, N: 2.21 ; found - C: 70.89, H: 4.66,
N:2.31

IR (solid): 759, 970, 1163, 1282, 1446, 1492, 3647 cm™

HRMS calcd. for C7sHgiAuUN,O5S [M+H]" 1267.4147, found 1267.4127 ; calcd. for
CzsHeoAUN,O3SNa [M+Na]® 1289.40, found 1289.39 ; calcd. for CggHs/N,
[IPr*+H]" 913.45, found 913.45. Weak signals were obtained for these fragments (see
Supporting Data CD - Chapter 2/Au-6/HRMS).

7.2.1.3 Optimisation of the sequential C(sp®)-H fluorination/oxidative cyclisation
of 2,4,6-trimethylbenzenesulfonic acid dihydrate (1a).

[M] (5 mol%) CHs o

CHs Selectfluor (2 equiv.) S”O
SO3H -2H,0 base he)
solvent, T (°C), time HsC
H3C CH3 F
1a 3a

A 3-mL screwcap vial equipped with a stirring bar was charged with 1a (24.4
mg, 0.10 mmol), Selectfluor (71.1 mg, 0.20 mmol, 2 equiv.), base and solvent (0.2 mL).
The sample was stirred in air at the appropriate temperature and time. A freshly
prepared solution of 1-bromo-3-fluorobenzene (0.5 mL, 0.2 M in CDCl3) was then
added to the reaction mixture. The sample was homogeinised, filtered through a small
plug of cotton and analysed by **F-{*H} NMR. CH,Cl, (5 mL) and H,O (5 mL) were
added to the reaction mixture, and the organic layer was separated. The aqueous layer
was further extracted with CH,Cl, (3x5 mL), and the organic phases were gathered,
dried over anhydrous MgSO, and concentrated under reduced pressure, obtaining the
title compound as a white solid.

'H NMR (400 MHz, CDCl; 298K, TMS): & (ppm) = 7.03 (d, “Jur = 5.9 Hz, 1H,
CHay), 5.40 (s, 2H, CH,), 2.52 (s, 3H, CH3), 2.37 (s, 3H, CHa).

BC-{'H} NMR (101 MHz, CDCls, 298K): & (ppm) = 159.8 (d, *Jc.r = 248.8 Hz, 1C,
C-F), 132.3 (d, 2Jc.r = 20.0 Hz, 1C, Ca/), 130.1 (d, %Jc.r = 3.2 Hz, 1C, Ca/), 122.7 (d,
3Jc.r = 5.2 Hz, 1C, CHpy), 121.2 (d, 2Jcr = 23.2 Hz, 1C, Ca/), 70.2 (5, 1C, Car), 29.8 (5,
1C, CHy,), 15.7 (d, ®Jc.r = 4.4 Hz, 1C, CHs3), 10.0 (d, *Jc.r = 3.6 Hz, 1C, CHj).

BE{*H} NMR (377 MHz, CDCl; 298K): & (ppm) = -118.9 (s, 1F, C-F).
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7.2.1.4 Optimised C(sp®)-H fluorination of 2,4,6-trimethylbenzene sulfonic acid
(1a).

CHs s
. SOzH
/@[SO3H 2H,0 Selectfluor (2 equiv.)
>
HaC CH, n-BuOH/H,0 (7:3), 40 °C, 20 h HsC CHs
F
1a 3'a

A 3-mL screwcap vial equipped with a stirring bar was charged with la (120
mg, 0.50 mmol), Selectfluor (373 mg, 1.00 mmol, 2 equiv.), n-butanol (1.1 mL) and
water (0.4 mL). The mixture was stirred in air at 40 °C for 20 h. The mixture was
concentrated under reduced pressure, and CH,Cl; (2 mL) were added to the residue, and
the sample was filtered through a plug of cotton. The operation was repeated twice with
the crude residue. The gathered organic phases were concentrated under reduced
pressure. H,O (0.3 mL) was added and the sample was again concentrated under

reduced pressure. This operation was repeated twice, obtaining 3'a as a brownish oil.

'H NMR (400 MHz, CDCl; 298K, TMS): & (ppm) = 10.3 (s, bs, SOzH), 6.73 (d, *Jur
= 4.0 Hz, 1H, CHay), 2.35 (s, 3H, CHs), 2.28 (s, 3H, CHs), 2.17 (s, 3H, CH3).

BC-{*H} NMR (101 MHz, CDCl3, 298K): & (ppm) = 157.9 (d, *Jn.r = 242.2 Hz, 1C,
C-F), 136.7 (s, bs, 1C, Cay), 132.5 (d, “Jc.r = 4.0 Hz, 1C, Ca-CH3), 132.4 (d, *Jcr = 4.9
Hz, 1C, CHa,), 127.9 (d, 2.k = 19.8 Hz, 1C, Ca-CHs), 124.8 (d, 2Jcr = 18.4 Hz, 1C,
Car-CHa), 22.2 (s, 1C, CHs), 14.8 (d, ®Jc.r = 3.6 Hz, 1C, CH3), 12.4 (d, *Jc.r = 7.7 Hz,
1C, CHy).

BE_{*H} NMR (377 MHz, CDCl; 298K): & (ppm) = -120.1 (s, 1F, C-F).

7.2.2 Chapter 3
7.2.2.1 Au-catalysed iodination of terminal alkynes

[Au(SIPr)(NEt3)][HF ] (3 mol%) !
NIS (2 equiv.) '

toluene, 50 °C, 15 h

P
Il
T
Pyl
Il
(@]
C
@)

N-iodosuccinimide
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A 3-mL screwcap vial equipped with a stirring bar was charged with
[Au(SIPr)(NEt3)][HF,] (10.9 mg, 15.0 umol, 3 mol%), N-iodosuccinimide (237 mg,
1.00 mmol, 2 equiv.), toluene (0.5 mL) and the terminal alkyne (0.50 mmol). The vial
was briefly flushed with Ny, and the reaction mixture was stirred at 50 °C for 15 h. The
reaction crude was purified by column chromatography (SiO,), obtaining the expected

compounds.

(lodoethynyl)benzene (5a)

{ =i

The general procedure afforded the title compound after column chromatography (SiO»,

pentane), as a pale yellow oil (203 mg, 89%).

'H NMR (400 MHz, CDCl; 298K, TMS): & (ppm) = 7.46-7.40 (m, 2H, CHa), 7.34-
7.29 (M, 3H, CHa).

BC-{*H} NMR (101 MHz, CDCls, 298K): & (ppm) = 132.5 (s, 2C, CHa/), 128.9 (s, 1C,
CHay), 128.4 (s, 2C, CHa), 123.5 (s, 1C, Cay), 94.3 (s, 1C, C=CI), 6.3 (s, 1C, C-1).

This compound has been reported before and the analytical data match the literature

report.'°

1-(lodoethynyl)-4-methoxybenzene (5b)

MeO—@%I

The general procedure afforded the title compound after column chromatography (SiO»,
hexane:AcOEt, 8:2), as a yellow solid (108 mg, 84%).

'H NMR (400 MHz, CDCl; 298K, TMS): § (ppm) = 7.37 (d, *Jq.s = 7.8 Hz, 2H,
CHay), 6.82 (d, 334 = 8.2 Hz, 2H, CHa,), 3.80 (s, 3H, OCHs).

BC-{'H} NMR (101 MHz, CDCls, 298K): & (ppm) = 160.1 (s, Car), 133.9 (s, 2C,
CHar), 115.7 (s, Car), 114.0 (s, 2C, CHa/), 94.1 (s, 1C, C=CI), 55.4 (s, 1C, OCHs), 3.9
(s, 1C, C-I).

This compound has been reported before and the analytical data match the literature

report.*
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1-(lodoethynyl)-3-methoxybenzene (5c)

Y

The general procedure afforded the title compound after column chromatography (SiO»,
hexane:AcOEt, 9:1), as a pale yellow solid (126 mg, 98%).

'H NMR (400 MHz, CDCl; 298K, TMS): & (ppm) = 7.21 (t, *Ju.n = 8.0 Hz, 1H,
CHar), 7.03 (d, 31 = 8.0 Hz, 1H, CHa,), 7.03 (d, 3J = 8.0 Hz, 1H, CHa,), 6.95 (br, s, 1H,
CHay), 6.88 (dd, 2Jy.4 = 8.0 Hz, “J4. = 2.5 Hz, 1H, CHay), 3.79 (s, 3H, OCHy).

BC-{*H} NMR (101 MHz, CDCl3, 298K): & (ppm) = 159.3 (s, 1C, C-OCHs), 129.4 (s,
1C, CHay), 125.0 (s, 1C, CHap,), 124.4 (s, 1C, Ca), 117.2 (s, 1C, CHa/), 115.7 (s, 1C,
CHay), 94.2 (s, 1C, C=CI), 55.4 (s, 1C, OCHs3), 6.2 (s, 1C, C-I).

This compound has been reported before and the analytical data match the literature

report.'?

1-(lodoethynyl)-2-methoxybenzene (5d)

Ao

The general procedure afforded the title compound after column chromatography (SiO»,
hexane:AcOEt, 9:1), as a yellow oil (52 mg, 40%).

'H NMR (400 MHz, CDCl; 298K, TMS): & (ppm) = 7.40 (dd, “Jp.n = 1.6 Hz, iy =
7.6 Hz, 1H, CHa), 7.29 (td, “Ju = 1.6 Hz, 23y = 8.0 Hz, 1H, CHap,), 6.86-6.91 (m,
2H, CHa,), 3.88 (s, 3H, OCHy).

BC-{*H} NMR (101 MHz, CDCl3, 298K): & (ppm) = 161.1 (s, 1C, C-OCHs), 134.5 (s,
1C, CHay), 130.4 (s, 1C, CHa), 120.4 (s, 1C, CHay), 112.7 (s, 1C, Ca,), 110.7 (s, 1C,
CHar), 90.5 (s, 1C, C=CI), 55.9 (s, 1C, OCHs), 9.4 (s, 1C, C-1).

This compound has been reported before and the analytical data match the literature

report.'?
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1-(lodoethynyl)-4-methylbenzene (5ea)

Hﬁ—@%l

The general procedure afforded the title compound after column chromatography (SiO»,

hexane), as a yellow oil (113 mg, 93%).

'H NMR (400 MHz, CDCl; 298K, TMS): & (ppm) = 7.32 (d, *Ju.n = 7.5 Hz, 2H,
CHa), 7.10 (d, 3344 = 6.0 Hz, 2H, CHa,), 2.34 (s, 3H, Ar-CHs).

BC-{*H} NMR (101 MHz, CDCl3, 298K): & (ppm) = 139.1 (s, 1C, Ca/), 132.3 (s, 2C,
CHar), 129.1 (s, 2C, CHa/), 120.5 (s, 1C, Ca/), 94.4 (s, 1C, C=CI), 21.7 (s, 1C, Ar-CHj),
5.1 (s, 1C, C-1).

This compound has been reported before and the analytical data match the literature

report.'?

1-(Bromoethynyl)-4-methylbenzene (5eb)

The general procedure afforded the title compound after column chromatography (SiO»,
pentane), as a yellow liquid (88 mg, 90%).

'H NMR (400 MHz, CDCl; 298K, TMS): & (ppm) = 7.33 (d, 2H, *Jy.n = 7.8 Hz,
CHar), 7.11 (d, 2H, 3344 = 7.8 Hz, CHay), 2.34 (s, 3H, C-CHs).

BC-{*H} NMR (101 MHz, CDCl3, 298K): & (ppm) = 139.0 (s, 1C, Ca,), 132.0 (s, 2C,
CHar), 129.2 (s, 2C, CHar), 119.8 (s, 1C, Ca), 80.3 (s, 1C, C=CBr), 48.9 (s, 1C, CBr),
21.7 (s, 1C, Ar-CHj).

This compound has been reported before and the analytical data match the literature

report.*®

1-(lodoethynyl)-3-methylbenzene (5fa)
@%I
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The general procedure afforded the title compound after column chromatography (SiO»,

hexane), as a yellow oil (110 mg, 91%).

'H NMR (400 MHz, CDCl3 298K, TMS): & (ppm) = 7.22-7.25 (m, 2H, CHa,), 7.19 (t,
33 = 7.5 Hz, 1H, CHay), 7.11-7.13 (m, 1H, CHay), 2.31 (s, 3H, Ar-CHa).

BC-{'H} NMR (101 MHz, CDCls, 298K): & (ppm) = 138.1 (1C, Cp), 133.0 (1C,
CHar), 129.8 (1C, CHay), 129.5 (1C, CHa,), 128.2 (1C, CHa/), 123.3 (1C, Ca), 94.4
(1C, C=CI), 21.3 (1C, Ar-CHs), 5.7 (1C, C-I).

This compound has been reported before and the analytical data match the literature

report.*®

1-(Bromoethynyl)-3-methylbenzene (5fb)

.

The general procedure optimized for 1-bromoalkynes was employed, and afforded the
title compound after column chromatography (SiO,, pentane), as a pale yellow oil (88
mg, 90%).

'H NMR (400 MHz, CDCls, 298K, TMS): & (ppm) = 7.27-7.24 (m, 2H, CHp), 7.21-
7.13 (M, 2H, CHay), 2.32 (s, 3H, Ar-CHs).

BC-{'H} NMR (101 MHz, CDCls;, 298K): & (ppm) = 138.2 (1C, Cp), 132.7 (1C,
CHar), 129.7 (1C, CHay), 129.2 (1C, CHay), 128.4 (1C, CHa,), 122.6 (1C, Cp,), 80.3
(1C, C=CBr), 49.4 (1C, C-Br), 21.3 (1C, Ar-CHy).

This compound has been reported before and the analytical data match the literature

report.*®

4-(tert-Butyl)-1-(iodoethynyl)benzene (5g)

tBu—@%l

The general procedure afforded the title compound after column chromatography (SiO»,
hexane), as a white solid (116 mg, 82%).
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'H NMR (400 MHz, CDCl; 298K, TMS): & (ppm) = 7.31-7.38 (m, 4H, CHa,), 1.30 (s,
9H, C(CH3)s).

BC-{*H} NMR (101 MHz, CDCls, 298K): & (ppm) = 152.3 (s, 1C, Car), 132.2 (s, 2C,
Car), 125.4 (s, 2C, Ca), 120.5 (5, 1C, Car), 94.4 (s, 1C, C=CI), 35.0 (s, 1C, C(CHs)s3),
31.3 (s, 3C, C(CHa)s), 5.0 (s, 1C, C-).

This compound has been reported before and the analytical data match the literature

report.'°

4-Fluoro-1-(iodoethynyl)benzene (5h)

=1

The general procedure afforded the title compound after column chromatography (SiO»,

pentane), as a yellow oil (103 mg, 84%).

'H NMR (400 MHz, CDCl; 298K, TMS): & (ppm) = 7.41 (m, 2H, CHar), 7.00 (t, *Jus
= 8.6 Hz, 2H, CHa).

BC-{*H} NMR (101 MHz, CDCls, 298K): & (ppm) = 162.4 (d, “Jc.r = 250.4 Hz, 1C, C-
F), 134.4 (d, *Jc.r = 8.5 Hz, 2C, CHay), 119.6 (d, “Jc.r = 3.4 Hz, 1C, Ca/), 115.7 (d, “Jc¢
= 22.2 Hz, 2C, CHa), 93.1 (s, 1C, C=CI), 6.1 (s, 1C, C-1).

YE-{*H} NMR (377 MHz, CDCl; 298K): & (ppm) = -109.7 (s, 1F, C-F).

This compound has been reported before and the analytical data match the literature

report.**

3-Fluoro-1-(iodoethynyl) benzene (5i)

e

The general procedure afforded the title compound after column chromatography (SiO,,

pentane), as an orange oil (98 mg, 80%).

'H NMR (400 MHz, CDCl; 298K, TMS): & (ppm) = 7.19-7.31 (m, 2H, CHa,), 7.10-
7.14 (m, 1H, CHay), 7.00-7.07 (m, 1H, CHa).
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BC-{*H} NMR (101 MHz, CDCls, 298K): & (ppm) = 162.3 (d, *Jc.r = 246.9 Hz, 1C, C-
F), 129.9 (d, *Jc.r = 8.5 Hz, 1C, CHa,), 128.4 (d, *Jc.r = 3.0 Hz, 1C, CHa,), 125.2 (d,
3Jc.e = 9.5 Hz, 1C, Ca), 119.3 (d, 2Jcr = 22.9 Hz, 1C, CHay), 116.4 (d, 2Jcr = 21.2 Hz,
1C, CHar), 92.9 (d, *Jc.r = 3.3 Hz, 1C, C=CI), 8.3 (s, 1C, C-1).

BE{*H} NMR (377 MHz, CDCl; 298K, TMS): & (ppm) = -112.5 (s, 1F, CF).

This compound has been reported before and the analytical data match the literature

report.’®

3-Chloro-1-(iodoethynyl)benzene (5j)

o

The general procedure afforded the title compound after column chromatography (SiO»,

hexane), as a yellow oil (125 mg, 95%).

'H NMR (400 MHz, CDCl3 298K, TMS): & (ppm) = 7.41 (t, “Ju.y = 1.7 Hz, 1H,
CHar), 7.29-7.32 (m, 2H, CHa/), 7.21-7.25 (m, 1H, CHa,).

BC-{*H} NMR (101 MHz, CDCls, 298K): & (ppm) = 134.2 (s, 1C, Cp,), 132.4 (s, 1C,
CHar), 130.6 (s, 1C, CHar), 129.6 (s, 1C, CHa), 129.3 (s, 1C, CHay), 125.1 (s, 1C, Ca),
92.8 (s, 1C, C=CI), 8.5 (s, 1C, C-1).

This compound has been reported before and the analytical data match the literature

report.'®

1-iodoethynyl-3,5-bis(trifluoromethyl)benzene (5k)

Q%.

FsC

The general procedure afforded the title compound in 24 h after column

chromatography (SiO,, pentane), as a yellow oil (147 mg, 81%).

'H NMR (400 MHz, CDCls, 298K, TMS): & (ppm) = 7.87 (s, bs, 2H, CHay), 7.81 (s,
bs, 1H, CHay).
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BC-{*H} NMR (101 MHz, CDCls, 298K): & (ppm) = 132.4 (q, 3Jc.r = 2.9 Hz, 2C,
CHay), 132.1 (q, “Jc.r = 33.8 Hz, 2C, Ca/), 125.7 (s, 1C, Ca/), 123.0 (q, “Jc.r = 272.9 Hz,
2C, CF3), 122.3 (sept, *Jc.r = 3.8 Hz, 1C, CHa), 91.3 (s, 1C, C=CI), 12.7 (1C, C-I).

YE_{!'H} NMR (377 MHz, CDCl; 298K, TMS): & (ppm) = -63.2 (s, 6F, CF5)
HRMS calcd. for CoH-I [M]* 363.9184, found 363.9183.

1,4-Bis(iodoethynyl)benzene (51)

The general procedure using 6 mol% of catalyst afforded the title compound after
column chromatography (SiO,, hexane), as a white solid (159 mg, 84%).

'H NMR (400 MHz, CDCl; 298K, TMS): & (ppm) = 7.36 (s, 4H, CHay)

BC-{*H} NMR (101 MHz, CDCls, 298K): & (ppm) = 132.3 (s, 4C, CHa/), 123.9 (s, 2C,
Car), 93.7 (s, 2C, C=CI), 9.2 (s, 2C, C-I).

This compound has been reported before and the analytical data match the literature

report.*®

3-Phenyl-1-iodo-1-propyne (5m)

o

The general procedure afforded the title compound after column chromatography (SiO»,

pentane), as a yellow oil (73 mg, 60%).

'H NMR (400 MHz, CDCls, 298K, TMS): & (ppm) = 7.35-7.30 (m, 4H, CHay), 7.26-
7.23 (M, 1H, CHay), 3.77 (s, 2H, CH,).

BC-{*H} NMR (101 MHz, CDCls, 298K): & (ppm) = 136.0 (s, 1C, CHa,), 128.6 (s, 2C,
CHar), 127.9 (s, 2C, CHar), 126.8 (s, 1C, Ca/), 92.0 (s, 1C, C=CI), 27.1 (s, 1C, CHy), -
4.1 (s, 1C, C-1).
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HRMS calcd. for CoH-1 [M]* 241.9593, found 241.9599.

7.2.2.2 Synthesis of Au(l)-NHC catalytic intermediates: [Au(C=CPh)(IPr)] (D)
and [Au(succinimide)(IPr)] (E).

iPpr [T\ ipr
- oY
Jpr N_N’Pr . Pr Ay Pr
LY i —
Pr au Pre Il

I r toluene, rt., 6 h >
OH Ph
[Au(OH)(IPr)] [Au(C=CPh)(IPr)]

A 3-mL screwcap vial equipped with a stirring bar was charged with
[Au(OH)(IPr)] (100 mg, 0.17 mmol), 4a (19 uL, 0.18 mmol, 1.03 equiv.) and toluene
(0.5 mL). The mixture was stirred in air at room temperature for 6 h. The solvent was
removed under reduced pressure, and pentane (2 mL) was then added. The precipitate
was recovered by filtration and washed with pentane (3x10 mL), obtaining D as a white
solid (103 mg, 91% yield).

'H NMR (400 MHz, CDCl;, 298K, TMS): & (ppm) = 7.49 (t, *Ju.n = 7.9 Hz, 2H,
CHa), 7.30-7.28 (m, 6H, CHpy), 7.12-7.02 (m, 5H, CHar + Hy and Hs), 2.61 (sept, Ju.+
= 6.8 Hz, 4H, CH(CHa),), 1.38 (d, *Ju.4 = 6.9 Hz, 12H, CH(CHj3),), 1.22 (d, *Jp.n = 6.9
Hz, 12H, CH(CHa),).

BC-{*H} NMR (101 MHz, CDCls, 298K): & (ppm) = 191.1 (s, 1C, Cy), 145.7 (s, 4C,
Car), 134.5 (s, 2C, Car), 132.4 (s, 2C, CHarpn), 130.6 (s, 2C, C4 and Cs), 129.4 (s, 1C,
Carpn), 127.6 (5, 2C, CHarpr), 126.1 (s, 1C, C=C-Au), 125.8 (s, 1C, CHarpp), 124.3 (s,
4C, CHpy), 123.3 (s, 2C, CHay), 103.8 (s, 1C, C=C-Au), 28.9 (s, 4C, CH(CHa),), 24.8
(s, 4C, CH(CHs),), 24.2 (s, 4C, CH(CHs),).

This compound has been reported before and the analytical data match the literature

report.'’
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p

H r
P o< Y \@
@/ \© 'Pr Au Pr’
ipr
Pr Au Pr toluene, r.t., 3 h ov

[Au(OH)(IPr)] [Au(succinimide)(IPr)]

A 3-mL screwcap vial equipped with a stirring bar was charged with
[Au(OH)(IPr)] (100 mg, 0.17 mmol), succinimide (17.2 mg, 0.17 mmol, 1.02 equiv.)
and toluene (0.5 mL). The mixture was stirred in air at room temperature for 3 h. The
solvent was removed under reduced pressure, and pentane (2 mL) was then added. The
precipitate was recovered by filtration and washed with cold H,O (2x1 mL) and pentane
(3x10 mL), obtaining E as a white solid (108 mg, 95% vyield).

'H NMR (400 MHz, CDCl3, 298K, TMS): & (ppm) = 7.49 (t, ®Jun = 7.8 Hz, 2H,
CHar), 7.29 (d, *J4.1s = 8.2 Hz, 4H, CHa/), 7.19 (s, 2H, H4 and Hs), 2.57 (sept, *Ju.y =
7.0 Hz, 4H, CH(CHs)), 2.33 (s, 4H, CHy), 1.39 (d, *Ju. = 6.8 Hz, 12H, CH(CHs)y),
1.23 (d, 3J4.n = 6.9 Hz, 12H, CH(CHa)y).

BC-{"H} NMR (101 MHz, CDCls, 298K): & (ppm) = 188.1 (s, 1C, C,), 177.2 (s, 2C,
C=0), 145.9 (s, 4C, Car), 134.1 (s, 2C, Car), 130.7 (s, 2C, CHapy), 124.3 (s, 4C, CHay),
1232 (s, 2C, C4 and Cs), 31.6 (s, 2C, CHy), 29.0 (s, 4C, CH(CHa),), 24.5 (s, 4C,
CH(CHa),), 24.2 (s, 4C, CH(CHy)y).

Elemental analysis: Calculated - C: 54.46, H: 5.90, N: 6.15 ; found - C: 54.40, H: 5.92,
N: 6.21.

IR (solid): 1228, 1346, 1456, 1471, 1651, 2960 cm™

HRMS calcd. for CaHapAUN3O, [M+H]" 684.2864, found 684.2867 ; calcd. for
C31H3gAuN3;O,Na [M+Na]+ 706.27, found 706.27.
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7.2.3 Chapter 4
7.2.3.1 Au-catalysed hydrofluorination of 1-iodoalkynes

[Au(SIPr)(NEts)][HF 5] (3 mol%) F
NEt,-3HF (3 equiv.) Ar4§_
NH4BF, (1.5 equiv.
Y 4BF4 ( quiv.) » [
toluene, 50 °C H
5 6

A 2-mL plastic screwcap vial equipped with a stirring bar was charged with the
substrate (0.50 mmol), [Au(SIPr)(NEt3)][HF,] (10.9 mg, 15.0 umol, 3 mol%), NH,BF,
(81.0 mg, 750 pmol, 1.5 equiv.) and toluene (1.00 mL). NEt;-3HF (0.25 mL, 1.50
mmol, 3 equiv.) was added dropwise while stirring. The vial was briefly flushed with
N,, and the reaction mixture was stirred at 50 °C for the specified time. The conversion
was monitored by *H NMR (CDClIs). After full conversion of the starting material, the
crude mixture was purified by column chromatography (SiO,).

(2)-2-Fluoro-1-iodo-2-phenylethene (6a)

F
O
H

The general procedure afforded the title compound in 2 h after column chromatography

(SiO,, pentane), as a yellow oil (109 mg, 88 %).

'H NMR (400 MHz, CDCl; 298K, TMS): & (ppm) = 7.53-7.50 (m, 2H, CHp,), 7.40-
7.37 (M, 3H, CHay), 6.09 (d, *Ji.r = 36.0 Hz, 1H, CHyiny).

BC-{*H} NMR (101 MHz, CDCls, 298K): & (ppm) = 163.2 (d, }Jc.r = 252.2 Hz, 1C, C-
F), 130.9 (d, 2Jc.r = 29.0 Hz, 1C, Ca;), 130.0 (s, 2C, CHa/), 128.8 (s, 1C, CHp,), 124.8
(d, ®Jcr = 6.1 Hz, 2C, CHa,), 53.6 (d, 2Jc.r = 29.0 Hz, 1C, CHyiny).

F-{"H} NMR (377 MHz, CDCl3 298K): & (ppm) = -90.0 (s, 1F, C-F).

This compound has been reported before and the analytical data match the literature

report.'
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(2)-2-Fluoro-1-iodo-2-(3-methoxyphenyl)ethene (6¢)

The general procedure afforded the title compound in 3 h after column chromatography
(SiO,, pentane:AcOEt, 9:1), as a yellow oil (126 mg, 91%).

IH NMR (400 MHz, CDCl; 298K, TMS): & (ppm) = 7.31-7.26 (m, 1H, CHa,), 7.11-
7.09 (m, 1H, CHa,), 7.03-7.02 (M, 1H, CHa,), 6.93 (m, 2H, CHay), 6.08 (d, *Jus = 34.3

BC-{*H} NMR (101 MHz, CDCl3, 298K): & (ppm) = 163.0 (d, *Jc.r = 252.3 Hz, 1C, C-
F), 159.8 (d, “Jc.r = 1.8 Hz, 1C, Cp,), 132.2 (d, *Jc.r = 28.9 Hz, 1C Ca), 129.9 (d, *Jc.r
= 1.2 Hz, 1C, CHa), 117.3 (d, 3Jc.r = 6.2 Hz, 1C, CHa/), 115.7 (s, 1C, CHap,), 110.2 (d,
3JcF=6.4 Hz, 1C, CHay), 55.5 (5, 1C, O-CHs), 53.9 (d, “Jc.r = 29.1 Hz, 1C, CHyiny).

PF_{'H} NMR (377 MHz, CDCls, 298K): & (ppm) = -89.5 (s, 1F, C-F)

HRMS calcd. for CsHgFIO [M]* 277.9598, found 277.9603

(2)-2-Fluoro-1-iodo-2-(4-methylphenyl)ethene (6ea)

F

H

The general procedure afforded the title compound in 2 h after column chromatography
(Si0,, pentane), as a white solid (107 mg, 82%).

'H NMR (400 MHz, CDCls, 298K, TMS): & (ppm) = 7.40 (dt, *Jun = 8.4 Hz, *Jnr =
2.0 Hz, 2H, CHay), 7.17 (M, 2H, CHay), 5.99 (d, *Ju = 34.6 Hz, 1H, CHyiny), 2.35 (s,
3H, C-CHy).

BC-{*H} NMR (101 MHz, CDCls, 298K): & (ppm) = 163.3 (d, *Jc.r = 251.8 Hz, 1C, C-
F), 140.2 (s, 1C, Ca), 129.5 (d, “Jc.r = 1.0 Hz, 2C, CHp,), 128.3 (d, 2Jcr = 29.2 Hz, 1C,
Car), 124.7 (d, *Jcr = 6.1 Hz, 2C, CHay), 52.4 (d, *Jc¢ = 29.2 Hz, 1C, CHyiny), 21.5 (s,
1C, CHy).
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BE{*H} NMR (377 MHz, CDCl; 298K): & (ppm) = -89.8 (s, 1F, C-F).
This compound has been reported before and the analytical data match the literature

report.™®

(2)-1-Bromo-2-fluoro-2-(4-methylphenyl)ethene (6eb)

F
H5;C

H

The general procedure afforded the title compound in 2 h after column chromatography
(SiOy, pentane), as a white solid (90 mg, 84%).

'H NMR (400 MHz, CDCl; 298K, TMS): & (ppm) = 7.38 (m, 2H, CHa), 7.19 (d, %341
n = 8.1 Hz, 2H, CHay), 6.05 (d, *Ju.r = 27.8 Hz, 1H, CHyiny), 2.36 (s, 3H, C-CHs).

BC-{*H} NMR (101 MHz, CDCls, 298K): & (ppm) = 159.8 (d, *Jc.r = 253.8 Hz, 1C, C-
F), 140.2 (s, 1C, Cay), 129.6 (s, 2C, CHa/), 128.0 (d, 2c.r = 27.5 Hz, 1C, Cp/), 124.4 (d,
3JcF=6.0 Hz, 2C, CHay), 83.9 (d, “Jcr = 24.3 Hz, 1C, CHyiny), 21.5 (s, 1C, CH).

PF-{'"H} NMR (377 MHz, CDCl; 298K): 3 (ppm) = -104.4 (s, 1F, C-F).
This compound has been reported before and the analytical data match the literature

report.'®

(2)-1-Bromo-2-fluoro-2-(3-methylphenyl)ethene (6fb)

The general procedure afforded the title compound in 2 h after column chromatography

(SiO,, pentane), as a yellow oil (97 mg, 90%).

'H NMR (400 MHz, CDCl; 298K, TMS): & (ppm) = 7.30-7.25 (m, 3H, CHa,), 7.22-
7.20 (M, 1H, CHay), 6.10 (d, *Jnr = 27.9 Hz, 1H, CHyinyl), 2.38 (s, 3H, CHy).

BC-{*H} NMR (101 MHz, CDCls 298K): & (ppm) = 159.8 (d, *Jc.r = 253.1 Hz, 1C, C-
F), 138.7 (d, “Jc.r = 1.5 Hz, 1C, Ca), 130.8 (s, 1C, CHAr), 130.7 (d, 2Jc.r = 27.1 Hz,
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1C, Cay), 128.8 (d, “Jc.r = 1.5 Hz, 1C, CHay), 125.1 (d, *Jo.r = 5.9 Hz, 1C, CHa), 121.7
(d, *Jc.r = 5.9 Hz, 1C, CHpy), 84.7 (d, Y.k = 24.2 Hz, 1C, CHyiny1), 21.6 (5, 1C, CHy)

PF-{'"H} NMR (377 MHz, CDCl; 298K):  (ppm) = -104.4 (s, 1F, C-F).
This compound has been reported before and the analytical data match the literature

report.'®

(2)-2-Fluoro-1-iodo-2-(3-chlorophenyl)ethene (6j)

F
\ I
H

The general procedure afforded the title compound in 3 h after column chromatography

(SiO,, pentane), as an orange oil (123 mg, 87%).
'H NMR (400 MHz, CDCl3 298K, TMS): & (ppm) = 7.49 (t, “Ju.n = 1.8 Hz, 1H,
CHay), 7.40-7.31 (M, 3H, CHay), 6.16 (d, *Jur = 34.2 Hz, 1H, CHyiny).

BC-{*H} NMR (101 MHz, CDCls 298K): & (ppm) = 161.9 (d, "Jc.r = 252.3 Hz, 1C, C-
F), 134.9 (d, “Jcr = 1.8 Hz, 1C, Cp,), 132.6 (d, Yc.r = 29.8 Hz, 1C, Ca,), 130.1 (d, *Jc.r
= 1.2 Hz, 1C, CHay), 130.0 (s, 1C, Cay), 124.9 (d, *Jc.r = 6.4 Hz, 1C, CHp,), 122.9 (d,
3JcF=6.0 Hz, 1C, CHay), 55.2 (d, 2Jcr = 28.7 Hz, 1C, CHyiny).

BE_{*H} NMR (377 MHz, CDCl; 298K): & (ppm) = -90.4 (s, 1F, C-F).

This compound has been reported before and the analytical data match the literature

report.'®

1,4-Bis-[(Z)-2-fluoro-1-iodoethen-2-yl]benzene (6l)
F F
H H

The general procedure afforded the title compound in 4 h after column chromatography

(SiOy, pentane), as an orange solid (180 mg, 86%).

'H NMR (400 MHz, CDCls 298K, TMS): & (ppm) = 7.51 (s, 4H, CHay), 6.21 (d, 3Jur
= 34.3 Hz, 2H, CHuiny).
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“C-{"H} NMR (101 MHz, CDCls, 298K): § (ppm) = 162.3 (d, *Jc.r = 251.7 Hz, 2C, C-
F), 131.9 (d, *Jc-¢ = 29.4 Hz, 2C, Cay), 125.0 (d, *Jc.r = 4.7 Hz, 4C, CHa)), 55.4 (d, “Jc
=28.8 Hz, 2C, CHvinyI)-

BE{!H} NMR (377 MHz, CDCl; 298K): & (ppm) =-90.9 (s, 1F, C-F)

HRMS calcd. for CioHsF21, [M]" 417.8527, found 417.8537.

7.2.3.2 Au-catalysed hydration of 1-iodoalkynes

[Au(NTH)(IPr)] (2 mol%) 0
H>O (2 equiv.
Ar———1I 20 (2 equiv.) s Ar)J\/I
5 EtOH (dry), 50 °C, 5 h .

A 3-mL screwcap vial equipped with a stirring bar was charged with the
iodoalkyne (0.50 mmol), [Au(NTf,)(IPr)] (8.6 mg, 0.01 mmol, 2 mol%), dry EtOH (1.5
mL) and water (18 pL, 1.00 mmol, 2 equiv.). The reaction mixture was stirred at 50 °C
for 5 h. The solvent was removed under reduced pressure and the product was purified

by column chromatography (SiO,), obtaining the desired compound.

2-lodo-1-phenylethanone (7a)
@)
©)K/'
The general procedure afforded the title compound after column chromatography (SiO»,
pentane:AcOEt 90:10), as a dark red oil (117 mg, 95%).

'H NMR (400 MHz, CDCl; 298K, TMS): & (ppm) = 8.00-7.98 (m, 2H, CHa), 7.62-
7.58 (M, 1H, CHay), 7.51-7.47 (M, 2H, CHay), 4.37 (s, 2H, CHl).

BC-{*H} NMR (101 MHz, CDCls, 298K): & (ppm) = 192.9 (1C, C=0), 133.9 (1C,
Car), 133.6 (1C, CHay), 129.1 (2C, CHpy), 129.0 (2C, CHay), 1.8 (1C, CHal).

This compound has been reported before and the analytical data match the literature

report.?°
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2-lodo-1-(3-methoxyphenyl)ethanone (7c)
0

Meo\©)\/|
The general procedure afforded the title compound after column chromatography (SiO»,

pentane:AcOEt, 8:2), as a yellow solid (112 mg, 81%).

'H NMR (400 MHz, CDCl; 298K, TMS): & (ppm) = 7.58-7.51 (m, 1H, CHa,), 7.52-
7.51 (m, 1H, CHpy), 7.39 (t, “Jun = 7.9 Hz, 1H, CHa,), 7.15 (ddd, *Ju.n = 8.3 Hz, “Jun
= 2.7 Hz, “34.1 = 0.9 Hz, 1H, CHa/), 4.36 (s, 2H, CH,l), 3.87 (s, 3H, OCHs).

BC-{*H} NMR (101 MHz, CDCls, 298K): & (ppm) = 192.8 (1C, C=0), 160.1 (1C,
Car), 134.9 (1C, Ca), 129.9 (1C, CHa,), 121.8 (1C, CHay), 120.6 (1C, CHa/), 113.3 (1C,
CHar), 55.6 (1C, OCHs) 1.8 (1C, CHl).

HRMS calcd. for CoH71 [M+H]" 276.9725, found 276.9727.

2-1odo-1-(4-methylphenyl)ethanone (7d)

I

The general procedure afforded the title compound after column chromatography (SiO»,
pentane:AcOEt, 9:1), as a yellow oil (116 mg, 89%).

'H NMR (400 MHz, CDCls, 298K, TMS): & (ppm) = 7.90-7.88 (m, 2H, CHay), 7.29-
7.27 (M, 2H, CHay), 4.34 (s, 2H, CH,l), 2.43 (s, 3H, CHa)

BC-{'H} NMR (101 MHz, CDCls, 298K): & (ppm) = 192.6 (1C, C=0), 144.9 (1C,
Car), 131.1 (1C, Ca/), 129.7 (2C, CHap,), 129.3 (2C, CHa), 21.9 (1C, Ar-CHs), 1.9 (1C,
CHol).

This compound has been reported before and the analytical data match the literature

report.?
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2-lodo-1-(3-methylphenyl)ethanone (7€)
o)

H3C\©)K/|
The general procedure afforded the title compound after column chromatography (SiO»,
pentane:AcOEt, 9:1), as a yellow oil (124 mg, 95%).

'H NMR (400 MHz, CDCl3 298K, TMS): & (ppm) = 7.80-7.77 (M, 2H, CHp,), 7.42-
7.35 (M, 2H, CHay), 4.36 (s, 2H, CHal), 2.43 (s, 3H, CHs)

BC-{*H} NMR (101 MHz, CDCls, 298K): & (ppm) = 193.2 (1C, C=0), 138.9 (1C,
Car), 134.8 (1C, Car), 133.6 (1C, CHp,), 129.6 (1C, CHa), 128.8 (1C, CHa/), 126.4 (1C,
CHa), 21.5 (1C, Ar-CHg), 1.98 (1C, CHal).

This compound has been reported before and the analytical data match the literature

report.?

2-lodo-1-(4-t-butylphenyl)ethanone (7f)

|
tBu/@)J\/

The general procedure afforded the title compound after column chromatography (SiO»,
pentane:AcOEt, 9:1) as a yellow oil (136 mg, 90%).

'H NMR (400 MHz, CDCl; 298K, TMS): & (ppm) = 7.95-7.93 (m, 2H, CHa), 7.51-
7.49 (M, 2 H, CHay), 4.34 (s, 2 H, CHal), 1.35 (s, 9H, C-CHa).

Bc-{*H} NMR (101 MHz, CDCls, 298K): & (ppm) = 192.6 (1C, C=0), 157.9 (1C,
Car), 131.0 (1C, Cas), 129.2 (2C, CHay), 125.9 (2C, CHa), 35.4 (1C, C(CHa)3), 31.2
(3C, CHs), 1.8 (1C, CHal).

This compound has been reported before and the analytical data match the literature

report.??
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1-(4-Fluorophenyl)-2-iodoethanone (79)
O

o

The general procedure afforded the title compound after column chromatography (SiO»,

pentane:AcOEt, 9:1), as a pale yellow oil (113 mg, 86%).

'H NMR (400 MHz, CDCl3 298K, TMS): & (ppm) = 8.05-8.00 (m, 2H, CHa), 7.19-
7.13 (M, 2H, CHar), 4.33 (s, 2H, CHal)

Bc-{*H} NMR (101 MHz, CDCls, 298K): & (ppm) = 191.5 (s, 1C, C=0), 166.2 (d, *Jc.
r = 257.6 Hz, 1C, C-F), 131.9 (d, *Jc.r = 9.1 Hz, 1C, CHa), 130.0 (d, “Jc.r = 3.0 Hz,
1C, Car), 116.2 (d, Yc.r = 22.2 Hz, 1C, CHa), 1.4 (s, 1C, CHal).

YE-{*H} NMR (377 MHz, CDCl; 298K): & (ppm) = -103.5 (s, 1F, C-F).

This compound has been reported before and the analytical data match the literature

report.?

1-(3-Fluorophenyl)-2-iodoethanone (7h)

0
The general procedure afforded the title compound after column chromatography (SiO»,
pentane:AcOEt, 9:1), as a yellow oil (103 mg, 83%).

'H NMR (400 MHz, CDCl3, 298K, TMS): & (ppm) = 7.78 (m, 1H, CHa,), 7.68 (m, 1H,
CHar), 7.48 (m, 1H, CHy,), 7.31 (tdd, *Ju.n = 8.2 Hz, “Jhn = 2.6 Hz, *Jpn = 1.0 Hz, 1H,
CHa/), 4.34 (s, 2H, CH,l)

BC-{*H} NMR (101 MHz, CDCls, 298K): & (ppm) = 191.7 (1C, C=0), 161.0 (d, Jc.r
= 2495 Hz, 1C, C-F), 135.6 (d, *Jc.r = 6.1 Hz, 1C, Ca,), 130.6 (d, “Jc.r = 8.1 Hz, 1C,
CHa), 124.9 (d, *Jc.r = 3.0 Hz, 1C, CHap,), 121.1 (d, ®Jc.r = 21.2 Hz, 1C, CHa/), 115.9
(d, 2Jc.r = 23.2 Hz, 1C, CHa/), 1.3 (s, 1C, CH,l)

F-{'H} NMR (377 MHz, CDCl3 298K, TMS): & (ppm) = -111.1 (s, 1F, C-F)
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HRMS calcd. for CoH71 [M+H]" 264.9526, found 264.9523.

(2)-1-(1-ethoxy-2-iodovinyl)-3,5-bis(trifluoromethyl)benzene (7''k)
OEt

F3C\©)\/I

CF3

The general procedure afforded the title compound after column chromatography (SiO»,

pentane), as a yellow oil (162 mg, 79%).

'H NMR (400 MHz, CDCl; 298K, TMS): & (ppm) = 7.88 (s, 2H, CHa,), 7.86 (s, 1H,
CHar), 6.18 (S, 1H, CHyiny1), 3.84 (q, *Ju = 7.1 Hz, 2H, CHy), 1.39 (t, ®Juy = 7.0 Hz,
3H, CHs)

BC-{'H} NMR (101 MHz, CDCl3, 298K): & (ppm) = 158.8 (s, 1C, COyiny), 136.9 (s,
1C, Car), 132.4 (q, 3Jc.r = 33.6 Hz, 2C, Ca/), 126.4 (q, br, 2C, CHa), 123.2 (q, YJcr =
272.9 Hz, 2C, CF3), 122.7 (sept, 3Jc.r = 3.7 Hz, 1C, CHa,), 67.3 (s, 1C, CH,), 66.2 (s,
1C, C-1), 15.5 (s, 1C, CHj).

PE_{'H} NMR (377 MHz, CDCls, 298K, TMS): § (ppm) = - 62.9 (s, 1F, C-F).

7.2.3.3 Au-catalysed hydration/deiodination of 5a

[Au(NTH)(IPr)] (1 mol%) 0
H,0 (2 equiv)
Ph—=—1 > Ph)I\CHg,
acetone/EtOH (1:1), 50 °C, 24 h
5a T'a

A 3-mL screwcap vial equipped with a stirring bar was charged with the
iodoalkyne (0.50 mmol), [Au(NTf,)(IPr)] (4.30 mg, 5.00 umol, 1 mol%), acetone (0.75
mL), dry EtOH (0.75 mL) and water (18 pL, 1.00 mmol, 2 equiv.). The reaction mixture
was stirred at 50 °C for 24 h. The solvents were removed under reduced pressure and
the product was purified by column chromatography (SiO,, pentane:AcOEt, 8:2),

obtaining 7'a as a colourless liquid (56 mg, 93%).

'H NMR (400 MHz, CDCls, 298K, TMS): & (ppm) = 7.98-7.96 (m, 2H, CHay), 7.59-
7.55 (M, 1H, CHay), 7.49-7.45 (m, 2H, s, 1H, CHa,), 2.62 (s, 3H, CHa).
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BC-{*H} NMR (101 MHz, CDCls, 298K): & (ppm) = 198.3 (s, 1C, C=0), 137.3 (s, 1C,
Car), 133.3 (s, 1C, CHp,), 128.7 (s, 2C, CHar), 128.5 (s, 2C, CHay), 26.8 (s, 1C, CHs).

This compound has been reported before and the analytical data match the literature

report.”

7.2.4 Chapter 5
7.2.4.1 Cross-coupling of 2-fluoro-1-iodoalkenes and aryl boronic acids with Pd-1.

F Pd-1 (2 mol%) F
Ar'B(OH), (2 equiv.), Ko,CO5 (2 equiv.
Ar—g\—I (OH)2 (2 equiv.), K,CO3 (2 equiv.) > Ar‘S\_Ar-
H toluene/EtOH (1:1), 50 °C, 16 h H
6 8

A 3-mL screwcap vial equipped with a stirring bar was charged with
fluoroalkene (0.50 mmol), boronic acid (1.00 mmol, 2 equiv.), K,CO3 (138 mg, 1.00
mmol, 2 equiv.), [Pd(n3-cinnamyl)(CI)(IPr)] (6.50 mg, 10.0 umol, 2 mol%), toluene
(0.25 mL) and EtOH (0.25 mL) in air. The reaction mixture was stirred at 50 °C for 16
h. The solvents were removed under reduced pressure and the residue was purified by

column chromatography (SiO;), obtaining the desired product.

(2)-1-(2-fluoro-2-phenylvinyl)-4-methylbenzene (8aa)

:
CH3

The general procedure afforded the title compound after column chromatography (SiO»,
pentane), as a white solid (91 mg, 86%).

'H NMR (400 MHz, CDCl; 298K, TMS): & (ppm) = 7.63 (d, *Jy.y = 7.4 Hz, 2H,
CHar), 7.54 (d, 334 = 7.6 Hz, 2H, CHay), 7.43-7.32 (M, 3H, CHy,), 7.18 (d, 234y = 7.8
Hz, 2H, CHa), 6.29 (d, Ju.r = 39.9 Hz, 1H, CHyiny1), 2.36 (S, 3H, CH3).

BC-{*H} NMR (101 MHz, CDCl3, 298K): & (ppm) = 156.8 (d, *Jc.r = 257.4 Hz, 1C, C-
F), 137.4 (d, ®Jc.r = 2.2 Hz, 1C, Cay), 133.0 (d, 2Jc.r = 27.8 Hz, 1C, Ca), 130.9 (d, *Jc¢
= 2.9 Hz, 1C, Ca), 129.5 (s, 2C, CHa;), 129.0 (s, 2C, CHa), 128.9 (d, *Jcr = 16 Hz,
2C, CHar), 128.7 (d, “Jcr = 1.7 Hz, 2C, CHa,), 124.3 (d, *Jc¢ = 7.4 Hz, 1C, CHa)),
105.9 (d, “Jc.r = 10.6 Hz, 1C, CHyiny), 21.4 (s, 1C, CH).

BE{*H} NMR (377 MHz, CDCl; 298K): & (ppm) = -115.2 (s, 1F, C-F).
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This compound has been reported before and the analytical data match the literature

report.?*

(2)-4-[2-fluoro-2-phenylvinyl]-1-methoxybenzene (8ab)

The general procedure afforded the title compound after column chromatography (SiO»,
pentane:AcOEt, 95:5) and recrystallisation from hot MeOH, as a white solid (96 mg,
84%).

'H NMR (400 MHz, CDCl3 298K, TMS): & (ppm) = 7.64-7.58 (m, 4H, CHa), 7.42-
7.38 (M, 2H, CHay), 7.36-7.31 (M, 1H, CHay), 6.92 (M, 2H, CHay), 6.27 (d, *Ji.r = 39.9
Hz, 1H, CHyiny), 3.84 (s, 3H, OCHg).

BC-{*H} NMR (101 MHz, CDCls, 298K): & (ppm) = 158.9 (d, ®J cr = 11.8 Hz, 1C,
Car), 156.1 (d, YJc.r = 255.7 Hz, 1C, C-F), 133.3 (d, 2Jc.r = 28.0 Hz, 1C, Ca/), 130.4 (d,
*Jc.r = 8.1 Hz, 2C, CHa), 128.7 (s, 2C, CHa,), 128.6 (s, 2C, CHap,), 126.6 (d, *Jc.r =
11.3 Hz, 1C, Cay), 124.1 (d, *Jc.r = 7.4 Hz, 1C, CHap,), 114.2 (s, 2C, CHa,), 105.5 (d,
2JcF=10.9 Hz, 1C, CHyinyl), 55.4 (s, 1C, OCHy).

BE_{*H} NMR (377 MHz, CDCl; 298K): & (ppm) = -117.1 (s, 1F, C-F).
This compound has been reported before and the analytical data match the literature

report.?®

(2)-1-[2-fluoro-2-(3-methoxyphenyl)vinyl]-4-methylbenzene (8c)
MeO

The general procedure afforded the title compound after column chromatography (SiO»,
pentane:AcOEt, 10:0 to 95:5), as a pale yellow oil (98 mg, 81%).

'H NMR (400 MHz, CDCl5 298K, TMS): & (ppm) = 7.53 (m, 2H, CHay), 7.30 (m, 1H,
CHa), 7.23-7.15 (M, 4H, CHay), 6.89 (ddd, “Jis = 8.1 Hz, “Jy = 2.6 Hz, 3y = 0.9
Hz, 1H, CHay), 6.27 (d, *Jur = 39.8 Hz, 1H, CHuyiny), 3.84 (s, 4H, Ar-OCHs), 2.36 (s,
3H, Ar-CHs).
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BC-{*H} NMR (101 MHz, CDCls, 298K): & (ppm) = 159.9 (d, *Jcr = 1.9 Hz, 1C, C-
OCHa), 156.6 (d, Ycr = 257.4 Hz, 1C, C-F), 137.4 (d, ®Jc.r = 2.4 Hz, 1C, Ca), 134.5
(d, 2Jc.r = 27.9 Hz, 1C, Ca/), 130.9 (d, “Jc.c = 2.9 Hz, 1C, Ca/), 129.7 (d, *Jc.r = 1.6 Hz,
1C, CHar), 129.4 (s, 2C, CHay), 129.0 (d, “Jc.r = 8.0 Hz, 2C, CHap,), 116.8 (d, *Jcr = 7.3
Hz, 1C, CHa), 114.6 (s, 1C, CHp), 109.8 (d, *Jc.r = 8.0 Hz, 1C, CHa), 106.2 (d, 2Jc.r
=10.6 Hz, 1C, CHyinyl), 55.4 (s, 1C, OCHg), 21.4 (s, 1C, CH).

YE_{'H} NMR (377 MHz, CDCl; 298K): & (ppm) = -114.6 (s, 1F, C-F)

HRMS calcd. for CisHi6FO [M+H]" 243.1180, found 243.1179.

7.2.4.2 Cross-coupling of bromofluoroalkenes and terminal alkynes with Pd-1.

F Pd-1 (5 mol%) F
Ar—g\7 K,COs (1.3 equiv.) Ar—\
Br + H—Ar > ——Ar'
H EtOH (dry), 80 °C, 16 h H
6 4 9

A 3-mL screwcap vial equipped with a septa cap and a stirring bar was charged
with Pd-1 (16.3 mg, 2.50 umol, 5 mol%), K,CO3 (89.7 mg, 0.65 mmol, 1.3 equiv.), the
terminal alkyne (1.00 mmol, 2 equiv.) and dry EtOH (0.5 mL). A solution of the
bromoalkene (0.50 mmol) in EtOH (0.5 mL) was then added. Two needles attached to
balloons were inserted through the septa cap, and the resulting system was stirred in air
at 80 °C for 16 h. The sample was diluted in CH,CI, (3 mL), dried over MgSO,4 and
concentrated under vacuum. The resulting residue was purified by column

chromatography (SiO,), obtaining the desired compound.

(2)-3,3'-(1-Fluorobut-1-en-3-yne-1,4-diyl)bis(methylbenzene) (9fa)

The optimised procedure afforded the title compound as a mixture of isomers (98:2,
Z:E) after column chromatography (SiO,, pentane:AcOEt, gradient from 99:1 to 95:5),
as a pale yellow oil (113 mg, 90%).
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'H NMR (400 MHz, CDCls, 298K, TMS): & (ppm) = 7.38-7.37 (m, 2H, CHa), 7.33-
7.26 (M, 3H, CHay), 7.24-7.19 (m, 2H, CHay), 7.14-7.12 (m, 1H, CHay), 5.77 (d, *Ji.r =
32 Hz, 1H, CHyiny), 2.38 (s, 3H, Ar-CHs), 2.34 (s, 3H, Ar-CHs).

BC-{*H} NMR (101 MHz, CDCls, 298K): & (ppm) = 164.9 (d, 'Jc.r = 264.8 Hz, 1C,
C-F), 138.6 (d, “Jc.r = 2.0 Hz, 1C, Cay), 138.1 (s, 1C, Car), 132.2 (s, 1C, CHa,), 131.2
(d, Yc.r = 26.3 Hz, 1C, Cay), 130.9 (s, 1C, CHa), 129.4 (s, 1C, CHa,), 128.7 (s, 1C,
CHar), 128.4 (s, 1C, CHa), 124.8 (d, ®Jc.e = 7.1 Hz, 1C, CHa), 123.3 (s, 1C, Ca/),
1215 (d, *Jcr = 7.1 Hz, 1C, CHay), 96.5 (d, *Jcr = 6.1 Hz, 1C, Cayne), 87.2 (d, ek =
17.2 Hz, 1C, CHyiny), 82.3 (d, “Jc.r = 2.0 Hz, 1C, Caiyne), 21.6 (s, 1C, Ar-CHs), 21.4 (s,
1C, Ar-CHy).

YE-{*H} NMR (377 MHz, CDCl; 298K, TMS): & (ppm) = -102.9 (s, 1F, C-F, Z
isomer), -101.7 (s, 1F, C-F, E isomer)

HRMS calcd. for CigHisF [M+H]" 251.1236, found 251.1228.

(2)-1-(1-Fluoro-4-phenylbut-1-en-3-yn-1-yl)-3-methylbenzene (9fb)

HaC i

The optimised procedure afforded the title compound as an inseparable mixture of
isomers (95:5, Z:E) after column chromatography (SiO,, pentane:AcOEt, 99:1), as a
pale yellow oil (100 mg, 85%).

'H NMR (400 MHz, CDCl; 298K, TMS): & (ppm) = 7.51-7.49 (m, 2H, CHa,), 7.39-
7.37 (M, 2H, CHay), 7.34-7.26 (M, 4H, CHay), 7.21-7.19 (m, 1H, CHa), 5.77 (d, ¢ =
32 Hz, 1H, CHyiny), 2.38 (s, 3H, Ar-CH).

BC-{*H} NMR (101 MHz, CDCls, 298K): & (ppm) = 165.0 (d, “Jc.r = 262.3 Hz, 1C,
C-F), 138.6 (d, “Jc.r = 1.8 Hz, 1C, Ca;), 131.7 (s, 2C, CHar), 131.2 (d, %Jc.r = 25.2 Hz,
1C, Cay), 131.0 (s, 1C, CHa), 128.8 (d, “Jc.r = 1.7 Hz, 1C, CHa,), 128.5 (s, 2C, CHay),
128.4 (s, 1C, CHay), 124.9 (d, *Jcr = 7.0 Hz, 1C, CHap,), 123.5 (s, 1C, Ca), 121.6 (d,
3Jck = 7.0 Hz, 1C, CHay), 96.3 (d, ®Jc.r = 6.1 Hz, 1C, Cayne), 87.2 (d, 2Jcr = 16.2 Hz,
1C, CHyiny1), 82.7 (d, ®Jc.r = 3.0 Hz, 1C, Caiyne), 21.6 (S, 1C, Ar-CH).
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BE{*H} NMR (377 MHz, CDCl; 298K, TMS): & (ppm) = -102.7 (s, 1F, C-F, Z
isomer), -101.3 (s, 1F, C-F, E isomer)

HRMS calcd. for Ci7Hi3F [M+H]" 237.1080, found 237.1070.

(2)-1-(4-Fluoro-4-(m-tolyl)but-3-en-1-yn-1-yl)-2-methoxybenzene (9fc)

HaC
F HsCO
O~ 2%
H

The optimised procedure afforded the title compound as a mixture of isomers (94:6,
Z:E) after column chromatography (SiO,, pentane:AcOEt, 9:1), as an orange oil (133
mg, 69%).

'H NMR (400 MHz, CDCl; 298K, TMS): & (ppm) = 7.49-7.46 (dd, *J.q = 7.5 Hz,
*Ju.r = 4.0 Hz, 1H, CHp)), 7.39-7.37 (m, 2H, CHp,), 7.32-7.26 (m, 2H, CHa/), 7.21-7.19
(m, 1H, CHa,), 5.86 (d, *Jur = 36.0 Hz, 1H, CHyiny), 3.92 (s, 3H, Ar-OCHj), 2.38 (s,
3H, Ar-CHs).

Bc-{*H} NMR (101 MHz, CDCls, 298K): & (ppm) = 164.7 (d, Yc.r = 262.6 Hz, 1C,
C-F), 159.9 (s, 1C, C-OCHz), 138.5 (d, “Jc.r = 2.1 Hz, 1C, Ca,), 133.6 (s, 1C, CHa),
131.3 (d, 2Jc.r = 26.3 Hz, 1C, Cp,), 130.9 (s, 1C, CHa,), 129.9 (s, 1C, CHa), 128.7 (d,
*Jc.r = 2.0 Hz, 1C, CHay), 124.8 (d, 3Jc.r = 7.1 Hz, 1C, CHap,), 121.5 (d, 3Jc.r = 7.1 Hz,
1C, CHay), 120.6 (s, 1C, CHay), 112.7 (s, 1C, Car), 110.7 (5, 1C, CHay), 92.6 (d, 3Jc.r =
6.1 Hz, 1C, Cayne), 87.5 (d, “Jcr = 16.2 Hz, 1C, CHyiny)), 86.7 (d, “Jc.r = 2.0 Hz, 1C,
Calikyne), 56.0 (S, 1C, Ar-OCHj), 21.6 (5, 1C, Ar-CHg).

YE-{*H} NMR (377 MHz, CDCl; 298K, TMS): & (ppm) = -102.9 (s, 1F, C-F, Z
isomer), -102.6 (s, 1F, C-F, E isomer).

HRMS calcd. for C1gH;sFO [M+H]" 267.1185, found 267.1217
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(2)-1-(4-Fluoro-4-(p-tolyl)but-3-en-1-yn-1-yl)-3-methylbenzene (9ea)

F CH,
H4C O .

The optimised procedure afforded the title compound as a mixture of isomers (96:4,
Z:E) after column chromatography (SiO,, pentane:AcOEt, 99:1), as a white solid (114
mg, 91%).

'H NMR (400 MHz, CDCl; 298K, TMS): & (ppm) = 7.48-7.45 (m, 2H, CHp,), 7.32-
7.29 (M, 2H, CHay), 7.23-7.19 (m, 3H, CHay), 7.13-7.11 (m, 1H, CHa), 5.73 (d, 3Ji.¢ =
36.0 Hz, 1H, CHyiny), 2.38 (5, 3H, Ar-CHs), 2.34 (s, 3H, Ar-CH).

BC-{*H} NMR (101 MHz, CDCls, 298K): & (ppm) = 164.9 (d, *Jc.r = 261.6 Hz, 1C,
C-F), 140.5 (s, 1C, Ca/), 138.1 (s, 1C, Ca/), 132.2 (s, 1C, CHa), 129.5 (d, “Jc.r = 1.7
Hz, 1C, CHar), 129.3 (s, 1C, CHap,), 128.7 (s, 1C, CHa/), 128.3 (s, 1C, CHa), 124.3 (d,
3Jcr = 7.0 Hz, 1C, CHp), 123.3 (s, 1C, Cay), 96.3 (d, *Jcr = 5.9 Hz, 1C, Cajyne), 86.4
(d, 2Jcr = 16.9 Hz, 1C, CHyiny), 82.4 (d, “Jc.r = 2.8 Hz, 1C, Cajyne), 21.5 (s, 1C, Ar-
CHs), 21.4 (s, 1C, Ar-CHg).

YE{'H} NMR (377 MHz, CDCl; 298K, TMS): & (ppm) = -103.0 (s, 1F, C-F, Z
isomer), -101.8 (s, 1F, C-F, E isomer)

HRMS calcd. for CygHysF [M+H]" 251.1236, found 251.1235

7.2.4.3 Nucleophilic substitution chemistry of 5a: reaction with piperidine®

O N . e
piperidine, rt., 16h 0 O
F’h)J\/I ph)l\/N

7a 10a: 93%

A 3-mL screwcap vial equipped with a stirring bar was charged with 7a (61.5
mg, 0.25 mmol) and piperidine (0.5 mL), and the resulting sample mas stirred in air at
room temperature for 16 h. The sample was diluted with AcOEt (5 mL), washed with
water (3x5 mL), and the organic phases gathered, dried over anhydrous MgSO, and
concentrated under reduce pressure. The residue was purified by column
chromatography (SiO,, pentane:AcOEt, 6:4) obtaining the title compound as a pale
yellow oil (47 mg, 93% vyield).
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'H NMR (400 MHz, CDCls, 298K, TMS): & (ppm) = 8.02-7.99 (m, 2H, CHp), 7.57-
7.53 (m, 1H, CHay), 7.47-7.41 (m, 2H, CHay), 3.75 (s, 2H, CH2-N), 2.53 (t, 3Jun = 4.5
Hz, 4H, CHapip), 1.68-1.60 (M, 4H, CHypip), 1.46 (t, *J.n = 5.9 Hz, 2H, CHapip).

BC-{*H} NMR (101 MHz, CDCls, 298K): & (ppm) = 196.9 (s, 1C, C=0), 136.0 (s, 1C,
Car), 133.0 (s, 1C, CHay), 128.5 (s, 2C, CHar), 128.3 (s, 2C, CHa/), 65.4 (s, 1C, CH2-N),
54.9 (s, 2C, CHaypip), 25.8 (S, 2C, CHapip), 23.8 (S, 1C, CHapip).

This compound has been reported before and the analytical data match the literature

report.?’

7.2.4.4 Kornblum oxidation of 5a.%®

o)
o DMSO, 120°C, 30 min _ /U\fo

Ph)j\/ ! H
7a 11a: 99%

A screwcap vial equipped with a stirring bar was charged with 7a (61.5 mg, 0.25
mmol) and DMSO (1 mL), and the resulting sample mas stirred in air at 120 °C for 30
minutes. The sample was poured onto water (5 mL), and extracted with AcOEt (3x5
mL). The organic phases were gathered, dried over anhydrous MgSO, and concentrated
under reduce pressure. The residue was purified by column chromatography (SiOo,
petroleum ether:AcOEt, 6:4), obtaining the title compound as a yellow oil (33.2 mg,
99% vyield). No clean NMR spectra could be obtained due to fast
polymerisation/hydration under ambient conditions, and the sample was used as
obtained in subsequent reaction steps.

This compound has been reported before and the analytical data match the literature

report.?®
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7.2.4.5 One-pot Kornblum oxidation/functionalisation of 11a

Example 1:%

o H,NCH,CH,NH, (1 equiv.)

K,COj3 (1.2 equiv.) N
o Mo Ph—<=_'\\>

DMSO, 100 °C, 15 h
7a 12a: 70%

A screwcap vial equipped with a stirring bar was charged with 7a (33.5 mg, 0.25
mmol), ethylenediamine (34.1 pL, 0.50 mmol, 1.00 equiv.), K,CO3; (82.9 mg, 0.60
mmol, 1.20 equiv.) and DMSO (1 mL), and the resulting sample mas stirred in air at
100 °C for 15 h. The sample was poured onto water (5 mL), and extracted with AcOEt
(3x5 mL). The organic phases were gathered, dried over anhydrous MgSO, and
concentrated under reduce pressure. The residue was purified by column
chromatography (SiO,, pentane:AcOEt, 6:4) to obtain the title compound as a light
yellow solid (55 mg, 70% vyield).

'H NMR (400 MHz, CDCls, 298K, TMS): & (ppm) = 9.02 (d, *J.iy = 1.4 Hz, 1H,
CHyetar), 8.65-8.63 (M, 1H, CHuetar), 8.50 (d, 3Jun = 2.4 Hz, 1H, CHpetar), 8.03-7.98
(M, 2H, CHay), 7.57-7.45 (M, 3H, CHay).

BC-{*H} NMR (101 MHz, CDCls, 298K): & (ppm) = 152.9 (s, 1C, Cenr=N), 144.2 (s
1C, CHuetar), 142.9 (s 1C, CHpetar), 142.0 (s 1C, CHpetar), 136.5 (s, 1C, Cay), 129.8 (5,
1C, CHay), 129.1 (s, 2C, CHa/), 127.1 (s, 2C, CHa,).

This compound has been reported before and the analytical data match the literature

report.?
Example 2:%
Q
j\/ PhC(NH,)NH-HCI (1 equiv.) - F,h)l\n,N\n,Ph
|
Ph DMSO, 130 °C, 15 h O O
7a 13a: 85%

A screwcap vial equipped with a stirring bar was charged with 7a (33.5 mg, 0.25
mmol), benzamidine hydrochloride (82.4 mg, 0.50 mmol, 1.00 equiv.) and DMSO (1
mL), and the resulting sample mas stirred in air at 130 °C for 15 h. The sample was
poured onto water (5 mL), and extracted with AcCOEt (3x5 mL). The organic phases
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were gathered, dried over anhydrous MgSQO, and concentrated under reduce pressure.
The residue was purified by column chromatography (SiO2, SiO,, pentane:AcOEt, 1:1)
to obtain the title compound as a yellow solid (53.8 mg, 85% yield).

'H NMR (400 MHz, CDCl3 298K, TMS): & (ppm) = 10.1 (s, bs, 1H, N-H), 8.11 (d,
33w = 7.3 Hz, 2H, CHay), 8.02-7.93 (M, 2H, CHp,), 7.67-7.57 (m, 2H, CHay), 7.55-
7.50 (M, 4H, CHay).

BC-{*H} NMR (101 MHz, CDCls, 298K): & (ppm) = 186.8 (s, 1C, C=0), 165.7 (s, 1C,
C=0), 146.6 (s, 1C, C=0), 134.7 (s, 1C, Ca/), 134.2 (s, 1C, Car), 132.3 (s, 1C, CHa),
130.5 (s, 1C, CHay), 129.8 (s, 2C, CHa), 129.0 (s, 2C, CHa), 128.9 (s, 2C, CHa,),
128.2 (s, 2C, CHa).

This compound has been reported before and the analytical data match the literature

report.*

7.2.4.6 Sequential synthesis: terminal alkynes

7.2.4.6.1 lodination/hydrofluorination of terminal alkynes

F
i) [Au] (3 mol%), NIS Ar
toluene, 50 °C, 24 h |
Ar————H v o
ii) [Au] (3 moI%), NEty-3HF, NH,BF, H
4 toluene, 50 °C 6

A 3-mL screwcap vial equipped with a stirring bar was charged with
[Au(SIPr)(NEts)][HF2] (10.9 mg, 15.0 pumol, 3 mol%), N-iodosuccinimide (146 mg,
0.65 mmol, 1.3 equiv.), toluene (1 mL) and the alkyne (0.50 mmol). The mixture was
stirred at 50 °C for 24 h. The crude mixture was filtered through a plug of cotton, into a
plastic screwcap vial containing [Au(SIPr)(NEts][HF2] (10.9 mg, 15.0 pumol, 3 mol%)
and NH4BF; (81.0 mg, 0.750 mmol, 1.5 equiv.). The cotton plug was further washed
with toluene (0.4 mL) for complete recovery of the halogenated intermediate. NEt;-3HF
(0.25 mL, 1.50 mmol, 3 equiv.) was then added dropwise. The reaction mixture was
stirred at 50 °C for the required time. The crude mixture was purified by column

chromatography (SiO,), obtaining the desired compound.
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Table 1. Examples of sequential iodination/hydrofluorination of terminal alkynes (4)
for the synthesis of fluoroiodoalkenes (6).

i) [Au] (3 mol%), NIS F
toluene, 50 °C, 24 h
! N=—n > o N
RX= i) [Au] (3 mol%), NEtz-3HF, NH,BF,

toluene, 50 °C H

4 6
Entry R Product Timeii)  Conversion of 6a (%)™
1 H 6a 3h (4 h) 82 (88%)[!
2 m-OMe 6c 4h 88
3 m-Cl 6i 4h 78

¥ Reaction conditions: i) alkyne (0.50 mmol), [Au(SIPr)(NEt3)][HF2] (3 mol%),
NIS (0.65 mmol), toluene (1 mL); ii) [Au(SIPr)(NEts)][HF] &3 mol%), NH,BF,
(0.75 mmol), NEts-3HF (1.50 mmol), toluene (1 mL), 50 °C. ™ Isolated yields.
5 mmol scale in parenthesis.

7.2.4.7 Sequential iodination/hydration of 4a

i) [Au] (3 mol%), NIS (1.1 equiv.)
EtOH, 50 °C, 24 h
Ph———H > )l\/l
ii) H,O (2 equiv.), EtOH, 50 °C, 5 h Ph
4a 7a

A 3-mL screwcap vial equipped with a stirring bar was charged with
[Au(NTf)(IPr)] (8.70 mg, 15.0 umol, 3 mol%), N-iodosuccinimide (131 mg, 0.55
mmol, 1.1 equiv.), EtOH (0.9 mL) and phenylacetylene (56.0 pL, 0.50 mmol). The
reaction mixture was stirred in air at 50 °C for 15 h. Water (18.0 pL in 0.1 mL dry
EtOH) was then added, and the reaction mixture was further stirred at 50 °C for 5 h. The
solvent was removed under vacuum, and the residue was purified by column
chromatography (SiO,, pentane:AcOEt, 9:1), obtaining 7a as a dark red oil (97 mg, 79%
yield).
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7.2.4.8 Sequential synthesis: 1-iodoalkynes
7.2.4.8.1 Hydrofluorination/cross-coupling of 5a

i) [Au] (3 mol%), NEt3-3HF, NH,BF, F
toluene, 50 °C, 2 h O
i) K;CO5 toluene/EtOH (1:1), r.t., 30 min \
FN\_— , _K:COs > & )-c

— T iii) [Pd] (2 mol%), 4-MePhB(OH), K,COj H
toluene/EtOH (1:1), 50 °C, 16 h

5a
A 2-mL plastic screwcap vial equipped with a stirring bar was charged with 5a
(114 mg, 0.50 mmol), [Au(SIPr)(NEts)][HF,] (10.9 mg, 15.0 umol, 3 mol%), NH,BF,
(81.0 mg, 0.75 pmol, 1.5 equiv.) and toluene (0.8 mL). NEt;-3HF (0.25 mL, 1.50 mmol,
3 equiv.) was added dropwise while stirring. The vial was briefly flushed with N, and
the reaction mixture was stirred at 50 °C for 3 h. The crude mixture was allowed to cool
to room temperature, and the top layer of the biphasic system was separated and
recovered in a screwcap vial. While stirring, EtOH (same amount as recovered organic
phase) and K,COs (345 mg, 2.50 mmol, 5 equiv., in small portions) were added, and the
mixture was stirred at 20 °C for 30 minutes. Under stirring, p-tolylboronic acid (140 mg,
1.00 mmol, 2 equiv.), K,CO3 (138 mg, 1.00 mmol, 2 equiv.) and Pd-1 (6.50 mg, 0.01
mmol, 2 mol%) were added in air. The reaction mixture was stirred at 50 °C for 16 h.
The solvents were evaporated under reduced pressure, and the crude mixture was
purified by column chromatography (SiO,, pentane), obtaining 8aa as a white solid
(89.2 mg, 84% vyield).

7.2.4.8.2 Hydration/functionalisation of 5a
General hydration step:

A screwcap vial equipped with a stirring bar was charged with the 1a (114 mg,
0.50 mmol), [Au(NTf,)(IPr)] (8.90 mg, 0.01 mmol, 2 mol%) and dry EtOH (1.50 mL).
Water (18 pL, 1.00 mmol) was then added, and the resulting mixture was stirred in air
at 50 °C for 5 h. The solvents were removed under reduced pressure, and the residue

was further treated according to the required reaction (see examples below).
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Example 1:

i) [Au] (2 mol%), H,0
EtOH (dry), 50 °C, 5 h

(0]
Ph————1I ' O
ii) piperidine, r.t., 16 h Ph/u\V’N
10a

5a

To the residue obtained using the general hydration step, piperidine (0.3 mL)
was added, and the resulting sample mas stirred in air at room temperature for 16 h. The
sample was diluted with AcOEt (5 mL), washed with water (3x5 mL), and the organic
phases gathered, dried over anhydrous MgSQO, and concentrated under reduce pressure.
The residue was purified by column chromatography (SiO,, pentane:AcOEt, 6:4) to
obtain the title compound as a pale yellow oil (89 mg, 88% vyield).

Example 2:
0
i) [Au] (2 mol%), H,0 Ph—/sz
- EIOH (dry), 50°C,5h o
ii) DMSO, 110 °C, 0.5 h H
5a 11a

To the residue obtained using the general hydration step, DMSO (1 mL) was
added, and the resulting sample mas stirred in air at 110 °C for 30 minutes. The sample
was poured onto water (5 mL), and extracted with AcOEt (3x5 mL). The organic phases
were gathered, dried over anhydrous MgSQO, and concentrated under reduce pressure.
The residue was purified by column chromatography (SiO,, AcOEt) to obtain the title
compound as a yellow oil (60 mg, 90% vyield).

Example 3:
i) [Au] (2 mol%), H,0 N N
EtOH (dry), 50 °C, 5 h /_>
Ph—=——| (dry) » Ph—§=
i) HoNCH,CH,NH, K,CO4 N
5a DMSO, 100 °C, 15 h 12a

To the residue obtained using the general hydration step, ethylenediamine (34.1
puL, 0.50 mmol, 1.00 equiv.), K,CO;3 (82.9 mg, 0.60 mmol, 1.20 equiv.) and DMSO (1
mL) were added, and the resulting sample mas stirred in air at 100 °C for 15 h. The

sample was poured onto water (5 mL), and extracted with AcOEt (3x5 mL). The
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organic phases were gathered, dried over anhydrous MgSO, and concentrated under
reduce pressure. The residue was purified by column chromatography (SiO,,
pentane:AcOEt, 6:4) to obtain the title compound as a light yellow solid (55 mg, 70%
yield).

Example 4:
0
i) [Au] (2 mol%), H,0 J\[(H Ph
EtOH (dry), 50 °C, 5 h Ph Y
Ph———I o o
ii) PhC(NH,)NH-HCI
5a DMSO, 130°C, 15 h 13a

To the residue obtained using the general hydration step, benzamidine
hydrochloride (82.4 mg, 0.50 mmol, 1.00 equiv.) and DMSO (1 mL) were added, and
the resulting sample mas stirred in air at 130 °C for 15 h. The sample was poured onto
water (5 mL), and extracted with AcOEt (3x5 mL). The organic phases were gathered,
dried over anhydrous MgSO, and concentrated under reduce pressure. The residue was
purified by column chromatography (SiO,, pentane:AcOEt, 1:1) to obtain the title
compound as a yellow solid (98 mg, 77% vyield).

7.2.4.9 Sequential synthesis: iodination/hydrofluorination/cross-coupling of 4a

i) [Au] (3 mol%), NIS, toluene, 50 °C, 24 h
ii) [Au] (3 mol%), NEts-3HF, NH,BF,

F
toluene, 50 °C, 3 h O
7\ — H \ CH
— iii) [Pd] (2 mol%), 4-MePhB(OH), K,CO; H 3
toluene/EtOH/H,0 (20:10:1), 50 °C, 16 h

4a 8aa

A 3-mL screwcap vial equipped with a stirring bar was charged with
[Au(SIPr)(NEt3)][HF,] (10.9 mg, 15.0 umol, 3 mol%), N-iodosuccinimide (146 mg,
0.65 mmol, 1.3 equiv.), toluene (1 mL) and 5a (56.0 pL, 0.50 mmol). The mixture was
stirred at 50 °C for 24 h. The crude mixture was filtered through a plug of cotton, into a
plastic screwcap vial containing [Au(SIPr)(NEts][HF2] (10.9 mg, 15.0 umol, 3 mol%)
and NH4BF, (81.0 mg, 0.75 mmol, 1.5 equiv.). The cotton plug was further washed with
toluene (0.4 mL) for complete recovery of the halogenated intermediate. NEt;-3HF
(0.25 mL, 1.50 mmol, 3 equiv.) was then added dropwise and the reaction mixture was

further stirred at 50 °C for 3 h. The crude mixture was allowed to cool down to room
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temperature, and the top layer of the biphasic system was separated and recovered in a

screwcap vial with a stirring bar. While stirring, EtOH (1.5 mL), water (0.15 mL) and

K2CO3 (345 mg, 2.50 mmol, 5 equiv., added in small portions) were added, and the

mixture was stirred at 20 °C for 30 minutes. Under stirring, p-tolylboronic acid (140 mg,
1.00 mmol, 2 equiv.), K,CO3 (138 mg, 1.00 mmol, 2 equiv.) and Pd-1 (6.50 mg, 0.01
mmol, 2 mol%) were added in air. The reaction mixture was stirred at 50 °C for 16 h.

The sample was passed through a small plug of MgSO,, washed with AcOEt (2x3 mL)

and the gathered fractions were concentrated under reduced pressure. The crude mixture

was purified by column chromatography (SiO», pentane), obtaining 8aa as a white solid
(64.7 mg, 61% vyield).
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