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Abstract

In this thesis, the mechanism of the palladium-catalysed desulfinative cross-coupling of aryl
bromides and (hetero)aryl sulfinate salts is investigated. The challenges that must be overcome
to deliver improved, lower temperature versions of this process are discussed, and optimisation

work based on these mechanistic insights is presented.

Chapter 1 is a literature review surveying the use of sulfinate salts in palladium-catalysed
cross-coupling reactions. Particular emphasis is placed on the mechanism of these

transformations and the structure of palladium sulfinate intermediates.

Chapter 2 describes the mechanistic studies of the palladium-catalysed desulfinative cross-
coupling of 1-bromo-4-fluorobenzene and (hetero)aryl sulfinate salts. 2-Pyridyl and
carbocyclic sulfinate substrates are compared, and different catalyst resting states and turnover
limiting steps are established for the two classes of reagent. The role of the carbonate additive

and the reduction of the palladium(ll) precatalyst is also investigated.

Chapter 3 demonstrates the significance of the challenges associated with developing lower-
temperature desulfinative cross-coupling reactions. A survey of a number of reaction

parameters and their influence on the outcome of the reaction is presented.

Chapter 4 focuses on the use of the Xantphos ligand and the synthesis of Xantphos derivatives

to promote desulfinative cross-coupling reactions at 100 °C.

Chapter 5 discusses the development of a desulfinamidative cross-coupling reaction using a
primary aryl sulfinamide as the nucleophilic coupling partner. The feasibility of this process is

demonstrated, and initial optimisation results are presented.

Chapter 6 discusses the conclusion of the research and the potential for future work.

Chapter 7 presents the experimental data.
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Abbreviations and Acronyms

ag. agueous

Ac acetyl

Ar aryl

BArg* tetrakis[3,5-bis(trifluoromethyl)phenyl]borate
Bn benzyl

Boc tert-butyloxycarbonyl

Bz benzoyl

Bu butyl

cat. catalyst or catalytic

COD cyclooctadiene

Cy cyclohexyl

dba dibenzylideneacetone

decomp. decomposition

DFT density functional theory

DMF N,N-dimethylformamide

DMSO dimethyl sulfoxide

equiv. equivalents

ESI electrospray ionisation

h hour(s)

Het heteroaryl

HPLC high performance liquid chromatography
HRMS high resolution mass spectrometry
HTE high throughput experimentation
HTS high throughput screening

Hz hertz

i iSO

IR infrared

J coupling constant

L ligand or litre

LRMS low resolution mass spectrometry
M metal or molar

Ms mesylate

VIl



MS molecular sieves

MW molecular weight or microwave
m milli or multiplet

m meta

NMR nuclear magnetic resonance
0 ortho

OA oxidative addition

p para

Ph phenyl

ppm parts per million

pyr pyridyl

R generic group/substituent
RSI resting state intermediate
RE reductive elimination

rt room temperature

S secondary

sat. saturated

t tertiary

Tf trifluoromethanesulfonyl
TBA tetrabutylammonium
TBAB tetrabutylammonium bromide
TBPA tert-butyl peroxyacetate
TMA tetramethylammonium
TFA trifluoroacetate

THF tetrahydrofuran

TLC thin layer chromatography
TLS turnover limiting step

™ transmetalation

Tol tolyl

uv ultraviolet

X (pseudo)halide (unless stated otherwise)
XRD X-Ray diffraction

[ micro

v frequency



Ligand Structures

Pd GX refers to the generation of the Buchwald palladium precatalysts.
In the structures below, L stands for a generic phosphine ligand.
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Chapter 1 — Introduction

1.1. Palladium-Catalysed Cross-Couplings

1.1.1. Palladium in Catalysis

Transition-metal-catalysed reactions have undeniably changed the field of organic chemistry.
Key carbon-carbon bond formation reactions that were typically achieved via the use of
stoichiometric reactive nucleophiles or pericyclic reactions, are now routinely performed with
the help of transition-metal catalysts, in both academic laboratories and multi-ton production
plants.™! Among all the transition-metals available to synthetic chemists for catalysis, palladium
has a special status. Brown and Bostrom conducted a statistical analysis of the literature using
a representative set of papers from the Journal of Medicinal Chemistry for screening
compounds and from the Journal of the American Chemical Society and Angewandte Chemie,
International Edition for natural products in 2014. In this sample of the literature, the Suzuki-
Miyaura reaction represented 19% of all reactions performed, ranking this palladium-catalysed
process as first place amongst all other transition-metal-catalysed reactions, closely followed
by the Sonogashira and Buchwald-Hartwig coupling reactions.!! The prevalence of palladium-
catalysed processes in organic chemistry was internationally recognised in 2010, with the
attribution of the Nobel Prize to Richard Heck, Ei-ichi Negishi and Akira Suzuki “for
palladium-catalyzed cross couplings in organic synthesis”, acknowledging the extent to which

this element had revolutionised the art of synthesis.!
1.1.2. Palladium-Phosphine Binding

Palladium has been extensively used in heterogeneous catalysis,! notably for hydrogenation
reactions, for example with Pd/C[®! or Lindlar’s catalysts.[”l In homogeneous catalysis, the
development of ancillary ligands has largely contributed to its success. A wide range of

structurally different ligands have been developed, such as NHCs, #%-arenes, or nitrogen-based



ligands, mainly sp? hybridised (bipyridines and imine derivatives) but also sp®> (TMEDA for

example). Nonetheless, phosphine ligands dominate the scene for palladium catalysis.

Palladium-phosphine binding is mainly due to Lewis acid-base interactions. Palladium is a d*°
transition-metal with soft Lewis acid properties, likewise, tertiary phosphines are described in
the HSAB theory as soft ligands.®2% In contrast, amines are harder Lewis bases, and therefore
give rise to weaker bonds with palladium, although in terms of Brensted basicity, trialkyl
phosphines and amines are similar (pKa(HNEt3z) = 9.0 in DMSO, pKa(HPEt3) = 9.1 in

DMSO0).[M

Palladium-phosphine binding can be described by two main interactions. Firstly, a o-
component, involving the donation of electrons from the soft and diffuse lone pair of the tertiary
phosphine ligand to an empty palladium orbital of o-pseudosymmetry (Scheme 1.1.A).
Chadwick, Tolman and DuPont indirectly quantified the donating ability of a range of PR3
ligands by measuring the vco of [Ni(CO)sPRs] complexes by infrared spectroscopy.2*3l These
studies showed that among the ligands assessed, PF3 was the weakest donor, and the donating
ability of PRz increased from phosphites to phosphines, and from triaryl to trialkyl phosphines

(Scheme 1.1.B).

A. Donation of P c—orbital to Pd orbital of c—symmetry

—_—

\
PRyo  PaBEPd M d of

c-symmetry

B. Assessment of the c—donability of phosphine ligands by Tolman and co-workers

Measurement C—0 bond Metal-CO Electron PR3 is
of veoin = veo / — s_tron oenr —> backbonding \ —> density \ —> less
[Ni(CO);PR3] 9 involving CO 7* on [Ni] donating

I " 1
o { veo of [Ni(CO)3PR3] |
veo (em™) 2056 2064 2069 2079 2085 2110

PR; | PCys PMe; PPhy P(OMe)s P(OPh), PF3
: | o—donability of PR, | )

Scheme 1.1. Palladium-phosphine binding: o-component.



In addition to this first 6-component, there is an important wt-contribution to the palladium-
phosphine binding. The n-acidity of phosphines was first assigned to an interaction between the
occupied metal d-orbitals and the phosphine “low-lying” and empty 3d-orbitals (Scheme
1.2.A).1 Later, Orpen and Connelly observed that the P-R bond lengths in [M-PRs] units
decreased on oxidising the metal in 24 transition-metal phosphine and phosphite complexes.
This was rationalised by the contribution of P-R o*-orbitals to the phosphorus LUMO, which
is responsible for the -acid ability of phosphine ligands (Scheme 1.2.B).1511 These structural
observations were consistent with some early ab initio molecular orbital calculations on simple
phosphine-metal complexes.’®%°1 For these reasons, the m-component of the palladium-
phosphine binding is better described by the backbonding between the filled palladium d-

orbitals and a hybrid orbital of the P-R ¢* and the phosphorus d-orbitals (Scheme 1.2.C).

A. Initial interpretation of the phosphine n—acidity: d,—d, overlap

—_—

&%

Pdd PRyd

B. LUMO on P: Hyrbid of P-R ¢* and P 3d-orbitals

1o

P-R o* P 3d PR; LUMO

C. Donation of occupied M d-orbital to hybrid LUMO on P

B —

Pdd PR;LUMO

Scheme 1.2. Palladium-phosphine binding: t-component.

The number of phosphines that have been developed over the last three decades for palladium
catalysis is immense. Due to the large size of the phosphorus atom, the presence of bulky
ligands on the phosphorus is possible, allowing a large diversity of compounds without

weakening the Pd-P binding significantly. This is not the case for the parent alkyl amines for

3



example, which are more congested and have larger cone angles. These steric effects, together
with the hard/soft mis-match between amines and palladium, explain the much larger success

of trialkyl phosphine ligands compared to trialkyl amines.!*!

The effects of phosphine steric and electronic properties on the structure and reactivity of
palladium complexes has been studied extensively, and the emergence of key phosphine
parameters that are simple to predict and apply, such as the cone angle, contributed to the
development of highly efficient catalysts.”°) From Tolman steric and electronic parameters
reported in the 1970s,[213 201 to more and more elaborate ligand descriptors that are developed
with the progress of computational methods and machine learning,?-?*! our understanding of

palladium-phosphine binding is constantly increasing together with catalyst performance.
1.1.3. Cross-Coupling Arylation Reactions

A cross-coupling reaction is a process in which a catalyst, usually a transition-metal complex,
mediates the assembly of two starting materials to form a new covalent bond. Within this rather
general definition, reactions that involve the substitution of an aryl (pseudo)halide by a
nucleophile (see Section 1.2.2 for a note on the terms electrophile/nucleophile in the context of
cross-coupling reactions) and follows the mechanistic course of oxidative addition,
transmetalation and reductive elimination, represent a major section of cross-coupling
reactions.’® This does not only apply to carbon-carbon bond formation. There is indeed a
plethora of heteroatomic nucleophiles that can be combined with aryl (pseudo)halides. The
most emblematic are amines, and their coupling is known as the Buchwald-Hartwig cross-
coupling reaction.[?8 However, oxygen, sulfur, phosphorus, boron and many other heteroatomic
nucleophiles have also been arylated using palladium or other transition-metal catalysis

(Scheme 1.3).127
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Scheme 1.3. Cross-coupling arylations with heteroatomic nucleophiles.

Nonetheless, palladium catalysed cross-coupling reactions are most famous for carbon-carbon
bond formation. Colacot, Snieckus and co-workers traced the origins of metal-mediated carbon-
carbon bond forming reactions all the way back to 1869, when Glaser reported the
homocoupling of cupric acetylides, in a very interesting historical review. 281 Nowadays, the
venerable Suzuki-Miyaura (boron),?®! Kumada-Corriu (magnesium),% Negishi (zinc),*!
Stille-Migita (tin),®2 Hiyama-Denmark (silicon),®¥] Heck (alkenes),®* and Sonogashira
(alkynes)E®! reactions have become canonical, and are generally referred to with the name of
their discoverers rather than the name of the nucleophile. In the 2000s, Goossen demonstrated
that carboxylic acids could also be employed as the nucleophilic coupling partner in cross-
coupling arylation reactions,’*4%71 and more recently, sulfinate salts have also emerged as an
efficient alternative in these palladium catalysed carbon-carbon bond formation processes.*!

This is the focus of the next section.



1.2.  Sulfinate Salts in Palladium-Catalysed Cross-Coupling Arylation Reactions

1.2.1. Synthesis of Sulfinate Salts

Sulfinate salts, also referred to as sulfinic acid salts, were first reported in 1861.%%1 They are
usually colourless, odourless, non-corrosive bench-stable solids.* Their use as a versatile
building block has been reviewed by four different groups in the last three years, showing their

prevalence in organic synthesis. 43l

SO,
and Surrogates

A. Trapping of
organometallic
compounds with SO,

R-MgX, R-Li, R3Al

B. SO, insertion in
transition metal
complexes

R-N,X or Ar-X, [M]at

SO, R-SH
F. Radical Reations C. Oxidation
R R-SO,[M] m-CPBA, H,0,
E. Cleavage D. Reduction

Base, Nucleophile

R-SO,LG

N32803, Zn, Fe,
Mg, SnCly, LiAlH,

R-SO,CI

Scheme 1.4. Synthetic Routes to Sulfinate Salts.

Aryl sulfinate salts can be made from five main sulfur sources, as shown in Scheme 1.4.
Trapping of SOz gas, or of a SO surrogate, by an organometallic reagent (Route A) is one of
the most straightforward methods to prepare sulfinate salts. Similarly, SO, gas or surrogates
have been utilised in conjunction with transition-metal catalysis (Route B), allowing sulfination
under milder and more functional-group-tolerant reaction conditions compared to
organometallic reagents. Sulfinate salts can also be obtained from sulfur derivatives at a
different oxidation state. Both the oxidation of thiols (Route C) and the reduction of sulfonyl

chlorides (Route D) are extremely well documented and established methods. Masked aryl



sulfinate salts can also be released by nucleophilic or base-mediated cleavage of sulfonyl-
containing compounds (Route E), such as alkyl sulfones or thiosulfonates. Finally, although
under-represented, radical combination with the sulfur dioxide radical anion SO™ is another
avenue for the synthesis of sulfinate salts (Route F). These methods were reviewed in depth by
Manolikakes and co-workers in 2020.14 It is, however, important to highlight that the isolation
of sulfinate salts in their pure form, rather than their direct trapping and functionalisation in a

one-pot process, remains a challenge.
1.2.2. A Note on the Nomenclature

Although cross-coupling reactions do not necessarily combine electrophile and nucleophile
substrates, it is possible to formally call both coupling partners either electrophilic or
nucleophilic depending on their role in the reaction mechanism rather than their intrinsic
reactivity. This is perfectly illustrated by homocoupling reactions where the same functional

group acts simultaneously as the electrophilic and nucleophilic coupling partner.

A. Sulfinate = Electrophile B. Sulfinate = Nucleophile
Pd" Pd°
Ar—SO,Na + Ar'=[M] _Pdy Ar—Ar' A Ar'—SO,Na + Ar-X
Pd”Lnx« p ITL . | /Pdo .
Pd'IL, (SO,AN / (Ar)Pd7Ly(Ar) (Ar)Pd''L,Br
T~ Pd'L (A SG,  (AnPd'L,(SOAN) —<
so Ar'=[M] 2 Ar'—SO,Na
2

Scheme 1.5. Aryl sulfinate salts as electrophilic or nucleophilic coupling partners.

Sulfinate salts have been used as both nucleophilic and electrophilic coupling partner. When
the sulfinate salt is involved in a ligand exchange with the catalyst, followed by extrusion of
SO, to generate an aryl palladium complex which subsequently undergoes transmetalation, the
sulfinate is designated as the electrophilic coupling partner (Scheme 1.5.A). This designation
is not intuitive as the initial step of this process is essentially a nucleophilic attack of the
sulfinate on the palladium salt. After transmetalation and reductive elimination giving the

product and a Pd(0) complex, an oxidant is required to oxidise the palladium back to its initial
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oxidation state. When the sulfinate is however involved in a transmetalation type step with an
aryl palladium halide complex (Scheme 1.5.B), the sulfinate is designated as the nucleophilic
coupling partner. This second catalytic cycle is redox neutral, and does not require external

oxidants. These mechanisms will be explored in more detail in Section 1.3.

1.2.3. Sulfinate Salts as Electrophilic Coupling Partners

Mild and efficient Hiyama- or Suzuki-type couplings, using (hetero)arylsulfinates salts as the

electrophilic coupling partners, have been reported for the synthesis of biaryls (Scheme 1.6).

PdCl; (5.0 mol%)
TBAF (2.0 equiv.)
A. Qi (2013) Ar—SO,Na + Ar'—Si(OEt); Ar—Ar

THF, air, 70 °C, 3 h

(1.0 equiv.) (1.2 equiv.)
PdCl, (5.0 mol%)
Cu(TFA), (10 mol%)
B. Qi (2014) Ar—SO,Na + Ar'—B(OH), Ar—Ar
. : DMSO/MeCN 3:1,
(1.0 equiv.) (1.2 equiv.) air, 90 °C. 2 h

Pd(MeCN)4(BF4)- (2.0 mol%)
C. Wang (2018) Ar—SO,Na + Ar'—BF3K Ar—Ar

H,0, air, 60 °C, 3 h

(1.0 equiv.) (1.0 equiv.)

Scheme 1.6. Hiyama and Suzuki-type cross-coupling reactions.

A source of fluoride was necessary to induce the transmetalation for the reaction with
triethoxysilanes (Scheme 1.6.A),1*%] and the reaction proceeded smoothly at 70 °C. Air was the
source of oxygen, acting as the stoichiometric oxidant required to regenerate the Pd(0) catalyst
after final reductive elimination. In the reaction involving aryl boronic acids as the nucleophilic
coupling partners (Scheme 1.6.B),[*®! the oxygen present in air was also employed as the final
oxidant, but this time a copper co-catalyst was used to obtain higher yields, and the temperature
had to be slightly raised (90 °C) compared to the silane system. The use of potassium aryl
trifluoroborate salts by the Wang group (Scheme 1.6.C),*" was a significant improvement as
it allowed the coupling to happen in water and at 60 °C over 3 hours. Once again, air/oxygen
was used as the stoichiometric oxidant, and no other additive was required, making this reaction
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the greenest process compared to the two others aforementioned. Interestingly, none of these

reactions required ancillary phosphine ligands.
1.2.4. Sulfinate Salts as Nucleophilic Coupling Partners

Although the coupling between aryl sulfinate salts and aryl halides was reported as early as
1992 in a seminal patent (Scheme 1.7.A),[* it was not until 2012 that this reactivity was
explored again, this time using aryl triflates, by Duan and co-workers (Scheme 1.7.B).1*¥1 The
same group extended their reaction scope to aryl chlorides and bromides in a subsequent paper
using the same reaction conditions.® The Forgione lab concurrently reported a catalytic
system based on PdCl, and dppf that required higher reaction temperatures but allowed a
broader substrate scope (Scheme 1.7.C),"Y then later showed that dppf could be omitted
without loss of efficiency (Scheme 1.7.D).%? The scope of the electrophilic coupling partner
was extended to 3-haloquinolines by Billard and co-workers using a combination of Pdz(dba)s
and the DavePhos ligand (Scheme 1.7.E),[%® and further broadened by the Nagarkar lab with

aryl iodides, using the unusual combination of Pd(dppf)Cl and P(OPh)s (Scheme 1.7.F).554

The Forgione lab also reported three different catalytic systems (PdCl2/PPhs, H2O/DMF,
170 °C; Pd(P(t-Bu)3)2, DMF anhydrous, 170 °C; Pd(acac)./PPhs, EtOH, 150 °C) for the
successful coupling of (benzo)thiophene and (benzo)furan sulfinate salts with aryl bromides or
triflates using microwave irradiation.[’>51 Under these conditions, no other additive was

required and reactions were completed between 8 minutes and 1 hour.



A. Sato and Okoshi (1992) ; D. Forgione (2013)
Pd(OAc), (0.5 mol%)

Ar— Ar—
1 Or Br dppe (0.6 mol%) p Ore iirv) PdCl, (5.0 mol%)
(1.0 equiv.) CaO (6.0 equiv.) | - equ: Cs,CO;3 (1.5 equiv.)
+ Ar—Ar + Ar—Ar'
' NMP, N, ! ' DMF, Ny,
Ar—80;Na 150 °C, 6-8 h : Ar—SOzNa 185 °C, 20 h
(1.0 equiv.) ; (4.0 equiv.) '
B. Duan (2012 & 2013) ! E. Billard (2013)
Ar—CI/Br/OTf ! 3-haloquinolines " d2(dba)s (5.0 mol%)
(1.0 equiv.) Pd(OAc), (2.0 mol%) ' 10 ) K,CO3 (1.5 equiv.)
U equiv. XPhos (4.0 mol%) ; (1.0 equiv) n-Bu,NCI (1.2 equiv.)
+ > Ar—Ar + >  Ar—Ph
) Toluene, N, ! NMP, N,
Ar'—80,Na 120 °C, 24-40 h | Ph—S0,Na 150 °C, 18 h
(1.2 equiv.) ; (1.5 equiv.)
C. Forgione (2013) E F. Nagarkar (2017)
. !
Ar—Br :dC'fZ((ssbor:“O‘:l//;) : Ar—I Pd(dppf)Cl, (5.0 mol%)
(1.0 equiv.) PPl (- ° (1.0 equiv.) P(OPh); (5.0 mol%)
Cs,CO3 (1.5 equiv.) ! K,COs (1.5 equiv.)
" Ar—Ar , vPsloequv)  Ar—ar
DMF, N, !
Ar—S0,Na 185 °C 2% h ! Ar—SO0,Na DMF, Ny,
(4.0 equiv.) ; (1.5 equiv.) 150 °C, 26 h

Scheme 1.7. Desulfinative cross-couplings between aryl halides and aryl sulfinates.

More recently, the Willis group has pioneered the use of 2-pyridyl sulfinate salts in cross-
coupling reactions with (hetero)aryl bromides (Scheme 1.8.A).81 These conditions were
successfully applied to the synthesis of pyridyl[2.2]paracyclophanes, a useful scaffold in the
field of materials chemistry by the Rowlands group.% 2-Pyridyl sulfinate salts are particularly
interesting because these substrates are easy to prepare and bench stable, and their couplings
are generally robust and high vyielding, conversely to 2-pyridyl boron nucleophiles.l®"
Subsequent work in our group demonstrated that a change of the phosphine alkyl substituents
allowed a slight reduction of the reaction temperatures from 150 °C to 120-130 °C using P(t-
Bu)2Me*HBF; instead of PCys (Scheme 1.8.B).[ In addition to 2-pyridyl substrates, a wide
range of 5- and 6- membered heterocyclic sulfinates, bearing multiple heteroatoms, were shown

to be effective nucleophilic coupling partners under the same conditions.

10



Pd(OAc), (5.0 mol%)
PCys (10 mol%)
K2003 (1 5 eqUiV.)

A. Willis (2017)  Ar—Cl/Br 2-pyr—S0,Li/Na >  Ar—2-pyr

+

; ; 1,4-dioxane, No,
(1.0 equiv.) (2.0 equiv.) 150 °C. 318 1
Pd(OAc), (5.0 mol%)

P(t-Bu),Me*HBF,4 (10 mol%)

K,CO3 (1.5 equiv.)
B. Willis (2017) Ar—Cl/Br + HetAr—SO,Li/Na Ar—HetAr
1,4-dioxane, N,
120-130°C, 18 h

(1.0 equiv.) (1.5 equiv.)

Pd(OAc), (5.0 mol%)
P(t-Bu),Me*HBF,4 (10 mol%)
K,CO3 or Cs,CO3 (2.0 equiv.)
HetAr—SO0sallyl Ar—HetAr
1,4-dioxane, N,
120 - 150 °C, 18 h

C. Willis (2018)  Ar—CI/Br

+

(1.0 equiv.) (1.5 equiv.)

Scheme 1.8. Desulfinative cross-couplings between aryl halides and heteroaryl sulfinates.

As previously discussed in Section 1.2.1, the purification of sulfinate salts can be problematic.
Furthermore, the anionic nature of the sulfinate functional group makes these nucleophiles
unsuitable for multistep synthetic sequences. These problems were circumvented with the use
of allyl sulfones as latent nucleophiles, releasing the masked sulfinate in situ under similar
reaction conditions (Scheme 1.8.C).I%21 Complex heterocyclic molecules and drug analogues

were synthesized to demonstrate the power of these latent nucleophiles.

Despite the utility of sulfinate salts as nucleophilic coupling partners, especially in the context
of the “2-pyridyl organometallic cross-coupling problem”,[®% &I their use is plagued with the
requirement of harsh reaction conditions, with temperatures ranging from 120 °C to 185 °C. It
is important to highlight that this is not the case when sulfinate salts are used as the electrophilic

coupling partners, as shown in Section 1.2.3.
1.2.5. Homocoupling Reactions

The homocoupling of sodium 4-methylbenzene sodium sulfinate to form 4,4’-dimethylbiphenyl
was first reported by Garves in 1970.41 The biaryl product was obtained in 35% yield using

stoichiometric Na2PdCls. This yield doubled when HgCl was used as a catalyst. Since this
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seminal report, greener approaches to symmetrical biaryls have been developed by the groups
of Luo!®® and Forgione.[®®! Both methods used a palladium catalyst and oxygen as the terminal

oxidant, with either copper oxide or TEMPO as a co-catalyst.
1.2.6. C-H Activation Reactions

Sulfinate salts have also been used as arylating agents for C-H activation reactions. 104671 |
these reactions, the sulfinate will once again act as the electrophilic or nucleophilic coupling
partner, as described in Section 1.2.2. However, the mechanism of these C-H arylations with
sulfinate salts is not well understood, and is most often based on limited or non-existent
experimental data, or by analogy with previous reports also based on speculative material. For
this reason, this section is organised according to the nature of the substrates or the reaction
conditions, rather than the role of the sulfinate salt. Nevertheless, electrophilic or nucleophilic
denominations will be used as described in these literature reports, and to avoid confusion, the
electrophilic coupling partner will always appear first in blue, and the nucleophile second, in

orange.

In 2011, the group of You reported the C-H arylation of caffeine derivatives as well as of a
range of azole derivatives (Scheme 1.9.A).18! Noticing that other oxidants than Cu(OAc), were
incapable of providing reactivity, they proposed that the heterocyclic substrate would be
activated by copper(l) salts generated in situ. The latter would undergo transmetalation with an
Ar-Pd-X complex generated by desulfination of the sulfinate salt. For this reason, they assigned
the sulfinate salt as the electrophilic coupling partner. However, in the same year, Deng and co-
workers independently reported the coupling of (benz)oxazoles and (benzo)thiazoles as well as
caffein derivatives with aryl sulfinate salts using very similar conditions (Scheme 1.9.B).[6%
The authors proposed a different mechanism in which the sulfinate salt acts as the nucleophilic

coupling partner. This shows that the notions of electrophile/nucleophile in the field of C-H
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activation should be examined carefully. Wang and co-workers reported a similar reaction in

2012, this time using TFA as a stoichiometric additive (Scheme 1.9.C).l"®

0
Me< N
A. You (2011) Ar—SO,Na  + j\)t S—H
0~ "N N
Me Me

2.0 equiv. 1.0 equiv.

~

Pd(PhCN),Cl, (5.0 mol%)
Cu(OAc), (2.0 equiv.)

1,4-dioxane/DMSO 9:1,
110 °C, 24 h

O
Me\N)tN\>_
Ar
O)\N N
N/Ie Me

Pd(OAc), (5.0 mol%)
Cu(OAc),+H,0 (2.0 equiv.) PN

B.Deng (2011) R--

N

N—H + Ar—SO,Na
| 2

X

X=8§,0
(1.0 equiv.) (1.5 equiv.)
N
C. Wang (2012) Ar—S8O3Na + R-L \>—H
Z X
X=8§,0
(2.0 equiv) (1.0 equiv)

1,4-dioxane/diglyme 1:3, ~
120°C, 24 h

Pd(OAc), (5.0 mol%)
Cu(OAc), (2.0 equiv.)
TFA (1.0 equiv.)

Dimethylglycol,
120 °C, 24 h

Scheme 1.9. C-H arylation of azoles and caffeine derivatives using sulfinate salts.

=
RL I D=
\N +
.

A. Luo (2012) Ar—SO,Na
(1.0 equiv.) (2.0 equiv.)
7NN
B.Wang (2013)  Ar—SO,Na  + R \ H
H
(1.0 equiv.) (1.4 equiv.)

Pd(OAc), (5.0 mol%)
or
Pd(COD)ClI, (5.0 mol%)
CuCly+2H,0 (2.0 equiv.)

Toluene, 110 °C, 24 h

PdCl, (5.0 mol%)
AgOAc (2.0 equiv.)
H,SO4 (2.0 equiv.)

DMF/MeCN 1:1,
100 °C, MW, 40 min

Scheme 1.10. C-H arylation of indoles using sulfinate salts.

Similar reaction conditions using Pd(OAc)2 or Pd(COD)CI> in combination with copper(Il)

chloride hydrate were subsequently reported for the C-H activation of indole substrates

(Scheme 1.10.A).I"Y The next year, this was extended to free N-H indoles by Wang and co-

workers, this time using silver(l) acetate as an oxidant, and sulfuric acid as an additive (Scheme
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1.10.B).I"?1 Once again, the mechanism of these reactions is unclear, as both reports assigned

the role of the sulfinate differently.

In more recent years, similar reactions were reported for a wider variety of heterocyclic
substrates. The Pd(OAc)./Cu(OAc). conditions reported in 2011 by the groups of You and
Deng (Scheme 1.9) were applied by Zhong and co-workers to thiazolo[3,2-b]-1,2,4-triazole
substrates (Scheme 1.11.A).11 Interestingly, despite the presence of two potentially reactive C-
H bonds, these conditions were selective for the C-H bond of the thiazole ring rather than the
triazole. Zhao and co-workers showed that indolizines could be arylated using
Pd(OACc)2/bipyridine as a catalytic system and tert-butyl peroxyacetate as the stoichiometric
oxidant (Scheme 1.11.B).II The arylation of oxazole-4-carboxylates by aryl sulfinate salts was
mediated by a Pd(OAc)2/DPEPhos catalytic system using Oz as the oxidant (Scheme 1.11.C).["*]
This demonstrated that ancillary phosphine ligands can also support the palladium catalyst in

these direct C-H coupling processes.

Pd(OAc), (5.0 mol%)
Cu(OAc), (2.0 equiv.)

R R

N _ N
A. Zhong (2014) NN\ +  A—SO,Na ) N/\g—
H’R_<N/AS H 1 4-dioxane/diglyme 1:2, H/R_<N/)\S Ar

120°C, 24 h
1.0 equiv. 2.0 equiv.
Pd(OAc), (3.0 mol%)
EWG Bipyridine (10 mol%) EWG
N = TBPA (1.2 equiv.) e
B. Zhao (2016) Ph—SO,Na + R— R—
N—/ N—/
\/ MeCN, 100 °C, 6 h \/
H Ph
(1.2 equiv.) (1.0 equiv.)
Pd(OAc), (5.0 mol%)
0,
CO,R DPEPhos (10 mgl %) CO,R
N K,CO3 (2.0 equiv.) N
C. Chen (2017) )\ + Ar—SOyNa )\
R/QO H 1,4-dioxane, R/QO Ar
0,5, 100 °C, 20 h
1.0 equiv. 2.0 equiv.

Scheme 1.11. C-H arylation of various heterocylces using sulfinate salts.

Sulfinate salts were also used for the C-H arylation of polyfluorobenzene substrates. This was

first reported by the Wang lab, using 7.0 mol% of PdClI. in combination with a phosphate base
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and a stoichiometric silver oxidant (Scheme 1.12.A).[®1 The Weng group subsequently reported
the same arylation reaction using a phosphine supported palladium catalyst (Scheme 1.12.B).I"]
However, these conditions are arguably not an improvement since 20 mol% of palladium allyl
chloride dimer (representing 40 mol% of palladium) was required, together with 2.0 equivalents
of silver oxide as the oxidant. In both of these couplings, the sulfinate was proposed to be the

electrophilic coupling partner.

PdCl, (7.0 mol%)
Ag,CO3 (1.6 equiv)
NazPO4°H,0 (1.8 equiv.)
A. Wang (2013) Ar—SO,Na + Arf—H Ar—ArF
DMSO/H,0 3:1,
100 °C, 18 h

(1.6 equiv.) (1.0 equiv.)

[PdCl(allyl)], (20 mol%)
XPhos (20 mol%)
Ag,0 (2.0 equiv.)
B. Weng (2014) Ar—SO,Na + Arf—H Ar—ArF
DMF/H,0 99:1,
(1.0 equiv.) (2.0 equiv.) 110 °C, 20 h

Scheme 1.12. C-H arylation polyfluorobenzenes using sulfinate salts.

1.3.  Mechanistic Insights in Metal-Catalysed Desulfination Reactions

1.3.1. Desulfination vs Decarboxylation vs Desulfonation

The Peters desulfination reaction was described in 1905,[8 four years after the Pesci
decarboxylation reaction,[’®®1 while the Deacon desulfonation reaction was reported in
1971.8Y These three stoichiometric reactions proceeded via the thermal extrusion of SOz, CO
and SOs under vacuum from the corresponding carboxylic, sulfinic, and sulfonic acid mercury
salts. More recently, a DFT/MS study of desulfination at copper was conducted by the O’Hair
group.® Ligand competition experiments in the copper complexes [MeXOCuOYMe]™ where
X =COorSOandY =SO0 or SO, (Scheme 1.13), showed that desulfination occurs more easily
than decarboxylation and desulfonation, demonstrating the high potential of sulfinate

derivatives as organometallic precursors.
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I Me—Cu—0. __Me

) C
Me” ~O—Cu—Me Pesci Q Peters 6
S.
+ <o Me” O—CU—O\CJ\/Ie - ¥
Less I More
o]
CO; Facile Facile S0:
X =80 Y =CO
0
g Me—Cu—0O. __Me
i — p— N
Me O—Cu—Me Deacon E Peters O/ \O
+ - Me” \O—CU*O\S,MG - "
$0, Less O// \b More SO,
Facile X = SO Y = S0, Facile

Scheme 1.13. C-H arylation polyfluorobenzenes using sulfinate salts.

The O’Hair group also examined the reactivity of phenanthroline-ligated palladium complexes
with aryl sulfinate and aryl carboxylate salts.!®3 After a similar DFT/MS study, they concluded
that similar to the copper complexes showed in Scheme 1.13, the extrusion of SO has a lower
energy barrier that the extrusion of CO> with their phenanthroline-ligated cationic palladium

complexes.
1.3.2. Palladium Sulfinate Complexes
Palladium sulfinate complexes can be obtained via three fundamental processes:[#4

- Insertion of SO; into the palladium-carbon bond of an organometallic complex via an

electrophilic cleavage of the palladium-carbon bond (Equation 1.)
I RPd'L,X + SO, ——> RSO,Pd"L.X
- Oxidative addition of sulfonyl derivatives into Pd(0) species (Equation I1.)
1. RSO,X + PdL, ——> RSO,Pd'L X
- Reaction of Pd(Il) salts with alkali metal sulfinate salts (Equation I11.)

1. m RSO, M + PdLX; —— (RSOp)nPd'LXom + m [MX
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The sulfinate can then bind the central palladium atom in four different modes. In sulfinato-S
complexes (Scheme 1.14.A), the palladium is linked directly to the sulfur, whereas in the
sulfinato-O coordination mode, it is the oxygen that is binding the metal (Scheme 1.14.B). The
sulfinate can also bind the palladium in a multidentate fashion, or bind two palladium atoms at
the same time, forming dimers or higher aggregates. In these cases, the complexes are called
sulfinato-O,0’ (Scheme 1.14.C) or sulfinato-O,S (Scheme 1.14.D) depending on the nature of

the binding atoms of the sulfinate salt.

A. Sulfinato-S C. Sulfinato-0,0'
Intramolecular Intermolecular
0 0 R
3% o, (R
R™[Pd] R-87 [Pd] o] 0
¢} R/S\O/[Pd]
B. Sulfinato-O D. Sulfinato-O,S
Intramolecular IntermoIeRcuIar
l/
O—S/O
S S—pa P P
.S~ ~[Pd] R/ \ /
RO o} _S5—0
(O]
R

Scheme 1.14. Coordination modes available to sulfinate salts.

Coordination of sulfinate to metal complexes has been extensively studied by IR spectroscopy.
It has been shown that the sulfinate preferentially adopts a sulfinato-S coordination mode when
the metal is soft, whereas harder metal centres, i.e. those with higher oxidation number, higher
effective charge, small ionic radius, low polarizability and low oxidisability, will generally lead
to a sulfinato-O coordination mode.[8+8¢1 Therefore, sulfinato-S coordination modes should be
preferred with the soft palladium centre (see Section 1.1.2). It is however possible to change
the soft/hard character of metals by a suitable choice of ligands. For example, due to the o-
donating and m-accepting character of CN" ligands, a sulfinato-S complex was observed with

the intrinsically hard Co"' complex [Co(SO2R)CN)s]*.1"]
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The nature of the binding of sulfinate salts to metal centres affects the SO stretching vibration
frequencies which can be observed by IR spectroscopy. General trends have emerged from
extensive studies of metal complexes, but the predicted binding from IR data does not always

agree with solid state structures.[4

Despite the wide array of palladium sulfinate complexes reported in the literature, only a few
have been characterised by X-ray crystallography. In 2000, the dimeric sulfinato-O-O’
[(dppp)Pd(SO2Me)]2[BArF4]2. complex (Scheme 1.15) was prepared via the insertion of SO,
into the Pd-Me bond of the corresponding cationic [(dppp)Pd(Me)(OEt2)]BArFs complex.[
Variable temperature NMR spectroscopy showed that the unprecedented dimeric eight-
membered palladacycle was in equilibrium with different conformers. This was due to the ring
inversion of the chair conformation of the dppp ligand in solution, rather than a conformation

change at the stable sulfur centre.

o Ve Ph\ 2@
Ph_Ph Ph_ Ph 3
Me S)

. P
CP\ ) 50, (9) PPN P S
Pd F - = Pd F
7O~ BAr 4 / AN 2 BAr 4
ROt cD,ch 80°c N\ Noss-o” R
Ph Ph \ 3 pH Ph
Ph Me

Scheme 1.15. Synthesis of the dimeric sulfinato-O,0’ complex [(dppp)Pd(SO2Me)]2[BAIF]..

In 2001, two structural isomers of  the sulfinato-S palladacycle
[(PMe3)2Pd(CH.CMe2CeH4S02)] (Scheme 1.16) were prepared via the insertion of SO> into
the Pd-Caiy (Compound B) or Pd-Caryi (Compound C) of the palladacycle A.B A transient
orange coloration during the insertion of SO, led the authors to monitor the reaction by NMR
spectroscopy, and the pre-insertion SO»-ligated palladium intermediate E was observed at
- 80 °C. Single crystals suitable for an X-ray diffraction study could be grown from complex
B, which unambiguously confirmed its structure. However, the dimeric sulfinato-S,0 complex

D was obtained from the structural isomer C upon crystallisation. This was due to the presence
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of traces of air under the crystallisation conditions that oxidised the PMes after ligand
dissociation. Compound C could be regenerated quantitatively upon reaction of D with PMes

under strict anaerobic conditions.

o]
O\\g 1 Via intermediate E. |
MeaP\P(/j Me ' observed at-80°C |
MesP~ Me :
3 ! ?one !
i MesP Me
e \/Pd%:
MesP, Me S0, (9) B. MesP 5
Me;P—Pd Me —m 8 — TTmmmTTmmmmmmemees
0°C
PMe3
MesPy | PMes
A 0. 797\ e / Me
"X __/Me — Mer 0
7,
Pd’s/zo\ PM
- .PMe
PMes MesP™ \____Pd 3
Oj/S
c lOz p. © \''Me
Me
O=PMe;

Scheme 1.16. Formation of sulfinato-S complexes via a pentacoordinated intermediate.

The sulfinato-S complex (dppf)Pd(SO2Me)Cl (Scheme 1.17.A) was also prepared via the
insertion of gaseous SO in the corresponding chloro(methyl)palladium complex.®® The
corresponding COD complex was found to be unstable due to SO> de-insertion, showing the
reversibility of the SO insertion process and the low energy barrier associated with the
extrusion of SOz in such complexes. The Weix lab reported a structurally similar tolyl sulfinate
complex B.PY This time, it was not obtained by insertion of SO, into the corresponding
oxidative addition complex, but was prepared by ligand exchange with sodium 4-
methylbenzene sulfinate, as described in Equation 3. Both complexes A and B have a sulfinato-
S coordination mode with aryl or methyl groups positioned trans to the chloride atom. Shavnya
and co-workers recently reported the crystal structure of the sulfinato-S complex [(4-Me-
CsH4S02)PACI,]2[PPh4]2 (Scheme 1.17.C).[®21 In this dimeric complex, it is not the sulfinate

that is responsible for the dimeric aggregation, which exists due to two bridging chloride anions.
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Its catalytic activity was demonstrated in the sulfonylation of boronic acids using K2S20s, an

inorganic SO surrogate.

Ph
Pop €Tl ome  ~ 20 )
- / N
'©/\F>d/S e \d/CI/©/ MeOS‘/ i ®
Fe Pd_~ ~Pd
A ~ /N 7 e
Q@—p/ cl C R ®o c’ © //S@ﬂwe 2PPhy
1Ph Ph PhO %
Ph
A. (dppfPd(SO,Me)Cl  B. (BINAP)Pd(4-Me-CgH4SO,)Cl C. [(4-Me-CgH4S02)PACI,]o(PPhy),

Scheme 1.17. Other palladium sulfinate complexes.

Overall, there is only limited data on palladium sulfinate complexes. Their synthesis and
characterisation by X-ray crystallography has brought some understanding to the mechanism
of SO insertion to aryl palladium halide oxidative addition complexes. However, the

desulfination process from such palladium sulfinate complexes remains underexplored.
1.3.3. Desulfination at Palladium: Electrophilic Sulfinate

Aryl ketones can be synthesised form aryl sulfinate salts and nitriles in conjunction with
palladium catalysis.®>*¥ Although these reactions are not strictly cross-coupling arylation
reactions, the sulfinate is involved as the electrophilic partner as defined in the Section 1.2.2.
This process was studied by the Larhed group, who shed light on the sequence that leads to a
cationic aryl Pd(I1) complex from the combination of bipyridine, Pd(TFA)2 and aryl sulfinate
salts (Scheme 1.18). Exchange of two trifluoroacetate ligands for a sulfinate ligand (A > C),
followed by extrusion of SO (C = D), was proposed to generate a cationic Ar-Pd(SO2)(bipy)*
Complex D that is subsequently ligated by the nitrile to form Complex E. An electrospray
ionization mass spectrometry study revealed the presence of the key intermediates A-E, therein

supporting their theoretical DFT calculations.
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Scheme 1.18. C-H arylation polyfluorobenzenes using sulfinate salts.

In their 2014 report on the desulfinative cross-coupling of arylsulfinates with arylboronic acids
catalysed by PdCl, and Cu(TFA). (see Scheme 1.6.B),14 the Qi group calculated the bond
dissociation enthalpies® in PhSO2[M]CI complexes ([M] = Cu or Pd). They concluded that
the desulfination step, which is more enthalpically favourable at palladium than at copper,
happens in a concerted 4-membered transition state, similar to Larhed’s transition state

(Scheme 1.18, TSc.p).
1.3.4. Desulfination at Palladium: Nucleophilic Sulfinate

The cross-coupling reaction of aryl sulfinate salts and aryl halides is believed to proceed via
five key steps (A-E) as shown in Scheme 1.19. The active Pd(0) PdL, species must first be
generated (step A), either by reduction of a Pd(ll) precatalyst, or ligand exchange with a Pd(0)
source such as Pdz>(dba)s. The active catalyst subsequently inserts into the carbon-halide bond
of the electrophile (step B), forming an oxidative addition complex (Ar)PdLn(X). A putative
palladium sulfinate complex, (Ar)PdL,(SO2Ar’), is formed in a transmetalation process (Step
C). The latter involves an anion exchange between the alkali metal sulfinate salt and the halide
of the oxidative addition complex. Extrusion of SO (step D) giving (Ar)PdLn(Ar”), followed
by reductive elimination (step E), leads to the product and regenerates the active Pd(0) catalyst

PdLn.
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Scheme 1.19. Accepted mechanism for palladium-catalysed
cross-coupling reactions between aryl halides and aryl sulfinate salts.

The oxidative addition!6-%®l and reductive eliminationt®®-11 steps of the mechanism depicted in
Scheme 1.19 are common to a wide range of palladium-catalysed cross-coupling reactions, and
have been extensively studied with a myriad of ligands and aryl halides. However, the
elementary steps involving the nucleophilic sulfinate salts, i.e. generation of the active Pd(0)

species, transmetalation and extrusion of SO, have never been investigated.

If the active Pd(0) species is generated from a Pd(0) precatalyst, this neutral ligand exchange
step should be independent of the nature of the nucleophile. However, a common pathway for
the reduction of Pd(11) salts to the active Pd(0) species, is a double transmetalation followed by
reductive elimination.['%? This reduction pathway has been illustrated and studied with boronic
acids as the nucleophilic coupling partner.*%-1%4 Gjven the ability of sulfinate salts to undergo
homocoupling in presence of a Pd(Il) catalyst (see Section 1.2.5), the involvement of sulfinate
salts in the reduction of the precatalyst is a scenario which should not be excluded, and which

has not been studied.

Prior to our studies, post transmetalation aryl palladium sulfinate complexes, such as
(Ar)PdLn(SO2ATr’), had never been reported. Similar complexes have been obtained with a
variety of other nucleophiles, and the study of their reactivity has greatly improved the

understanding of their corresponding coupling reactions. 1951071
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1.4. Research Aims

Palladium-catalysed carbon-carbon bond formation has revolutionised the field of organic
synthesis in both academia and industry, as described in Section 1.1. In this context, aryl
sulfinate salts have recently emerged as alternative coupling partners to conventional
organometallic reagents. Section 1.2 shows the significant growth in this field over the past
decade. The use of sulfinate salts in palladium catalysed arylation reactions has proved
particularly useful in the context of the 2-pyridyl organometallic cross-coupling problem. Their
use as nucleophilic coupling partners, opens the door to arylation reactions with vast libraries
of commercially available halogen-substituted arenes. However, this synthetically useful
transformation remains poorly understood. This was detailed in Section 1.3 which showed that
there is limited data on the binding of aryl sulfinate salts to palladium and the process of SO
extrusion. In particular, little is known about the nucleophilic attack of sulfinate salts onto aryl

palladium halide complexes, which leads to aryl palladium sulfinate complexes.

The objective of this research was to investigate the mechanism of the palladium-catalysed
desulfinative cross-coupling of aryl bromides and (hetero)aryl sulfinate salts. The aim was to
isolate and characterise palladium complexes relevant to the catalytic cycle, with a strong focus
on the aryl palladium sulfinate intermediates. By investigating the kinetics of the reaction, |
aimed to identify the resting state intermediates and turnover limiting steps of the catalytic
cycle, so as to deliver improved and lower temperature versions of these synthetically important

transformations (Scheme 1.20).

* Synthesis and reactivity of ¢ Better understood
novel aryl palladium mechanism
sulfinate complexes —_—

¢ Development of improved
¢ Kinetic studies reaction conditions

Scheme 1.20. Research aims.
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Chapter 2 — Mechanistic Studies of the Palladium-Catalysed Desulfinative

Cross-Coupling of Aryl Bromides and (Hetero)Aryl Sulfinate Salts

The results of these studies were published in the Journal of the American Chemical Society!*%]
and were highlighted in the journal Trends in Chemistry.['%! Dr Alasdair 1. McKay solved all
the X-ray structures that are featured in this chapter. DOSY NMR spectroscopy and high
temperature NMR spectroscopy experiments were conducted with the help of Dr Nader Amin.

All other experiments were conducted by myself.
2.1. Model Reactions and Substrates

The coupling of unsubstituted sodium pyridine-2-sulfinate salt 1 with 1-bromo-4-fluorobenzene
2 proceeds in 95% yield in presence of Pd(OAc)., PCys and K2COs in 1,4-dioxane at 150 °C
(Scheme 2.1.A). These cross-coupling conditions were initially developed for pyridine sulfinate
salts,[®® pefore being extended to a larger class of heteroaromatic substrates.!®t In this study,
the reactivity of 2-pyridyl substrate 1 was compared to sodium 4-methylbenzenesulfinate 4.
This carbocyclic sulfinate undergoes cross-coupling with 1-bromo-4-fluorobenzene under the

same reaction conditions to deliver biaryl 5 in 92% yield (Scheme 2.1.B).

Pd(OAc), (5.0 mol%)

PCys3 (10 mol%) A
Br X K,CO3 (1.5 equiv.) -y
A. + | _ N
F NaO,S” 'N 1,4-dioxane, 150 °C
2 1 F 3
1.0 equiv. 2.0 equiv. 95% yield

Pd(OAC), (5.0 mol%)

. Me PCy3 (10 mol%) e
F NaO,$ 1,4-dioxane, 150 °C O
2 4 " ¥

1.0 equiv. 2.0 equiv. 92% yield

Scheme 2.1. Model reactions and substrates.
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2.2. Formation of the Active Pd(0) Species

Palladium(ll) acetate is employed as the palladium source for the two model reactions and in
the preparative reactions, and therefore the active Pd(0) species must be generated via a
reductive process. This step is often overlooked in the literature, although several pathways are
known for the formation of Pd(0) species, the understanding of which is crucial for the study
of reaction kinetics.['%% 1101121 The use of excess phosphine as a reducing agent is a common
method to reduce Pd(I1) precatalysts,[**3] but the nucleophilic coupling partner involved in the
cross-coupling such as organolithium reagents,[**4 organostannanes,***! alcohols,**¢! and
aminest™'’ can also mediate this transformation. Buchwald and co-workers judiciously used
sub-stoichiometric amounts of an aryl boronic acid in order to ensure complete reduction of
their Pd(ll) precatalysts without loss of precious starting materials.*81 Furthermore,
stoichiometric Pd(I1)-mediated dimerisation of sulfinate salts was reported in the early seventies
(see Section 1.2.5), showing the ability of sulfinate salts to take part in the formation of Pd(0)
species from Pd(Il) complexes. Therefore, examined the generation of the active catalyst was
examined in the presence of 4-methylbenzenesulfinate 4. The two coupling partners 1-bromo-
4-fluorobenzene 2 and 4-methylbenzenesulfinate 4 were introduced to a Young’s NMR tube
together with K2COj3 and stoichiometric amounts of Pd(OAc). and PCyz ina 2:1 ratio. A 2.5:1
mixture of 1,4-dioxane/benzene-des was chosen as the solvent in order to mimic the reaction
conditions whilst permitting NMR spectroscopic analysis. The NMR tube was then gradually
heated at different temperatures and the reaction was monitored by 3P{*H} and °F{*"H} NMR

spectroscopy (Figure 2.1).
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Figure 2.1. 3*P{*H} monitoring of the formation of the active Pd(0) species from Pd"(OAc),.

The known Pd(PCys)2(OAc)2 complext®l 6 was rapidly formed at room temperature (A). Upon
heating to 60-80 °C, the 3'P{'H} resonance of 6 started to decay to a new complex 7,
characterised by a broad signal at 29.83 ppm (B and C). Complex 7 was synthesised
independently, and single crystals suitable for an X-ray diffraction study were grown from
CH2Cl>/hexane. The structure displays a square planar geometry around the palladium centre,
with a trans arrangement of the phosphines. The palladium-sulfur bond length in 7 of 2.2755(4)
A, is shorter than those in (dppf)Pd(SO-Me)CI®® and (BINAP)Pd(SO,CsHsMe)CIPH
(2.3262(9) and 2.3331(7) A, respectively). Whilst the palladium-oxygen bond length of
2.0975(13) A, is notably longer than that in (PCys)2Pd(OAC). (2.0288(17) A), reflecting the
strong trans influence of the sulfinate ligand. Upon heating between 80 °C and 100 °C, complex

7 then undergoes extrusion of SO> to give complex 8 (6p = 18.50 ppm) (C and D). Similar aryl
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palladium acetate complexes were reported and characterized by X-ray crystallography by
Eastgate and coworkers,*%®! and the identity of complex 8 was confirmed by its independent
synthesis and characterisation according to these literature protocols. Above 100 °C, complex
8 is then likely to undergo a second acetate/aryl sulfinate exchange to form an aryl palladium
sulfinate complex (Ar’)Pd(PCys)2(02SAr') followed by extrusion of SOz and reductive
elimination to generate a Pd(0) intermediate and 4,4’-dimethylbiphenyl 5b, the homocoupling
product. None of these two intermediates were observed by NMR spectroscopy as the rate of
extrusion of SO from such palladium sulfinate complexes and of oxidative addition are fast at
such temperatures (see Sections 2.4 and 2.7). Instead, the oxidative addition complex (4-F-
CeH4)Pd(PCys3)2(Br) 9 (6p = 20.08 ppm) was observed (E). Complex 8 can also undergo an
acetate/bromide exchange giving complex 8b (6p = 19.79 ppm), which can then undergo the
same transformations to form Pd(0) species and homocoupling product. Phosphine oxidation
products were detected in trace amounts only, which is consistent with the observation made
by Eastgate and co-workers that Pd(PCyz)2(OAC)2 6 is not easily reduced to Pd(0) via phosphine

oxidation in absence of hydroxide bases.[*%!

When the cross-coupling was performed with increasing amounts of Pd(OAc)2 (5 — 18 mol%)
with a ligand/palladium ratio fixed at two, a linear correlation was observed between the amount
of homocoupling product 5b formed and the amount of Pd(OAc)2 introduced (Figure 2.2),
which supports the proposed reduction pathway of the precatalyst. The gradient was found to
be 0.76, which can be explained by the existence of minor reduction pathways or by catalyst

deactivation/decomposition.
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Figure 2.2. Correlation between the amount of homocoupling product formed and the amount of Pd(OAc)2
introduced in the reaction mixture.

When attempting to synthesise the complex corresponding to 7 with pyridine-2-sulfinate 1, a
different palladium complex 10 was isolated (Scheme 2.2). This complex also displays a square
planar geometry around the palladium centre, with a pyridine residue lying trans to the
phosphine instead of a second phosphine ligand as in 7. Two 2-pyridyl sulfinate groups are
present in 10. One chelates the palladium in a k°n,0-mode affording a 5-membered metallocycle.
This mode of ligand binding has precedence in copper 2-pyridyl sulfinate complexes.*?%1 The
second 2-pyridyl sulfinate coordinates the palladium by the sulfur, trans to the oxygen binding.
The palladium-sulfur bond length in 10 (2.2307(5) A) is notably shorter than that in 7, possibly
reflecting the decreased steric congestion in the former due to the replacement of a bulky PCys

ligand by the less bulky pyridyl group.

When complex 10 was heated in presence of aryl bromide 2, homocoupling product 3b and the
oxidative addition complex 9 were observed, suggesting that Pd(0) species are generated after

double extrusion of SO and reductive elimination.
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Scheme 2.2. Formation of the active Pd(0) species with 2-pyridyl sulfinate 1.

2.3. Synthesis and Characterisation of Relevant Palladium Complexes

2.3.1. Oxidative Addition Complex

The insertion of Pd(PCys) into the carbon-halide bond of aryl bromides leads to complexes of
general formula (Ar)Pd(PCyz)2(Br) which adopt a square planar geometry with the two
phosphine ligands trans to each other.*?!1 This is in agreement with the Crystal Field Theory
which predicts that for d® transition-metal complexes, the occupation of the orbitals dx;, dyz, d;?
and dxy in a square planar geometry is energetically advantageous compared to tetrahedral or
octahedral geometries.['* 1221 Oxidative addition of bromobenzene to Pd(PCys). has been
investigated by Baird™?®! and Hartwig.l%! These studies showed that the insertion of the two-
coordinate Pd(0) complex Pd(PCys). in the C-Br bond of bromobenzene is an irreversible

process in nonpolar solvents at room temperature.

Oxidative addition complex 9 was synthesized according to literature procedures (Scheme 2.3),
and its NMR spectroscopy resonances were in agreement with previous reports.[?t 1241 Ag
discussed previously, without the presence of a nucleophilic coupling partner that is able to
dimerise, it is the combination of the hydroxide base KOH with excess PCys acting as the

reducing agent which promotes the reduction of Cl.Pd(PCyz). to Pd(PCys)..
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Scheme 2.3. Synthesis of the oxidative addition complex 9.

Oxidative addition complex 9 proved to be a competent catalyst for the coupling of lithium 4-
methoxybenzene sulfinate 4-OMe and 1-bromo-4-fluorobenzene 2, giving similar reaction rate
and yield compared to the mixture of Pd(OAc). and PCys (Figure 2.3). The kinetics of the

oxidative addition step will be examined in Section 2.7.3.

oM
OMe Catalyst ©
Br + /©/ K>CO3 (1.5 equiv.)
)

F 1,4-dioxane, 150 °C
2 4-OMe 5-OMe
1.0 equiv. 2.0 equiv.
100%
Catalyst: E
! U
: g 75% |
o Pd(OAc), (5.0 mol%) : A po
0 1 9 o
PCy3 (10 mol%) : = 0% |
' ke
: P
l_;’C.\/a X g _
(=] F@F’Id—sr ! £ 25% |
PCy3 E b
9 : 0% &
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, Time (min)

Figure 2.3. Oxidative addition complex 9 as a competent catalyst.

2.3.2. Aryl Palladium Sulfinate Complexes

As discussed in Sections 1.3.2 and 1.3.4, post-transmetalation aryl palladium sulfinate

complexes of molecular formula (Ar)PdL,(SO2Ar’) had never been reported prior to these
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studies. Given that post-transmetalation complexes of formula (Ar)PdL,(XRm) involved in the
cross-coupling of alcohols (X = 0),12%5-228] gmines (X = N)[29-230 or thiols (X = S)13 are
known, the synthesis of these unprecedented aryl palladium sulfinate complexes was attempted

starting from oxidative addition complex 9.

Our first approach was to heat oxidative addition complex 9 at moderate to elevated
temperatures (50-120 °C) in the presence of carbocyclic sulfinate salt 4 or its lithium 4-Li and
potassium 4-K analogues (Table 2.1). However, formation of biaryl 5 and/or decomposition
were observed depending on the temperature (Entries 1-3). This was also the case when the
phase transfer additive TBAB was employed, or when different solvents were used (Entry 4).

I?Cy3 Conditions
F@Pld—sr + XOZS@Me (Ar)Pd(PCy3)n(SO2AT")

PCy3
9 4, 4-Li,4-K: X =Na, Li, K

Entry Sulfinate Conditions Outcome

1 4,4-Lior4-K  benzene-dg, T =rt, 50 °C, 70 °C 9 recovered

; —0on ° 9 recovered + Decomposition
- - b -dg, T=90 °C
2 4,4-Lior4-K enzene-dg + Ar-Ar' 5 (traces)
9 recovered + Decomposition

-Li - b -dg, T=120 °C R
3 4, 4-Lior 4-K enzene-de + Ar-Ar' 5 (significant amounts)

TBAB, benzene or THF or dioxane

4 4 T =25 °C, 50 °C, 70 °C

9 recovered

Table 2.1. Unsuccessful synthesis attempts of aryl palladium sulfinate complexes.

The use of silver nitrate was key to the formation of such aryl palladium sulfinate complexes
under mild reaction conditions, thus allowing their isolation. In the presence of AgNOs3, the
oxidative addition complex 9 was entirely consumed at room temperature, and the dimeric
palladium sulfinate complex 11 was isolated (Scheme 2.4). This could be reproduced with the
electron-rich sulfinate 4-OMe and its electron-poor 4-CFs analogue, leading to complexes 11-
OMe and 11-CFs. These three Pd(Il) complexes, which were all characterised by XRD, adopt
a square planar geometry around the palladium centre, and the sulfinato-O,S dimeric structure

resembles the one reported by Tiripicchio and co-workers®! (Experimental Section 7.2.15.4).
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Scheme 2.4. Silver-mediated synthesis of aryl palladium sulfinate complexes with carbocyclic sulfinates.

When the pyridine-2-sulfinate substrate 1 was subjected to the same reaction conditions, the
monomeric palladium sulfinate complex 12 was obtained (Scheme 2.5). The geometry about
the palladium centre in 12 closely resembles that present in 10 (see Scheme 2.2). The palladium
oxygen bond length in complex 12 (2.132(2) A) is elongated relative to that in complex 10

(2.0975(13) A), reflecting the greater trans influence of the aryl ligand.

The degree of aggregation in these complexes is also maintained when either an electron-
donating or -withdrawing substituent is introduced at the 5-position of the pyridine ring as in
12-OMe and 12-CFs (Experimental Section 7.2.15.4). A notable exception is when steric
bulk, in the form of a tert-butyl group, is placed at the 6-position of the pyridine. This prevents
the x?n0-binding mode of the pyridine sulfinate, thereby affording a dimeric solid state
structure 13 which resembles that of the 4-methylbenzenesulfinate substituted complex, 11. X-
ray suitable crystals could be obtained from CH2Cl2/hexane recrystallization of crude reaction
mixtures, however, attempts to obtain analytically pure samples were unsuccessful for

compound 13.
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The diffusion coefficients obtained by DOSY NMR spectroscopy in 1,4-dioxane/benzene-ds
predicted masses for complex 11 and complex 12 in a 2:1 ratio, indicating the former maintains

its dimeric structure in solution (Experimental Section 7.2.6).

AgN03

PCys — ,
F@Pld—sr + NaOZSO F4©»Fl>d—(?
PCy; N Benzene, argon, _N__ Sz
9 1 rt, 16 h |
12 [
PCys PCys
oF of, S
/N | Sto /N | S:O ®
)
A
MeO™ FsC
12-OMe 12-CF; 12 (X-ray)

13 13 (X-Ray)

Scheme 2.5. Silver-mediated synthesis of aryl palladium sulfinate complexes with 2-pyridyl sulfinates.

2.4. Reactivity of Aryl Palladium Sulfinate Complexes

2.4.1. At Room Temperature in Presence of Tricyclohexylphosphine

Similarly to what was observed by Tiripicchio and co-workers,® dimeric complex 11 reacted
quantitatively with tricyclohexylphosphine to give monomeric complex 14 (Scheme 2.6).
Although conversion was quantitative according to °F{*H} NMR spectroscopy, the new
complex 14 was only isolated in 57% vyield. Similarly to oxidative addition complex 9 (op =
20.20 ppm, Jr-r = 3.0 Hz), a doublet at dp = 21.95 ppm, Jr.r = 3.0 Hz is characteristic of this
novel aryl palladium sulfinate complex. Crystals suitable for XRD were obtained from

CH2Cly/hexane, which allowed us to confirm the solid-state structure of compound 14, as a
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square planar palladium complex bearing the two bulky PCys ligands trans to each other. The
sulfinate coordinates the palladium via a single O-Pd bond, which is consistent with a
nucleophilic displacement of the sulfur atom from dimeric complex 11 with PCysa. In contrast,
palladacycle 12 was found to be unreactive under the same conditions, and compound 15 was

not observed, suggesting that the Pd-N bond in 12 is much stronger than the Pd-S bond in the

dimeric complex 11.

F Me F
/PCy3
Pd\ PCy3 /F)Cy3

Pd
0

7N\ 7
\O\ / ° benzene-dg, ar VP 0-S
Pd 6> argon,
/ rt, < 5 min @
M

( j( PC
PCys PCYs rd g
F@»Pd—o - NG
o CysP 0-8
N__S ’

_ <0 benzene-dg, argon,

12 | up to 90 °C, 15 N\
up to 45 min =

Scheme 2.6. Reactivity of complexes 11 and 12 in presence of PCys.

We demonstrated in Section 2.2 that the formation of the active Pd(0) species from the Pd(11)
precatalyst is mediated by the homocoupling of two sulfinate substrates. As a consequence, the
phosphine to palladium ratio is preserved during the reduction step and two phosphine ligands
remain available per palladium atom during catalysis. This is why dimeric complexes 11, 11-

OMe, 11-CF3 and 13 are not believed to be involved in the reaction mechanism. Their
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formation is most likely caused by the presence of AgNOs which can act as an oxidant.® In

the following sections, only the aryl palladium sulfinates 12 and 14 will be considered as

potential intermediates in the reaction mechanism.

2.4.2. Extrusion of SOz from Complexes 12 and 14

Complexes 12 and 14 were heated at 150 °C in 1,4-dioxane and the formation of products 3

and 5 was monitored by HPLC analysis of aliquots syringed out from the reaction. For this set

of experiments, complex 14 was generated in situ from dimeric complex 11 and PCys.

(Experimental Section 7.2.7). The results are shown in Figure 2.4.

(0]
CVSFI’ 1 PCys (0 - 3.0 equiv.)
| 1,4-dioxane, argon, 5
PCy; Me 150 °C
14
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F Pd—0 =
F
N__Sxg 1,4-dioxane, argon, }\l /
12 || 150 °C 3
A. B. C.
14 — 5 12— 3
14 —5 [0 0 equiv. PCyj 0 1.0 equiv. PCy;3
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Figure 2.4. Extrusion of SO, from complexes 14 and 12.

The rates of extrusion of SO> from complexes 12 and 14 are drastically different. At 150 °C in

1,4-dioxane, full conversion to biaryl 5 is obtained within one minute from complex 14. In

contrast, the extrusion of SO, from complex 12 is much slower and requires 30 min to reach
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full conversion to compound 3 under the same reaction conditions (Figure 2.4.A). This suggests
that the coordination of the sulfinate in complex 14 is weak, permitting an easy extrusion of
SO», whereas the sulfinate strongly chelates the palladium centre in complex 12, making the
extrusion of SO, a more energy demanding process. The rates of extrusion of SO, from
complexes 12 and 14 were then examined under various concentrations of PCyz at 150 °C in
1,4-dioxane. A small but significative decrease from 98% to 96%; 93% and 87% conversion
after 1 minute of reaction time was observed for the extrusion of SO, from complex 14 in
presence of 0; 1.0; 2.0 and 3.0 equivalents of tricyclohexylphosphine respectively (Figure
2.4.B). Desulfination from complex 12 however was unaffected by the presence of excess

ligand (Figure 2.4.C).

The extrusion of SO2 from complex 14 was also monitored at 90 °C in toluene-ds by quantitative
1%F NMR spectroscopy (Figure 2.5). Under these conditions, it is clear that the concentration
of PCyz has a major impact on the rate of extrusion of SO, from complex 14. We propose that
the loss of a phosphine ligand is required prior to extrusion of SO, to allow a 4-coordinate
transition (TS*) state rather than an energetically less favourable 5-coordinate transition state

(TS®) if both ligands remain present.
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Similarly, the extrusion of SO, from pyridyl complex 12 was monitored at 110 °C in toluene-
ds by quantitative °F NMR spectroscopy (Figure 2.6.A). Under these conditions, the presence
of added ligand did not affect the rate of extrusion of SO, in agreement with the results showed
in Figure 2.5.C. Weakening of the Pd-N bond by adding an electron-withdrawing group on the
pyridyl ring as in complex 12-CFs increased the rate of extrusion of SO in toluene-ds, as 47%
conversion to product 3-CFs was obtained after 45 minutes of reaction time (Figure 2.6.B)
compared to 11% conversion of complex 12 to complex 5. This data suggests that extrusion of
SO, from aryl palladium sulfinate chelates formed with 2-pyridyl sulfinate substrates is limited

by breaking of the strong Pd-N bond, which does not depend on the concentration of PCysa.

Figure 2.5. Extrusion of SO, from complex 14 at 90 °C in toluene-ds.
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Figure 2.6. Extrusion of SO, from complexes 12 and 12-CFz at 110 °C in toluene-ds.

2.5. Study of the Transmetalation Step

2.5.1. Working Hypothesis

In this section, the stoichiometric reactions between oxidative addition complex 9 and aryl
sulfinate salts was studied. Given the poor solubility of both 9 and sulfinate salts in common
organic solvents and the requirement of high temperatures for the transmetalation step, accurate
kinetic measurements by NMR spectroscopy were not possible. The stoichiometric reactions
between complex 9 and aryl sulfinate salt 4 were therefore monitored by taking aliquots from
the reaction mixtures and analysing them by HPLC (Experimental Section 7.2.7). With this
experimental protocol, it was not possible to monitor the consumption of complex 9, and
formation of biaryl product 5 was measured instead. As a consequence, the observed rates are
not the rates of transmetalation (k1), but the rates of the sequence transmetalation/extrusion of

SO>/reductive elimination (kobs) (Scheme 2.7).

We showed in the previous Section 2.4.2 that the rate of extrusion of SO, from the aryl
palladium sulfinate complex 14 followed by reductive elimination to give biaryl 5 (k2) is, under

the reaction conditions (1,4-dioxane, 150 °C), extremely fast and happens within < 1.0 min
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reaction time independently of the concentration of PCys (Figure 2.4.B). These high rates of
extrusion of SO, from complex 14 were rationalised by the weak coordination of 4-

methylbenzene sulfinate to the palladium centre via one oxygen atom.

PCys
F@Pld—sr
Me
PCy Cysp  Q
9 ’ ky o 1 ko
Me 1,4-dioxane, | 1,4-dioxane, 5
/©/ 150 °C PCys Me 150°C F
NaO,S 14
‘ kobs
Working Hypothesis: Conditions of Validity:
o~k 1,4-dioxane, 120 - 150 °C
obs = ™ carbocyclic sulfinates only

Scheme 2.7. Working hypothesis for the study of the transmetalation step with carbocyclic sulfinate salts.

In this section, we propose that the rate of formation of product 5 from a combination of the
oxidative addition complex 9 and 4-methylbenzene sulfinate salt 4 can be approximated to the

rate of the transmetalation step (Kobs = Kz).

In contrast, the extrusion of SO, from complex 12 in which the 2-pyridyl sulfinate strongly
chelates the palladium centre in a ®n,0 fashion requires significant reaction times (~30 min) in
1,4-dioxane at 150 °C (see Figure 2.4.A). Therefore, such an approximation can not be justified

for 2-pyridyl sulfinate substrates, and this section will focus on carbocyclic sulfinate salts.
2.5.2. Importance of the Sulfinate Counter Cation

Lithium, sodium, potassium and caesium sulfinate salts have been shown to be compatible with
the reaction conditions used in this study.8 In order to probe whether the nature of the sulfinate
counter cation has an impact on the rate of the transmetalation step, the reaction between

oxidative addition complex 9 and 4-methylbenzene sulfinate salts bearing a range of alkali and
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organic counter cations 4, 4-Li, 4-K, 4-Cs, 4-NMe4, 4-N(TBA)4 were monitored in 1,4-dioxane

at 120 °C and 150 °C (Figure 2.7.A).
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Figure 2.7. Importance of the sulfinate counter cation.

Lithium and sodium sulfinate salts 4-Li and 4 were found to be very poor nucleophilic coupling
partners under these conditions, with 2% and 12% product formation respectively in 2 hours.
In contrast, 74% and 84% conversion to product 5 were obtained in 2 hours moving further
down in the alkaline metals group, with potassium and caesium sulfinate salts 4-K and 4-Cs,
respectively. Tetrabutylammonium sulfinate 4-TBA had a similar initial rate compared to the
potassium sulfinate substrate 4-K, however, conversion stalled at 60%, even after five hours
reaction time. Decomposition of the tetrabutylammonium cation via Hoffman-type elimination
is likely to be responsible for this loss of reactivity. A slight but non-significant increase in
reaction rate was observed when the 18-crown-6 was used in conjunction with potassium
sulfinate 4-K. However, the use of tetramethylammonium sulfinate salt as the nucleophilic
coupling partner dramatically boosted the reaction rate, as 86% yield was obtained within the
first 10 minutes. Tetramethylammonium salts have been used as organic silver surrogates for
the abstraction of halide atoms from palladium complexes,**2 which might explain the

excellent reactivity of sulfinate 4-TMA in the transmetallation step. The low performance of
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the tetrabutylammonium sulfinate salt compared to the potassium, or caesium sulfinates
suggests that solubility of the sulfinate salt is not correlated to the rate of the transmetallation
step. Indeed, the tetrabutylammonium sulfinate is entirely soluble in 1,4-dioxane at 120 °C,

while the alkali sulfinates are not.

This set of stoichiometric experiments showed that the nature of the sulfinate counter cation is
crucial for efficient transmetalation between oxidative addition complex 9 and 4-
methylbenzene sulfinate salts. However, it also showed that the sodium sulfinate salt 4 does not
seem to be a good partner in this process, with mediocre reactivity at 120 °C. In order to
understand how the model reaction produces synthetically useful yields of product 5 while
involving the sluggish sodium sulfinate salt 4, the rates of transmetalation between 9 and
sodium or potassium sulfinate salts 4 and 4-K were compared to the rate of transmetalation
between sodium sulfinate 4 and complex 9 in presence of K.COz (1:1 ratio) at 150 °C (Figure
2.7.B). At this higher temperature, sodium sulfinate salt 4 does mediate the transmetalation,
reaching 68% conversion within two hours (grey squares). However, the rate of product
formation was largely improved by the presence of KoCOsas shown by the blue circles, while
sulfinate 4-K gave the highest rate of product formation (red diamonds). This observation
suggests that a cation metathesis between the sodium sulfinate salt 4 and potassium carbonate
is likely to take place under the reaction conditions (Equation 4), therein permitting the

transmetalation step to happen at reasonable rates.

K,CO;

Iv. ArSO,Na ArSO,K

2.5.3. Impact of the Concentration of PCys on the Rate of Transmetalation

The stoichiometric reaction between oxidative addition complex 9 and 4-methylbenzene
sulfinate salt 4-K was carried out in 1,4-dioxane at 150 °C while varying the concentration of

PCys (Figure 2.8). The potassium sulfinate 4-K was used rather than the sodium sulfinate 4 as
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it was proposed that it is formed in situ prior to transmetalation, as discussed in the previous

section.
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Figure 2.8. Transmetalation step with 4-K: comparison with the extrusion of SOz, and influence of [PCys].

In Figure 2.8.A, the rate of transmetalation between 9 and 4-K is compared with the rate of
extrusion of SO, from complex 14. It is evident from this first plot that the rate of the sequence
transmetalation/extrusion of SOa/reductive elimination (Kobs as defined in Section 2.5.1,
Scheme 2.7) is much slower than the rate of the extrusion of SO2/reductive elimination ko:

Kobs << Ka.

A significant decrease in the rate of transmetalation was observed upon increasing the
concentration of PCyz (Scheme 2.8.B). This suggests that dissociation of a phosphine ligand

from the 16-electron complex 9 is necessary to release a coordination site and form a more
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reactive 14-electron T-shaped oxidative addition complex 9-T prior to transmetalation

(phosphine dissociation from complex 9 is explored in more details in Section 2.5.4).

The rates of the sequence transmetalation/desulfination/reductive elimination between
oxidative addition complex 9 and potassium pyridine-2-sulfinate 1-K were also compared to
the rate of desulfination/reductive elimination from palladium sulfinate 12 (Figure 2.9.A). For
the extrusion of SO from complex 12, one equivalent of PCys was added to the reaction mixture
to ensure a 2:1 PCy3/Pd ratio. In contrast to what was observed with carbocyclic sulfinate 4-K
and the corresponding palladium sulfinate complex 14, the rates of both reactions are almost
equal with the 2-pyridyl substrates. This further confirms that the hypothesis made in Section
2.5.1is not applicable to the transmetalation with potassium 2-pyridyl sulfinate 1-K: Kobs # k1.
Instead, observing Kobs = k2 suggests that the extrusion of SO- is the limiting step of the sequence
transmetalation/extrusion of SOy/reductive elimination for 2-pyridyl substrates due to the

strong Pd-N bond in palladium sulfinate chelate 12.
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Figure 2.9. Transmetalation step with 1-K: comparison with the extrusion of SO,, and influence of [PCy3].
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The rates of the sequence transmetalation/extrusion of SO./reductive elimination were slightly
affected by increasing amounts of PCys (Figure 2.9.B). The dependence observed is once again
consistent with ligand dissociation from oxidative addition complex 9 giving complex 9-T prior
to transmetalation. It is however important to highlight that the impact of the increasing
concentration of PCyz on the reaction rates is less important than for the carbocyclic system.
This is most likely due to the slow and limiting extrusion of SO, from complex 12 which does

not depend on the concentration of PCys as shown in Section 2.4.2. (Figure 2.4.C).
2.5.4. Lability of PCys in the Oxidative Addition Complex 9

In order to support the ligand dissociation sequence deduced in the previous section and the
involvement of a putative T-shaped oxidative addition complex 9-T in the transmetalation step,
the lability of PCyz in complex 9 was examined. Oxidative addition complex 9-i-Pr was
synthesised with tri-isopropylphosphine ligand P(i-Pr)s, which is electronically and sterically
similar to PCys. Similarly to complex 9, a doublet at p = 30.51 ppm, Jp_r = 3.0 Hz could be

observed, characteristic of a trans configuration of the two phosphine ligands.

The two oxidative addition complexes 9 and 9-i-Pr were dissolved in a 5:1 mixture of 1,4-
dioxane/benzene-ds, and gradually heated from room temperature to 100 °C (Figure 2.10).
After an hour at 50 °C, the two complexes had remained untouched. However, raising the
temperature to 75 °C for 60 minutes led to scrambling of the phosphine ligands, and a novel
complex that was assigned as 9-Cy-i-Pr was observed, with each phosphine ligand giving a
doublet of doublets (Opi-pr3 = 30.54 ppm, dpcys = 19.37 ppm, Jrcys-pi-pnz = 381.5 Hz, JpFr = 3.0
Hz). The equilibrium obtained at 75 °C remained unchanged after raising the temperature to
100 °C for another hour. This experiment confirms that PCys is labile under the reaction
conditions, which supports the phosphine dissociation/transmetallation sequence discussed in
the previous Section 2.5.3. The ability of PCys to dissociate from complex 9 is not surprising

given previous studied by Tolman and co-workers on Ni(Il) complexes.2%
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Figure 2.10. Ligand scrambling between oxidative addition complexes 9 and 9-i-Pr.

2.6. ldentification of the Resting State Intermediates

To identify the resting state intermediates (RSI) of the catalytic reactions, the desulfinative
cross-couplings were monitored by 3'P{*H} NMR and *F{*H} NMR spectroscopy using sub-
stoichiometric amounts of catalyst. The reactions were performed in a Young’s NMR tube with
15 mol% of Pd(OAc). and 30 mol% of PCys. The observed resonance peaks were compared
to the signals of reference samples obtained from a similar 5:1 mixture of 1,4-dioxane/benzene-

ds. Due to poor stirring of the heterogeneous mixture in an NMR tube, the reaction kinetics
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were found to be very slow. After 14 hours at 150 °C, at which point biaryl 5 was formed in
40% yield (= 2.7 turnovers), the resonance peak of oxidative addition complex 9 (oF = -124.26
ppm) was the only other signal observed on the **F{*H} spectrum along with starting material,
internal standard, and product (Figure 2.11.A). The corresponding characteristic doublet at op
=20.08 ppm was also observed in the 3'P{*H} spectrum, along with free PCys (3p = 9.24 ppm),
phosphine oxide (dp = 45.65 ppm) and oxidative addition complex 8b (6p = 19.80 ppm) (Figure

2.11.B).
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Figure 2.11. Identification of the RSI with 4-methylbenzene sulfinate 4.

The same experiment was performed with the pyridine-2-sulfinate substrate 1. After 14 hours
reaction at 150 °C, the conversion to product 3 was lower than for the carbocyclic substrate
(20%, ~ 1.3 turnover). The oxidative addition product 9 was observed in a 1:1 ratio with the
palladium sulfinate complex 12 (Figure 2.12.A). Presence of these species was confirmed by

the 3'P{*H} spectrum, where their corresponding phosphorus resonance peaks (5p = 38.03 and
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dp = 20.08) were observed along with free PCys, its oxide, and minor unidentified resonances

(Figure 2.12.B).
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Figure 2.12. Identification of the RSI with pyridine-2-sulfinate 1.

These experiments were also performed with sodium 5-(trifluoromethyl)pyridine-2-sulfinate 1-
CFs, sodium pyridine-4-sulfinate 16, and lithium 6-(tert-butyl)pyridine-2-sulfinate 1-t-Bu. For
these three pyridyl sulfinate substrates, the oxidative addition complex 9 was the only complex
observed by *F{*H} NMR spectroscopy, and its corresponding resonance peak was found in
the 3'P{*H} NMR together with some minor unidentified signals. NMR spectra corresponding

to these results are available in the Experimental Section 7.2.11.

Overall, the monitoring of the cross-coupling reactions between 1-bromo-4-fluorobenzene 2
and sulfinate salts 1, 1-CFs, 1-t-Bu, 4 and 16 by °F{*H} or 3P{*H} NMR spectroscopy
suggests that the nature of the RSI depends on the ability of the sulfinate salt to form a strong
aryl palladium sulfinate chelate such as complex 12, from which the extrusion of SO is a

difficult process. The observation of complex 9 as the RSI for the reaction involving carbocyclic
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sulfinate 4 is consistent with its inability to form such a chelate and with the high rates of
extrusion of SO, observed in Section 2.4.2. Complex 9 was also observed to be the RSI in the
reaction involving pyridine-4-sulfinate 16 which can not form a 5-membered ring chelate for
evident geometrical reasons. Similarly, it was shown in Section 2.3.2 that the palladium
sulfinate complex 13 formed with 6-(tert-butyl)pyridine-2-sulfinate 1-t-Bu is a dimer because
the bulky tert-butyl group prevents formation of a Pd-N bond. Accordingly, complex 9 was
observed to be the RSI of the reaction with sulfinate 1-t-Bu. The electron-poor 5-
(trifluoromethyl)pyridine-2-sulfinate 1-CF3 is able to chelate the palladium in a %n0-mode.
However, it was demonstrated in Section 2.4.2 that weakening of the N-Pd bond due to
inductive effects of the trifluoromethyl group facilitates the extrusion of SO; from the
corresponding complex (see Section 2.4.2 Figure 2.6, 12 vs 12-CF3). As a consequence,
oxidative addition complex 9 was once again observed to be the RSI of the reaction with
sulfinate 1-CFs. It is only with the unsubstituted pyridine-2-sulfinate 1 that the corresponding
palladium sulfinate chelate 12 was observed by NMR spectroscopy over the course of the
reaction. This suggests that the strong chelation observed with this substrate provokes a change

of RSI due to the difficulties associated with the extrusion of SOz from complex 12.

2.7.  Kinetics of the Catalytic Reaction

2.7.1. Experimental Procedure: Initial Rates of the Reaction

Productive catalytic reactions are performed at 150 °C in 1,4-dioxane (bp = 101 °C) and under
these conditions, sulfinate salts and potassium carbonate are sparingly soluble. The
heterogeneous nature of the reaction mixture and the high temperatures required prevented us
from monitoring these cross-couplings by NMR spectroscopy. Instead, reaction progress was
monitored by HPLC analysis of aliquots taken from the reaction mixture with a syringe. Under
these conditions, the microwave caps employed to seal the reaction vials were quickly damaged
and reactions could not be monitored for extended reaction times. It was however possible to
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obtain reproducible results over shorter reaction times. Therefore, the partial orders in reagents

and catalyst were obtained using the initial rate method.%l

A precise addition order of the reagents was crucial in obtaining interpretable kinetic data. The
amount of homocoupling product 5b was monitored, as it is indicative of the formation of active
Pd(0) species as discussed in Section 2.2. The data in Figure 2.13 was obtained by injecting a
solution of Pd(OAC). and PCys to a preheated solution of aryl bromide 2, sulfinate 4 and K>CO:a.
With this addition order, catalyst activation (green circles) and product formation (blue
diamonds) take place concurrently and the initial rates can not be easily interpreted, and the red

dotted lines represent the uncertainty range for the initial rate.
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Figure 2.13. Measurement of the initial rate without catalyst pre-activation.

In order to suppress the induction period caused by the activation of Pd(OAc)., the precatalyst
was first heated at 150 °C in presence of ligand, base and sulfinate 4 before addition of the aryl
bromide 2 (Figure 2.14). This addition order, which permitted the precise measurement of the
initial rate of the reaction (green dotted line), was employed for the entirety of the experiments

figuring in Section 2.7.
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Figure 2.14. Measurement of the initial rate with catalyst pre-activation.

2.7.2. Heterogeneous vs Homogeneous Catalysis

The nature of the active catalyst in palladium-catalysed cross-couplings can be ambiguous.
134135 | order to verify that the reaction kinetics are not affected by a possible heterogeneous
component, a mercury test was performed (Figure 2.15). To our surprise, the introduction of
Hg(0) in the reaction mixture entirely stopped the catalysis, suggesting that the reaction could
follow a heterogeneous pathway. However, the mercury poisoning test can sometimes lead to
false positives, as Hg(0) can decompose Pd(0)/L and Pd(I1)/L systems.[*26-1371 A filtration test
was performed to gather more information on the nature of the true catalyst species (Figure
2.16). A reaction using typical stoichiometry and concentration!*3 was halted after 20 minutes,
at which point the conversion was 20% based on an internal standard, corresponding to a rate
of 0.0023 mmol.mint. The solution was cooled, filtered through a 0.22 pm PTFE syringe filter
under an inert atmosphere, and the filtrate was introduced in a new reaction vial containing
K>COz and the sulfinate coupling partner 4. Upon heating, the reaction started again with a
similar rate of 0.0020 mmol.min™, as 41% conversion were reached after 20 minutes and 88%

after 120 minutes. Although it is not possible to fully exclude a heterogeneous pathway, we
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propose, based on the isolation of discrete homogeneous intermediates and this filtration test,

that the major catalytic pathway is homogeneous in the studied reactions.
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Figure 2.15. Mercury test.
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Figure 2.16. Filtration test.
2.7.3. Order in Aryl Bromide 2

The reactions of 4-methylbenzenesulfinate 4 and pyridine-2-sulfinate 1 were performed with

different concentrations of aryl bromide 2 (0.025-0.15 mM). A zero order in aryl bromide was
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observed with both sulfinate substrates as the initial rates were found to be independent of the
concentration of aryl bromide 2 (Figure 2.17). This observation implies that the oxidative
addition step is not the turnover limiting step (TLS) of the catalytic cycle. This is in good
agreement with previous studies by the groups of Baird™?®l and Hartwig/®! who showed that
oxidative addition of Pd°(PCys). in bromobenzene happens at room temperature and with the

observation of complexes 9 or 12 as the resting state intermediates.
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Figure 2.17. Plot of the initial rate of the reaction against the concentration of aryl bromide 2 with both 2-pyridyl
sulfinate 1 () and carbocyclic sulfinate 4 ().

Despite the existence of Pd°(PCys) as a 12-electron complex in bromobenzene,®® 1231 jt is not
possible to rule out the potential formation of palladium(0) aggregates under the cross-coupling
reaction conditions, which would be consistent with the results of the mercury poisoning test
(Section 2.7.2). However, together with the aforementioned literature precedents, the observed
zero-order in aryl bromide suggests that oxidative addition is fast and non-turnover determining
in the studied reactions, and that formation of such aggregates does not appear to be catalytically

relevant to the reaction kinetics.
2.7.4. Order in Sulfinate Salts and K2COs3

Given that sodium 4-methylbenzenesulfinate 4, sodium pyridine-2-sulfinate 1 and potassium
carbonate are not fully soluble in 1,4-dioxane at 150 °C at concentrations between 0.010 M and

0.10 M, their partial orders were not measured.
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2.7.5. Order in Catalyst

The initial rates of the reaction between aryl bromide 2 and 4-methylbenzenesulfinate 4 were
measured with different concentrations of Pd(OAc). and PCys, keeping the ligand to palladium
ratio fixed at two. A linear correlation was observed between the square root of the
concentration of Pd(OAc). and the measured initial rates: rate o< [Pd(OAC)2]%° (Figure 2.18.A).
Such half orders in catalyst have been observed when dimerisation of the active catalyst!*3%-141]
or ligand coordination to the metal centrel*42143 lead to an inactive off cycle species in
equilibrium with an active intermediate. Having observed both dimerisation to form dimer 11
as well as the important lability of PCys, the order in Pd(OAc). was measured in presence of
excess phosphine ligand ([Pd(OAc)2])/[PCys] < 0.10) to clarify the origin of the observed half
order. Under these conditions, a first order was measured in Pd(OAc). (rate e [Pd(OAC)2])
(Figure 2.18.B), confirming that the observed half order dependence in catalyst is due to a fast
equilibrium between the resting state oxidative addition complex 9 and the catalytically active
14-electron complex 9-T, as discussed in Section 2.5.3. Under these conditions where the
inactive tris-ligated Pd°(PCys)s is likely to be formed,*% a zero order in aryl bromide 2 was
still observed (Figure 2.18.C), confirming that a turnover limiting oxidative addition was not

responsible for the different kinetic regimes observed.
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Figure 2.18. Determination of the order in catalyst. Plots of the initial rate between aryl bromide 2 and A. 4-
methylbenzenesulfinate 4 (), B. 4-methylbenzenesulfinate 4 using an excess of PCy; (®) C. 4-
methylbenzenesulfinate 4 using an excess of PCyz (4) D. pyridine-2-sulfinate 1 (#).

In contrast, a first order in catalyst was observed for the reaction between aryl bromide 2 and
2-pyridine sulfinate 1: rate o [Pd(OAc).] (Figure 2.18.D). This observation is in good
agreement with the stoichiometric reactions of Sections 2.4 and 2.5. Because sulfinate 1
strongly chelates the palladium centre in complex 12, extrusion of SO, becomes the TLS instead
of the transmetalation, palladium sulfinate 12 becomes the RSl instead of complex 9. Therefore,
even if an equilibrium between 9 and 9-T is likely to precede the transmetalation step, it does
not have an apparent impact on the kinetics of the reaction which are limited by the extrusion

of SO> from complex 12.
2.8. SOz By-product

Sulfur dioxide is the main by-product of these desulfinative cross-coupling reactions, with one
molecule of SO, extruded per molecule of product formed. As a consequence, SO is present

as a 20-fold excess compared to the catalyst towards the end of catalysis as Pd(OACc): is
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employed in a 5.0 mol% stoichiometry. Insertion of SO in palladium complexes is well known
(Section 1.3.2), and has been utilised in many palladium-catalysed C-S bond forming
reactions.[44149] Given the known reactivity of SO, with palladium complexes, it was puzzling
to observe productive reactions under these conditions in which SO, co-exists with the
palladium intermediates. In order to verify whether these reaction conditions are simply
compatible with the presence of SO> gas or if SO acts as a poison to the catalyst and must be
therefore neutralised during the process, the cross-coupling reaction was first performed in
presence of SO2. SO2 was generated by a slow addition of sulfuric acid to a solution of sodium
sulfite in water, and the generated gas was bubbled in 1,4-dioxane via a canula. The generated

solution A was heated overnight at 150 °C (Scheme 2.19).

s

H,SO, Stoichiometry:
1 o
50 °C

' Ar-Br/Na,SO; = 1:1
16 h

SO,/Pd < 20:1

Me
/@/Me Br 9 (5 mol%) O
+ K>CO3 (1.5 equiv.)
r )
F F

Solvent A, 150 °C
4
2.0 equiv. 1.0 equiv. 3% yield

Scheme 2.19. Cross-coupling reaction in presence of SO (g).

Weighing the amount of Na;SOs allowed us to control the concentration of SO2 in solution
which corresponded to a maximum of 1.0 equiv. compared to the aryl bromide 2 (20 equiv.
compared to the catalyst). The oxidative addition complex 9 was chosen as the catalyst in order
to deconvolute the generation of the active Pd(0) species and the productive catalytic cycle for
this experiment. Under these reaction conditions, biaryl 5 was obtained in 3% yield, showing

that presence of SO- is not compatible with catalysis.
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Our attention was drawn to the role of K.COz in the reaction mechanism. It was demonstrated
in Section 2.5.2 that K>COs is involved in a cation metathesis with the sodium sulfinate salt to
increase the rate of the transmetalation step. However, during the optimisation of this cross-
coupling process, it had been observed that other potassium bases failed to provide synthetically
useful yields, suggesting that the carbonate base is of crucial importance too.[8 Examination
of the literature showed that carbonate bases have been employed to trap SO, from the waste
stream of industrial combustion processes.'*151 |n order to verify the hypothesis that the
presence of carbonate in the reaction mixture sequesters the SO by-product and allows catalyst
turnover, a 0.05 M solution of SO2 in 1,4-dioxane was heated overnight in presence of KoCOs

ina 1:1.5 ratio, giving solvent B after filtration (Scheme 2.20).

Stoichiometry:

| Ar-Br/Na,SOj = 1:1
| SO,/Pd < 20:1
, K2003/N32803 =1.51

Me
9 (5 mol%)
K>CO3 (1.5 equiv.)
Solvent B, 150 °C F ‘

Scheme 2.20. Trapping of SO (g) by K2COs.

When solvent B was used for the cross-coupling reaction between substrates 2 and 4, biaryl 5
was obtained in 81% yield. These two experiments were repeated with 2-pyridyl sulfinate 1 and

similar results were obtained (Experimental Section 7.12.14).

This demonstrates that the carbonate base is required in order to trap the gaseous SO> by-

product, which was shown to be otherwise a poison for the catalytic system. Given literature

56



precedents, 5% we propose that sulfite anions and CO> are generated in this process, according

to Equation 5.

V. SO, + K,CO3 —— CO, + KySO3
2.9. Project Summary

We have investigated the mechanism of the palladium-catalysed desulfinative cross-coupling
of 1-bromo-4-fluorobenzene 2 with pyridine-2-suflinate 1 and 4-methylbenzenesulfinate

sulfinate 4, and Scheme 2.8 summarises our findings.

Pd"(OAc),

PC
+y3 Ar'-Ar'

2 Ar'SO,Na +
250,

Ar-Ar’ Ar-Br
Pd PCY3

n=1or2 N

’ Potential formation of PCy,
(ArPd(PCy3)n(Ar) Pd° nanoparticules Pd-Br
n=1or2 !

PCY3

|
FQPd—o
_ - -PCys || +PCys

PCy3
Ar— Pd Br
PCY3
Ar-Pd-SO,A"
K,CO3

CO, AFSOK <2223 ArSO,Na
)

K»SO; -PCy, N F
%y::, NN
= P
PCy3 % / \o\
14 Q

SO,

l K,CO3

PCY3 Me

Weak coordination of the sulfinate CY3P F

M Turnover Limiting Steps M Dual role of K,CO3

4] Resting State Intermediates VI Formation of the Active Pd(0) Species

Scheme 2.8. Overall catalytic cycle, summary of our findings.
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Formation of the active Pd(0) species is mediated by the homocoupling of two sulfinate salts,
via double transmetalation, extrusion of SO and reductive elimination to form homocoupling

side-products 3b and 5b, preserving the phosphine/palladium ratio at 2:1.

After oxidative addition of active palladium(0) species into the C-Br bond of aryl bromide 2,
we proposed that oxidative addition complex 9 does not directly undergoes transmetalation with
the nucleophilic coupling partner, but first dissociates a PCys ligand to free a coordination site.
The equilibrium between complexes 9 and 9-T is supported by the observation of a half-order
in catalyst in the catalytic reaction involving 4-methylbenzene sulfinate 4, and by the strong
dependence of the rate of transmetalation on the concentration of PCyz in stoichiometric
experiments between oxidative addition complex 9 and potassium sulfinate 4-K. Together with
the observation of oxidative addition complex 9 by NMR spectroscopy over the course of the
reaction, these results suggest that oxidative addition complex 9 is the resting state catalyst and
the transmetalation is turnover limiting for the reaction of 4-methylbenzene sulfinate 4 with

aryl bromide 2.

In contrast, the nature of the RSI and TLS are shifted to palladium sulfinate 12 and extrusion
of SO> respectively for the reaction of pyridine-2-sulfinate 1 with aryl bromide 2, due to the
ability of the 2-pyridyl sulfinate substrate to strongly chelate the palladium centre as in complex
12, therefore making the extrusion of SO2 a more energy demanding process. This was
supported by the observation of a first order in catalyst in the catalytic reaction, and by the non-
dependence of stoichiometric reactions involving oxidative addition complex 9 and potassium
pyridine sulfinate 1-K on the concentration of PCys. Accordingly, palladium sulfinate 12 could

be observed by NMR spectroscopy over the course of the reaction.

Given the facility of extrusion of SO from sulfinato-O complex 14, we were able to formulate
approximations that allowed us to study the transmetalation step between oxidative addition

complex 9 and carbocyclic sulfinate 4. Stoichiometric experiments revealed the importance of
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the sulfinate cation for efficient transmetalation, and it was proposed that potassium carbonate

is involved in a cation metathesis with sodium sulfinate salt 4 prior to transmetalation.

Formation of dimeric complex 11 was attributed to the oxidative properties of AgNOs, which
was required for the formation of palladium sulfinate complexes at lower temperatures. Such

dimeric aggregates are however not believed to participate in the reaction mechanism.

Finally, control experiments showed that the carbonate base is essential to sequester the SO>

by-product and allow catalyst turnover.

Having identified the nature of the catalyst RSl and the TLS, as well as the role of the different
substrates and additives in this reaction mechanism, | aimed at delivering a more efficient cross-

coupling reaction compatible with lower reaction temperatures. This is the focus of Chapter 3.
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Chapter 3 —Towards a Lower Temperature Cross-Coupling Reaction

3.1. Choice of the Model Substrates

In this chapter, the objective was to exploit our knowledge of the mechanism discussed in
Chapter 2 to promote desulfinative cross-coupling reactions between aryl halides and aryl
sulfinate salts at reduced temperatures compared to the original conditions, which require a
temperature of 150 °C.[5® 1-Bromo-4-fluorobenzene 2 and sodium 4-methylbenzenesulfinate
salt 4 were chosen as model substrates to carry out this optimisation work. While the reaction
between these two substrates is nearly quantitative when the reaction is performed at 150 °C
allowing isolation of biaryl 5 in 92% yield, only 5% of product 5 are formed according to HPLC
analysis of the crude reaction mixture when the temperature is reduced to 100 °C (Scheme 3.1).
This illustrates the magnitude of the challenge associated with promoting desulfinative cross-

coupling reactions at a lower temperature.

Pd(OAc), (5.0 mol%)
PCy3 (10 mol%)

Me
Br Me K,COs (1.5 equiv.) O
Qe
F NaO,S 1,4-dioxane ‘
F

2 4 5

150 °C : 92% (isolated)
100 °C : 5% (HPLC)

Scheme 3.1. Lowering the working temperature of desulfinative cross-coupling reactions: the challenge.

According to the mechanistic investigation discussed in Chapter 2, the transmetalation step
between oxidative addition complex (4-F-CsHa4)Pd(PCys)2(Br) 9 and the poorly nucleophilic
potassium sulfinate salt 4-K, formed in situ via cation metathesis between sodium sulfinate 4
and K2COs, is responsible for the high temperature requirements of this reaction. In order to
facilitate this transmetalation step at 100 °C, the screening of the three main parameters was

undertaken: additives, solvents, and ligands.
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These efforts towards lower temperature palladium-catalysed desulfinative cross-coupling
reactions are summarised in this chapter. Unless otherwise stated, reaction yields were
measured by HPLC against 1,3,5-trimethoxybenzene as an internal standard. The general
procedure employed for these optimisation reactions can be found in the Experimental Section

7.3.1.

3.2. Tetramethylammonium Cation

We showed in Section 2.5.2 that the nature of the sulfinate counter cation had a tremendous
effect on the rate of the transmetalation step. Among the organic and inorganic cations assessed,
the tetramethylammonium cation was the most promising, proving superior when compared to
caesium or potassium sulfinates salts, as high rates and conversions were observed at 120 °C

(Figure 2.7.A).

Me
IIDCy3 Me O
A. F Pld-Br + _
PCyj; MeyNO,S 1,4-dioxane
T,18h F
. . 53% (75 °C)
1.0 equiv. 2.0 equiv. 85% (100 °C)
9 4-TMA 5
Catalyst Me
Br Me Additives
B. + _—
F X0,S 1,4-dioxane
2 4-X 100 °C 18 h F 5
1.0 equiv. 2.0 equiv.
Entry Substrate Catalyst Additives Yield
X = NMey : Pd(OAc), (5.0 mol%) . o
L 4-TMA PCys (10 mol%) K2COs (1.5 equiv.) 7%
X =NMey, : .
2 4_TM24 9 (5.0 mol%) K,COg3 (1.5 equiv.) 19%
_ K,CO3 (1.5 equiv.)
3 xeNe 9 (5.0 mol%) NMe4Cl (1.5 equiv.) (83%’0)
KOAc (1.5 equiv.)
4 X =Na Pd(OAc), (5.0 mol%) K,COj3 (1.5 equiv.) 7%
4 PCy3 (10 mol%) NMe,4Cl (1.5 equiv.) (100 °C, 4 days)

Table 3.1. Tetramethyl ammonium substrate and additives.
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When tetramethylammonium sulfinate salt 4-TMA was employed in a stoichiometric reaction
with complex 9 at 75 °C, biaryl product 5 was obtained in 53% yield (Table 3.1.A). This yield
was increased to 85% upon raising the temperature to 100 °C. The use of 4-TMA as a substrate
in the catalytic reaction, however, proved to be disappointing (Table 3.1.B), with only 7-19%
yield of biaryl 5 obtained after 18 hours at 100 °C depending on the catalyst used (Entries 1-2).
Larossa and co-workers reported the use of NMesCl in combination with KOAc as an
alternative to silver additives to promote the palladium catalysed arylation of aromatic C-H
bonds with iodoarenes, % but the use of these additives did not improve the efficiency of the

coupling (Entries 3-4).
3.3.  Silver Salts

Silver nitrate was key to the formation of aryl palladium sulfinate complexes from oxidative
addition complex 9 and various (hetero)aryl sodium sulfinate salts without the need for heating
(Section 2.3.2). In other words, silver nitrate mediates the transmetalation step at room
temperature. To illustrate the potential of silver salts as additives for lower temperature cross-
coupling reactions, the stoichiometric reaction between complex 9 and sulfinate 4 was first
performed at 75 °C in presence of silver nitrate, and provided 70% yield of biaryl 5 (Scheme
3.2. This result was a significant improvement compared to the 53% yield obtained at the same

temperature using tetramethylammonium substrate 4-TMA.

Me
PCys Me Ag(NOs) (1.5 equiv.) O
O
NaOZS ‘
F

PCys 1,4-dioxane
75°C18h
1.0 equiv. 2.0 equiv. 70%

9 4 5

Scheme 3.2. Formation of biaryl 5 using a stoichiometric amount of complex 9 and of AgNOs.

Encouraged by this result, a range of salts were employed as stoichiometric additives in the

Pd/PCys catalysed coupling of aryl bromide 2 and sodium sulfinate 4 at 80 °C in 1,4-dioxane
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(Table 3.2). Oxidative addition complex 9 was employed as the catalyst to deconvolute the

formation of the active Pd(0) species with the productive catalytic cycle.

9 (5.0 mol%)

Me
Br Me K5,CO3 (1.5 equiv.)
/©/ . /@/ Additive (1.5 equiv.)
F NaO,S ‘
F

1,4-dioxane
2 4 80°C18h 5
1.0 equiv. 2.0 equiv.
Additive  Yield Additive  Yield Additive  Yield Additive  Yield
- 1% AgBF, 2% Ag,CO4 6% AgOTs 3%
AgNO;4 2% ' AgPFg 2% ' AgF 5% ' AgSCN 1%
AgOTf 2% X AgOAc 2% X AgOCN 2% X AgTFA 1%

Table 3.2. Silver salts as sub-stoichiometric additives.

Disappointingly, all the silver salts investigated proved to not be compatible with these
conditions, as none of these reactions gave biaryl 5 in yields above 6%, representing one
turnover or less of the catalyst. This incompatibility is most likely due to the redox properties
of silver salts and the involvement of a Pd(0) intermediate in the catalytic process.[*> Indeed,
it was shown in Chapter 2 that, similar to the report by Tiripicchio,® the use of silver in
stoichiometric reactions with oxidative addition complex 9 resulted in the oxidation of a PCys
ligand, affording dimeric complex 11 [(Ar)Pd(PCy3)(SO2Ar’)]> rather than sulfinato-O

palladium complex 14 [(Ar)Pd(PCy3)2(SO2Ar’)], therefore causing catalyst deactivation.

3.4. Copper Additives

Copper salts also have redox properties and have commonly been used as terminal oxidants!*>
or as catalytic oxidant/electron transfer mediators in Pd(I1)/Pd(0) catalytic cycles. The latter
case was exemplified in Section 1.2.3 with the Pd(l1)-catalysed cross-coupling of aryl sulfinate
salts with boronic acids as nucleophilic coupling partners,8l and in Section 1.2.5 with the
Pd(I1)-catalysed homocoupling reaction of aryl sulfinate salts.[®® However, conversely to silver
salts, copper salts have also been frequently employed in the context of bimetallic catalysis for

carbon-carbon bond forming reactions.[*>%! The Sonogashira reaction is probably the most
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emblematic example of Pd/Cu dual catalysis, with Cu(l) halides being the most frequent copper
sources employed to mediate the transmetalation between oxidative addition complexes and
alkyne coupling partners.[® Cu-sulfinate binding is also well precedented,**! as copper salts
have been used for the synthesis of unsymmetrical diaryl sulfones from sulfinate salts and

iodoarenes as coupling partners, of which the mechanism was recently investigated.[*>)

A range of Cu(l) and Cu(ll) salts were therefore selected to promote the lower temperature
cross-coupling of aryl bromide 2 and sodium sulfinate salt 4 at 100 °C (Table 3.3). A
combination of Pd(OAc). and PCyz was employed as the catalyst system, as the Sonogashira
reaction provides a vast range of examples in which Pd(0) intermediates are successfully
generated from Pd(I1) precatalysts in the presence of copper additives.*® This was supported
by the detection of the homocoupling product 5b in all reactions in 2-5% yield as discussed in
Section 2.2. Unfortunately, the presence of these copper salts did not improve the yield of the
desired product 5 at 100 °C, but was instead found to be detrimental to the reaction, with yields
ranging in most cases from 1% to 5%, whereas the control copper-free reaction provided

product 5 in 5% vyield.

Pd(OAC), (5 mol%)

Br Me PCy; (10 mol%) Me
. K>CO3 (1.5 equiv.)
Additive (1.5 equiv.)
F NaO,S ‘
F

2 4 1,4-dioxane

100 °C 18 h S
1.0 equiv. 2.0 equiv.
Additive  Yield Additive Yield | Additive Yield | Additive Yield
; 5% |  Cu(MeCN)(OTf) 2% | CuOAc 3% | Cuy(COs)s(OH), 2%
CuBr 6% |  Cu(MeCN)(PFg) 1% | Cu(OAc), 2% ! CuOTf, 1%
Cul 6% ' Cu(3-methylsalicylate) 4% ' Cu(BFy), 1%

Table 3.3. Copper salts as stoichiometric additives.

3.5.  Solubility of the Sulfinate Coupling Partner

The results discussed in Section 2.5.2, where the role of the sulfinate counter cation was

investigated, indicated that the poor solubility of the sulfinate coupling partner was not
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responsible for the difficulty of the transmetalation step. Indeed, both the rates of the
stoichiometric reaction between either the non soluble potassium sulfinate salt 4-K or the fully
soluble tetrabutylammonium sulfinate 4-TBA with oxidative addition complex 9 were found to
be similar. To confirm this finding, a range of solvents and additives were explored (Table 3.4).
While the use of DMSO (Entry 2), in which both sulfinate 4 and K>COs3 are soluble at the
concentrations employed (0.06 M), slightly increased product yield to 10% compared to the
standard reaction (Entry 1, 5%), switching to toluene, a less polar solvent, did not suppress
reactivity (Entry 3, 6%). Solvent mixtures featuring DMSO were found beneficial (Entries 4
and 5, 8% and 10%) whereas the presence of isopropanol did not cause any major reactivity
change (Entry 6, 4%). Using potassium bicarbonate as an additive instead of potassium
carbonate or using the aryl sulfinic acid 4-H were found to be detrimental to the reaction
(Entries 7 and 8, 3% and 2%). Adding acetic acid, sodium acetate, or the commonly employed
phase transfer reagent TBAB did not provoke any significant change in yield (Entries 9-11, 5-

6% vyield).

Br Me Pd(OAc), (5 mol%) Me
. PCys (10 mol%) O
Additive (1.5 equiv.)
F NaO0,S ‘
F

Solvent (0.06 M)

2 4 100°C 18 h 5
1.0 equiv. 2.0 equiv.

Entry Additive Sovlent Yield
1 K,CO3 1,4-dioxane 5%
2 K,CO3 DMSO 10%
3 K,CO3 toluene 6%
4 K,CO3 toluene/DMSO 1:1 8%
5 K,CO3 toluene/DMSO/1,4-dioxane 1:1:1 10%
6 K,CO3 toluene/IPA 1:1 4%
7 KHCO3 1,4-dioxane 3%
8 K,CO3* 1,4-dioxane 2%
9 K,CO3; + AcOH 1,4-dioxane 5%
10 K,CO3 + AcONa 1,4-dioxane 6%
11 K,CO3 + TBAB 1,4-dioxane 6%

*The aryl sulfinic acid 4-Me-CgH,4-SO,H 4-H was employed instead of sodium sulfinate 4

Table 3.4. Solvent and additive screening to investigate the impact of the
solubility of the sulfinate coupling partner.
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Overall, these findings suggest that the solubility of the sulfinate salts and the nature of the

solvent are indeed not crucial parameters at this point of optimisation.
3.6. Nature of the Aryl Halide

The nature of the electrophilic coupling partner was next explored (Table 3.5). 1-lodo-4-
fluorobenzene 2-1 showed similar sluggish reactivity at 100 °C (Entry 2, 6%) compared to the
model reaction employing aryl bromide 2 (Entry 1, 5%). However, a significant increase to
19% vyield of biaryl 5 was observed when aryl triflate 2-OTf was used as the electrophile
(Entry 3). Triflate anions coordinate the palladium comparably less than the corresponding
bromide and iodide anions, therefore increasing the electrophilicity of the key oxidative
addition complex. This is likely to favour the weak binding of the sulfinate to the palladium
centre and facilitate the following displacement of the pseudo-halide.[**® Encouraged by this
result, diazonium salt 2-N2BF4 was synthesised and subjected to the cross-coupling conditions.
It was hypothesised that after oxidative addition and loss of N, the less coordinating BF4 anion
would further enhance the electrophilicity of the palladium intermediate and favour the
coordination of the sulfinate salt. Unfortunately, biaryl 5 was not formed using the diazonium

substrate, and solely decomposition products were observed (Entry 4).

Pd(OAc), (5 mol%)

Me
X Me PCy; (10 mol%)
/©/ .\ /©/ K,COj (1.5 equiv.)
F NaOZS O
F

1,4-dioxane
2-X 4 100 °C 18 h 5
1.0 equiv. 2.0 equiv.
Entry X Yield Entry X Yield
1 Br 5% 3 OoTf 19%
2 | 6% , 4 NQBF4 0%

Table 3.5. Nature of the electrophilic coupling partner.

Despite the significant improvement observed when aryl triflates were employed as the

electrophilic coupling partner, this lead was not further pursued. Indeed, while this finding was
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interesting and provided us with an insight on the importance of the electrophilicity of the key
oxidative addition complex, we judged that limiting the optimisation to aryl triflates was not
desirable at this stage, as this does not constitute a general solution for lower temperature cross-

coupling of aryl sulfinate salts in palladium-catalysed transformations.
3.7.  Cationic Phosphine Ligands

Recently, the use of noncovalent interactions has emerged as a powerful strategy to control the
selectivity of a range of transition-metal catalysed processes.™> Inspired by the work of the
Phipps group, which elegantly exploited the ion pairing between an anionic ligand and a
positively charged substrate to control the selectivity of the iridium-catalysed C-H borylation
of 1,2-substituted arenes (Scheme 3.3.A),11%% we sought to facilitate the transmetalation step by
using positively charged phosphine ligands. It was hypothesised that the sulfinate salt could be
brought into close proximity to the palladium centre via electrostatic interactions, therefore
encouraging its binding and lowering the overall entropic cost of the transmetalation step

without changing the nature of the electrophilic coupling partner (Scheme 3.3.B).

A. Phipps and co-workers B. Our ligand design

Scheme 3.3. Design of novel cationic ligands.

The two-step synthesis of ortho-diphenylphosphinobenzyl-ammonium cation PN*1 (Scheme
3.4) was reported in 2012 by Ooi and co-workers for the enantioselective allylation of a-
nitrocarboxylate substrates using enantioenriched binol derivatives as counter anions.[6%

However, in our hands the final methylation step was found to be a capricious reaction, and
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formation of the P-methylated side-product NP*1 prevented us from obtaining analytically pure

samples of PN*1.
MeZN MezN e
| OoTf
n-BuLi PPh,CI MeoT OTf
Et,0, 1t 78°Cto PPh2 MecN, rt PPh, Peva
L1 PN*1 NP*1
MezN
NMez NMe2
MeOTf P-methylation
oph, PCY, PCy, [ observed as the

MeCN, rt major product

Scheme 3.4. Capricious synthesis of ligand L*1 and derivatives

Ligands L2-L4 were also prepared according to literature procedures, but due to the lower
nucleophilicity of the nitrogen in L2 and L4, compared to L1, or the higher nucleophilicity of
the phosphorus in L3 compared to L1, the corresponding N-methylated ammonium ligands

could not be prepared.

Given the difficulties associated with the synthesis of such ammonium based cationic ligands,
the ligand design was revisited. It was envisioned that mono-methylation of symmetrical bis-
phosphines PP could give us access to a variety of structurally different mono-phosphine
ligands PP* bearing a cationic group, in a single synthetic step from commercial compounds
(Scheme 3.5). With this new route, the P/N regioselectivity issue was bypassed, however, bis-

alkylated side-products could not be separated when formed.

MeOTf ® M
RPIHIPR, ————=  RPTRRTY
PP PP

v Large range of structurally different PP ligands commercially available
v One step synthesis

v No P/N regioselectivity issue

x Mono/bis alkylation selectivity issue

Scheme 3.5. Novel ligand design based on bis-phosphine ligands
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Ten bis-phosphine ligands were selected to evaluate the potential of these cationic ligands PP*
in desulfinative cross-coupling reactions (Scheme 3.6). Methylation of these bis-phosphine
ligands was performed using a slight excess of the bis-phosphine compared to the methylating
agent to avoid bis-methylation (Experimental Section 7.3.3.3). These conditions allowed the
selective mono-methylation of seven bis-phosphines PP*1 — PP*7, but inseparable mixtures of

mono- and bis-methylated products were obtained with ligands PP*8 — PP*10.

Selective mono-methylation

© ©
® OTf ® OTf
= PPh,Me PPh,Me
thp\/gphZMe thp/\/gpthe ' 2
© C) Fle
PP*1 PP*2
PP*3 PP*4
Me Me Me Me
SWe
PPh, @PPh,Me PBu, @®PBu,Me PCy, @PCy,Me
S S S
OTf OTf OTf
PP*5 PP*6 PP*7
Non-selective mono-methylation
e
® PhoP -~
PPh,Me Ph2P\/\/5P£2Me 2 BPhaMe
O‘ PPh; oTf oTf
Mono/Bis 3 : 1 Mono/Bis 1.5 : 1
+ +
Mono/Bis 11 : 1 PP™9 PP™0
PP*8

Scheme 3.6. Alternative ligand design based on bis-phosphine ligands.

Ligands PP*1 — PP*8 and ammonium ligand PN*1 (5 : 1 mixture of P/N methylated products)
were then used under the typical cross-coupling conditions (Table 3.6). A 2:1 ratio of ligand to
palladium was employed as these mono-methylated bis-phosphines should not be acting as

bidentate ligands.
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Pd(OAc), (5 mol%)

Me
Br Me PP* (10 mol%)
/©/ + /©/ K,CO3 (1.5 equiv.)
F NaO2S ‘
F

1,4-dioxane
2 4 100 °C 18 h 5

1.0 equiv. 2.0 equiv.

Entry Ligand Yield Entry Ligand Yield
1 PP*1 3% ! 6 PP*6 1%
2 PP*2 6% 7 PP*7 3%
3 PP*3 8% : 8 PP*8 4%
4 PP*4 8% 9 PN*1 3%
5 PP*5 12% 10 PCy; 5%

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

Table 3.6. Cationic phosphine ligands under cross-coupling reaction conditions.

Unfortunately, none of these selected cationic ligands produced the desired cross-coupling
product 5 in more than 12% yield. Ligand decomposition under prolonged heating might be
responsible for the poor performance of these phosphonium ligands. Control experiments with
non-methylated bis-phosphine ligands produced the biaryl coupling product in equal or better
yields compared to their methylated analogues. Therefore, this strategy was not further

investigated.
3.8.  Other Phosphine Ligands

The number of phosphines that have been developed over the last three decades for palladium-
catalysed cross-coupling reactions is immense, and only a limited number of ligands can be
screened by hand in a reasonable amount of time. In this context, High Throughput
Experimentation (HTE) is an invaluable tool for the optimisation of catalytic organic reactions,
as it allows the rapid and accurate screening of large ligand libraries as well as other reaction
parameters under reliable, controlled, and reproducible conditions, while using minimum
amounts of materials.[*62-23 Thanks to our collaboration with VVertex Pharmaceuticals, we were
given the opportunity to screen a wide range of ligands using state of the art high throughput

facilities located in Boston. The High Throughput Screening (HTS) experiments discussed in
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this section were designed by myself with the help of Dr Liana Allen and Dr Chris Davis, and

performed by Dr Liana Allen at Vertex in Boston.

The coupling reaction between 4-bromoanisole 2-OMe and 4-methylbenzene sulfinate salt 4
was performed at 100 °C in 1,4-dioxane over 20 hours (Figure 3.1). 4-Bromoanisole 2-OMe
was chosen instead of 1-bromo-4-fluorobenzene 2 as the electrophilic coupling partner in order
to get better product detection by mass spectrometry. In hindsight, this substrate was not ideal
as the corresponding product 5-OMe was not detected by ESI either. Product 5-OMe was
synthesised independently, and was identified in the reaction mixture from its HPLC retention
time. Three equivalents of CsxCO3z were employed as it was previously demonstrated that a
carbonate base was required to allow catalyst turnover and the caesium cation was highly
efficient for promoting transmetalation (see Sections 2.5.2 and 2.8). Reaction yields were not
calculated against an internal standard. Given the high reproducibility of HTE, and the
possibility to systematically inject an accurate volume for analysis of the crude reaction
mixtures, quantitative data could be obtained directly from the peak area detected by HPLC

(Experimental Section 7.3.4.3).

In an initial set of experiments (Figure 3.1.), 48 catalytic systems were screened, featuring a
wide range of structurally diverse phosphine ligands, ranging from simple alkyl phosphines
(CatacXium A, (t-Bus)P), bis-phosphine with different bite angles (DPPF, BINAP, Xantphos),
Buchwald biphenyl mono-phosphines (BrettPhos, AlPhos, XPhos) and other miscellaneous
ligands (MorDalphos, QPhos). NHC ligands were also included in this initial screen. The full

list of ligands and their corresponding structures can be found at pages X-XII.
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Figure 3.1. HTS#1: Screening of a large range of catalysts with the same reaction conditions. Red bars: biaryl
product 5-OMe. Green bars: sulfone product 17-OMe.

Remarkably, none of these ligands provided the cross-coupling product 5-OMe in significant
quantities (red bars), with a maximum amount of 12% obtained with DTBPF. This once again
shows the challenge associated with performing such desulfinative cross-coupling reactions at
100 °C. Instead, sulfone 17-OMe was found to be the major product with APhos,

CataCXium A, DTBPF, Nixantphos, DTBNpP and Xantphos ligands (green bars). Sulfone 17-
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OMe was formed in yields above 80% with Xantphos and Nixantphos ligands, independent of

the nature of the palladium precatalyst (PdCl>Xantphos, Pd-Xantphos G2, Pd-Xantphos G4).

A smaller set of 16 ligands was then selected to investigate the importance of the solvent for
the formation of biaryl 5-OMe (Figure 3.2). 1,4-Dioxane, toluene, and DMF were selected as
the solvents of choice, as these three solvents are common for desulfinative cross-coupling
reactions (see Sections 1.2.3-1.2.5). The use of (n-Bu)sNCI as an additive has been shown to
be either beneficial or detrimental to the Pd/Xantphos catalysed formation of diaryl sulfones
depending on the nature of the coupling partners (see Section 4.1).1*64 Therefore, all reactions
of this second screening were also performed with or without (n-Bu)sNCI as an additive to

investigate its importance for the formation of the desired biaryl product.

Similarly to the previous screen, the yields of biaryl product 5-OMe remained low: among the
96 reactions, 81 resulted in a yield lower than 15%. The average yield of this screening was
5.8%, and a maximum yield of 21% was obtained in toluene, with (n-Bu)sNCI and ligand L3
(see Scheme 3.7 for the structure of the ligands L1 — L16). In contrast, sulfone product 17-
OMe was again formed selectively and in high yields with Xantphos-Pd G4 (L5), Nixantphos-
Pd G3 (L6) and Xantphos in combination with Pd(OAc). (L10). The presence of (n-Bu)sNCl
did not provoke any significant change in product distribution in 1,4-dioxane. However its
presence slightly increased the yields of biaryl product 5-OMe in toluene and DMF. For the
sulfone formation reaction with Xantphos-based ligands, higher yields were observed in 1,4-
dioxane and toluene compared to DMF, but high conversions were observed in all cases, with

the exception of Nixantphos-Pd G3 (L6) in DMF which did not lead to any sulfone formation.
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Figure 3.2. HTS#2: Screening of solvents and ligands with or without (n-Bu)sNCI as an additive.
See Scheme 3.7 for the structures of the ligands L1 — L16 (next page).
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Scheme 3.7. HTS#2: Ligands corresponding to Figure 3.2.
Pd GX refers to the structure of the Pd precatalyst (10 mol%) as defined in page X,
Pd(OAC), refers to the combination of the ligand (30 mol%) with Pd(OAc), (10 mol%).

Similar trends were observed when these HTS were repeated with 2-pyridyl sulfinate 1 instead
of carbocyclic sulfinate 4. Results of these additional HTS can be found in the Experimental

Section 7.3.4.

The outcome of these HTS illustrate once again the challenge associated with lower temperature

cross-coupling reactions. Indeed, among the 144 conditions assessed, biaryl product 5-OMe
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was never detected in yields above 21%. The formation of sulfone 17-OMe is, however, of

particular interest, and will be discussed in depth in Chapter 4.

3.9.  Summary of the Screening Strategy

A number of attempts to promote the cross-coupling reaction between aryl bromide 2 and aryl

sulfinate salt 4 at 100 °C were described through this chapter and are summarised in

Scheme 3.8.
Me
Br Me O
F NaO,S 100 °C ‘
2 4 F 5
X Additives X Sovents X Electrophile X Cationic Ligands

:> Reactivity observed at 100 °C

High Throughput Screening Formation of sulfone products

Scheme 3.8. Summary of our attempts to perform desulfinative cross-coupling reactions at 100 °C.

Based on the mechanistic studies of Chapter 2, the use of metal and ammonium additives was
first explored to facilitate the turnover limiting transmetalation step. However, this additive
based strategy was unsuccessful, as yields mostly remained under 10%, comparable to the
additive-free control reaction. The nature of the solvent was not found to be crucial at this stage
of optimisation. Aryl triflates were found to be better electrophilic coupling partners compared
to aryl bromides and iodides at 100 °C. However, further optimisation was pursued with the

more challenging aryl bromide substrates.

A new class of phosphine ligands, bearing a remote phosphonium group was designed to assist
the transmetalation step. These phosphines were readily synthesised from commercially
available bis-phosphine ligands via a simple methylation reaction. The mechanistic rational for
this ligand design was to profit from the anionic nature of the sulfinate coupling partner and

exploit ligand/substrate electrostatic interactions to reduce the entropic cost of the
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transmetalation step. However, this strategy was unsuccessful as the desired biaryl cross-

coupling product was not formed in yields above 12%.

Finally, we used High Throughput Experimentation to probe the reactivity of a large range of
structurally different ancillary ligands. These screening experiments confirmed that reducing
the temperature and maintaining the high efficiency of desulfinative cross-coupling reactions

is a difficult challenge as biaryl product 5-OMe was never formed in synthetically useful yields.

Interestingly, while starting material was recovered in most reactions, full conversion to the
sulfone analogue of biaryl 5-OMe was observed when Xantphos and Nixantphos ligands were
used. This unique reactivity and the use of Xantphos-type ligands for desulfinative cross-

coupling reactions are discussed in depth in Chapter 4.
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Chapter 4 — Xantphos-Like Ligands

4.1. Introduction
4.1.1. Comparison of the Mechanisms for Sulfone or Biaryl Formation

Our HTE study (Section 3.8) revealed that sulfone products are formed in high yields when
Xantphos or Nixantphos are employed as ligands. This finding is of significant importance
because both C-S and C-C bond formation reactions follow very similar mechanisms (Scheme

4.1).

C-C coupling [Pd] C-S coupling
Precatalyst

A

O\\ //o Sulfone

Biaryl
Ar—Ar' S
Ar” S AR Product

Product PdOL,,

E AX ~ B E'

ArPd"L Ar ArPd"L X

AF'SOZNa \

ArPd''L,SOLAr

__________________________________________________________________

! 'L : Xantphos (X = CMe;)
L:PCy; : ' or Nixantphos (X = NH)
. ! X

__________________________________________________________________

Scheme 4.1. Palladium-catalysed C-C and C-S coupling reactions: comparison of the mechanisms.

After generation of the active catalyst Pd°Ln by either reduction of Pd(OAc). or dba/phosphine
exchange, if Pdx(dba)s is the palladium source employed (Step A), oxidative addition into the
carbon-(pseudo)halide bond of the electrophile leads to an oxidative addition complex
ArPd"LnX (Step B). Such oxidative addition complexes are known with both PCys (Chapter 2)
as well as Xantphos ligands (Section 4.1.2). Nucleophilic attack of the aryl sulfinate coupling

partner subsequently displaces the (pseudo)halide from ArPd"L.X to form an aryl palladium
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sulfinate complex ArPd''L,SO,Ar’ (Step C). Such complexes were studied in Chapter 2 with
PCyz as a ligand, but have never been reported with Xantphos as the ligand. It is only after such
aryl palladium sulfinate complexes are formed that the mechanisms of both sulfone and biaryl
formation diverge. With PCys as a ligand, it was shown in Chapter 2 that extrusion of SO>
(Step D) is facile with carbocyclic sulfinates, and subsequent reductive elimination (Step E)
affords the biaryl product and regenerates the zero valent palladium species. In contrast, sulfone
products must be formed via direct reductive elimination (Step E’) from the putative aryl

palladium sulfinate complex (Xantphos)Pd(Ar)(SO2Ar).

The transmetalation step (Step C) is therefore common to both reaction pathways. As the
formation of sulfone 5-OMe was observed to be quantitative at 100 °C in the reaction between
4-bromoanisole 2-OMe and 4-methylbenzenesulfinate salt 4 (see Section 3.8), this suggests
that the Xantphos ligand has the unique ability to promote the transmetalation between
oxidative addition complex (Xantphos)Pd(Ar)(Br) and aryl sulfinate 4 at much reduced
temperatures compared to PCys. In this Chapter, a study is presented that aimed to understand
what structural features of the Xantphos ligand are that allow for such reactivity, and thus use
Xantphos-like ligands to promote transmetalation followed by extrusion of SO at 100 °C or
below. In other words, our objective was to combine the properties of Xantphos and PCys to

allow lower temperature desulfinative cross-coupling reactions (Scheme 4.2).

Q Me Me
L: PCys P L : Xantphos O O
O
O/ \O PPh, PPh,

Provides the desired cross- Mediates the transmetalation step at
coupling product but requires lower temperatures but leads to the
elevated temperatures formation of sulfone products

I—> Combining the properties: <—I

Design and synthesis of a novel ligand that
allows formation of the desired biaryl product
under mild reaction conditions

Scheme 4.2. Combining the properties of PCys and Xantphos for lower temperature
desulfinative cross-coupling reactions.
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4.1.2. Xantphos Palladium Complexes

The van Leeuwen group pioneered the used of Xantphos as an ancillary ligand for transition-
metal catalysis in 1995.1*%1 In their original report, they studied the effect of the bite angle on
the regioselectivity of rhodium-catalysed hydroformylation reactions in a series of xanthene-
like aromatic ligands (Scheme 4.3). Since these seminal studies, the rigidity and large natural
bite angle of Xantphos and related ligands have proved to be beneficial for an immense range

of cross-coupling reactions,[166-167]

Generic Structure and Numbering of L

[RhL] E o 10
H,, CO o Me ' R'\8 14 X 1 2 R
L L
R/\)J\H R 5 | TP IR0, ®
| 5
Linear Branched PPh, PPh;

Ligands employed in the original hydroformylation report and their bite angle g, (deg)*
Me Me Me Me

Si Me S Me l l l l
; O ; ; (6] ; ; O ; O l (6] l
PPh, PPh, PPh, PPh, PPh, PPh, PPh, PPh, PPh, PPh,
DPEphos Sixantphos Thixantphos Xantphos DBFphos
102.2° 108.7° 109.4° 11.7° 131.1°

*The values of S, might vary between different reports depending on the calculation method

Scheme 4.3. Original report of xanthene-like phosphine ligands.

Pd(0) tetracyanoethylene complexes were obtained and characterised by X-ray crystallography
with the same ligand series (Scheme 4.4).11%81 |n these complexes, the measured bite angles
were found to be smaller than the calculated natural bite angle (104.6° against 111.7° for
Xantphos), and such a difference was rationalised by the elongation of the Pd-P bond lengths
due to electronic reasons. Generally, ligands with a large bite angle do not necessarily accelerate

the rates of oxidative addition.[16¢!
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Scheme 4.4. Pd(0) tetracyanotehtylene complexes
In 2002, both the Buchwald and van Leeuwen groups independently reported that Xantphos
forms trans-chelating aryl Pd(Il) bromide complexes in the solid state, with the oxygen atom
located at the apical position of the square pyramidal complex (Scheme 4.5.A).1189-170 The cjs-
isomer remains however available in solution: the broad signal observed by 3P NMR
spectroscopy at room temperature at which cis-trans equilibrium takes place on the NMR time-
scale resolves upon cooling down the sample to —40 °C to give a sharp singlet (trans-complex
A) and an AB system (cis-complex C).[*7% In contrast, the DPEphos oxidative addition complex

is cis in both solid state and solution due to its smaller bite angle.

Me, Me Me_ Me Me Me
oo L oo L o
PhyP—_ .~\B/rPPh2 PhoP—__ | ®/PPh2 Ph,P. PPh,

Pd Pd™ o \Pd/
Ar/ Ar Br Ar/ \Br
A. B. C.
trans-compound, major in solution, cationic K3p,0,p pincer-type complex, cis-compound, minor in solution,
sharp singlet observed by presence in solution suggested AB system observed by
3P NMR spectroscopy at -40 °C by high molar conductivities 3P NMR spectroscopy at -40 °C

Scheme 4.5. Cis/trans equilibrium of aryl palladium(Xantphos) bromide complexes.

This cis-trans isomerisation mechanism of (Xantphos)Pd(Ar)(Br) was proposed to involve a
cationic %,0p pincer intermediate (complex B), in which the oxygen atom coordinates the
palladium centre. These pincer complexes were characterised by X-ray crystallography for

Xantphos and other xanthene-like ligands, and their presence in solution was deduced from the
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high values of conductivity measured.[*% 17 These cationic complexes were also proven to be

competent catalysts in amination chemistry.*71

The transmetalation step is specific to each nucleophile, meaning there are no general trends
associated with the effect of the ligand bite angle. Literature data suggests that larger bite angle
ligands are more likely to promote the formation of 5-coordinate complexes during the

transmetalation process.*¢®!

Post transmetalation complexes have been described in the context of amidation chemistry, 72
in which Xantphos has been observed to be trans-chelating (Scheme 4.6.A). Complex A, as
well as other amidate complexes, were found to be in equilibrium with their cis-isomers in
solution, from which reductive elimination is believed to happen. In contrast,
(Xantphos)Pd(Ar)(CFs) B is cis in the solid state.'”®! Although the free energy of its trans-
isomer was calculated to be only higher by 0.9 kcal.mol, the high energy barrier of the cis-
trans transition state precludes isomerisation in solution,!*’* and reductive elimination proceeds
smoothly from complex B to give trifluorotoluene. As a general trend, reductive elimination in
square planar Pd(Il) complexes is strongly favoured by cis wide bite angle bidentate

phosphines.[16°]

Me Me Me Me

CLC
thP\\\P‘i//Pth PhaP,, wPPhy
Me— 'd 'Pd;
N A7 CF,
SOLATr
A. B.
trans amidate complex cis trifluoromethyl complex

Scheme 4.6. Post transmetalation Xantphos Pd(I1) complexes.
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4.1.3. Palladium-Catalysed Coupling of Aryl (Pseudo)Halides and Aryl Sulfinate Salts

Cacchi and co-workers described the first palladium-catalysed cross-coupling of aryl iodides
and aryl sulfinate salts in 2004 (Scheme 4.7.A).1™1 A large range of mono and bis-phosphine
ligands were explored, but sulfone formation was observed exclusively with Xantphos. The
strong o-donor NHC ligand class also failed to promote the reaction, although they were more
recently used in a similar nickel-catalysed cross-coupling.[*’8! Combination of Cs,COs and (n-
Bu)sNCI proved to be optimal, and although up to 80% yield was obtained at 40 °C the scope
of the reaction was obtained at 80 °C. Sodium 4-methylbenzene sulfinate was the only sulfinate
salt employed, and the scope focused on the aryl halide coupling partner. Electron-rich (4-OMe-
CeHas) or electron-poor (4-CF3-CsHs and 4-NO2-CsHs) substituents were tolerated on the
electrophile, and excellent chemoselectivity was observed when an aryl bromide was also

present on the aromatic ring, however, ortho-substituents were not tolerated.

Pd,(dba); (2.5 mol%)
Xantphos (5.0 mol%)
Cs,CO3 (1.5 equiv.)

0 0
SO,Na  (n-Buy)NCI (1.2 equiv.) g
X
/©/ Toluene, 80 °C RY _ \©\
Me

1.0 equiv. 1.2 equiv. 13 examples

A. Cacchi (2002)

R

Q

B. Cacchi (2003)

- Br OoTf Same reagents and stoichiometry,
R—:()/ or —: (n-Buy)NCI (1.2 equiv.) omitted for

electron poor electrophiles, 120 °C

1.0 equiv. 1.0 equiv.
- Ar-Br (1.0 equiv.)
C. Willis (2013) Pd(OAc); (10 mol%)
1. t-Buli (3,5-bis-CF3)Xantphos (10 mol%)
B SO,Li i QR
x5 2.DABSO AN oLl Cs,CO;3 (1.5 equiv.) R
R — Ry TS | =
. . R 1R
Z = 1,4-dioxane, 110 °C T _
1.4 equiv. No isolation or 32 examples

purification required

Scheme 4.7. Palladium-catalysed sulfone formation from aryl (pseudo)halides and aryl sulfinate salts.
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By increasing the temperature of the reaction to 120 °C, the Cacchi group further extended the
scope of their Pd/Xantphos-catalysed sulfone formation to aryl bromides and triflates.[t64 177]
Under these conditions, the (n-Bu)4sNCI additive was only needed for electron-rich or neutral
electrophiles, whereas its omission gave higher yields with electron-deficient ones. Once again,
the sulfinate scope remained unexplored and sodium 4-methylbenzene sulfinate was the only

sulfinate employed.

The Willis group revisited this coupling reaction in 2013 in order to expand the scope of the
aryl sulfinate coupling partner.}”® Sulfinate salts were prepared by the addition of
organolithium reagents to DABSO and were coupled without the need for isolation or
purification, allowing the synthesis of a large range of unsymmetrical diaryl sulfones in an
efficient two-step one-pot procedure. Good conversions were obtained at 85 °C with aryl
iodides as the electrophilic coupling partners. Given the nature of the one-pot process and the
presence of sulfinate-formation related bi-products, high catalyst loadings (10 mol% Pd(OAc)2)
were required to ensure high reaction yields. As a consequence, large amounts of side-products
were observed due to aryl scrambling (Scheme 4.8).[17°-181 To circumvent this problem, a range
of Xantphos analogues bearing different aryl or alkyl groups on the phosphorus atoms were
synthesised, and using the more electron-withdrawing 3,5-bis(CFs)Xantphos derivative
suppressed the formation of such aryl scrambling products. A detailed analysis of these
substituent effects will be made in Section 4.3. The scope was performed with this electron-
poor Xantphos variant which required a higher reaction temperature of 110 °C for efficient

couplings. With these reaction conditions, (n-Bu)sNCI was not required as an additive.
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Scheme 4.8. Mechanism of ligand scrambling side product formation.

Overall, it appears that Xantphos and its electron-deficient analogue have so far been the only
ligands able to promote the coupling between aryl (pseudo)halides and arylsulfinates salts to
form diaryl sulfone compounds. This is consistent with our extensive HTE study in which
sulfone formation was observed in synthetically useful yields exclusively with Xantphos and
Nixantphos ligands (Section 3.8). Examination of these previous reports showed that depending
on the reaction conditions, product formation can be observed at temperatures as low as 40 °C,
demonstrating the high potential of this backbone to promote transmetalation between oxidative

addition complexes and poorly nucleophilic sulfinate salts.
4.2. Mechanistic Insights
4.2.1. Importance of the Sulfinate Counter Cation

The importance of the counter cation for the Pd/Xantphos-catalysed sulfone formation reaction
was assessed using the same method that was used for the Pd/PCyz catalysed desulfinative
cross-coupling reaction (Section 2.5.2). Oxidative addition complex 19 was prepared from allyl
palladium cyclopentadiene 18, Xantphos and aryl bromide 2 (Experimental Section 7.4.1).
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Stoichiometric reactions between complex 19 and 4-methylbenzene sulfinate salts: 4, 4-L.i, 4-
K, 4-Cs, 4-TMA, 4-TBA, were monitored by HPLC at 95 °C in 1,4-dioxane. The reactivity of
these sulfinate salts followed the same trends that were observed in the desulfinative cross-
coupling reaction (Figure 4.1). No product formation was observed with lithium and sodium
sulfinate salts 4-Li and 4, whereas potassium and tetrabutylammonium sulfinate salts 4-K and
4-TBA were converted to sulfone 17 with similar reaction rates. These rates were outperformed
by caesium sulfinate salt 4-Cs, but as was previously observed, tetramethylammonium sulfinate
salt 4-TMA showed the best reactivity. Product yields were found to be generally low due to
decomposition of oxidative addition complex 19 and the formation of by-product 17-H via aryl
scrambling between the diphenylphosphino groups and the 4-F-CsHs group of oxidative

addition complex 19 according to Scheme 4.8.
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Figure 4.1. Impact of the sulfinate counter cation on the rate of sulfone formation.
4.2.2. Reversibility of the Transmetalation Step

We propose that the final reductive elimination step from the putative palladium sulfinato
complex (Xantphos)Pd(Ar)(SO2Ar’) is not affected by the nature of the sulfinate counter cation.
To the best of our knowledge, such a dependence of reductive elimination on the presence of

inorganic salts has not been observed in palladium-catalysed cross-coupling reactions.[*2%-130.
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182-1841 Fyrthermore, the alkali metal bromide salts generated upon transmetalation have poor
solubilities in 1,4-dioxane and are therefore not likely to influence the rate or mechanism of the

final reductive elimination step, as shown at the end of this section.

In order to assess the reversibility of the transmetalation step, the rate of sulfone formation was
measured in the stoichiometric reaction between oxidative addition complex 19 and
tetrabutylammonium sulfinate 4-TBA in the presence of excess TBAB (Figure 4.2.A).
Sulfinate 4-TBA was chosen over its caesium or potassium analogues 4-Cs and 4-K to suppress
the potential influence of cation metathesis between the sulfinate salt and the

tetrabutylammonium additive on the rate of the reaction.
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Figure 4.2. Effect of the addition of bromide salts on the rate of sulfone formation.

From this experiment, it is clear that the rate of sulfone formation decreases upon increasing
the concentration of the tetrabutylammonium bromide salt, suggesting that transmetalation is a
reversible process. However, when the same experiment was reproduced using the potassium
sulfinate 4-K together with potassium bromide (Figure 4.2.B), the rate of sulfone formation

remained unaffected by the amount of KBr present in solution. These experiments suggest that
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even if transmetalation is intrinsically a reversible process, it remains irreversible under the

reaction conditions due to the poor solubility of KBr in 1,4-dioxane.

4.3. Key Structural Features of the Xantphos Ligand

4.3.1. Model System

In order to assess what the crucial features of the Xantphos ligand are, the reactivity of a range
of xanthene-like ligands was compared in the cross-coupling reaction of 1-bromo-4-
fluorobenzene 2 with carbocyclic 4-methylbenzene sodium sulfinate salt 4 at 100 °C (Scheme

4.9).

Br ;
Br '

F Q/ Crucial Ligand
F '

2 Pd(OAc), (5 mol%) Features
(1.0 equiv.) Ligand (5 mol%)
+ Cs,CO3 (1.5 equiv.) Me . .
\ \ AR RN
SOzNa 1,4-dioxane "/ ! B
100 °C (16 hours) : O/\f
e 4 o ! PR,
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Scheme 4.9. Model reaction and substrates for the systematic study of the Xantphos ligand.

Tetramethylammonium carbonate is not a commercially available chemical, and requires
special equipment for synthesis.[*®% Therefore, Cs,CO3 was chosen as a stoichiometric additive
according to the discussion of Section 4.2.2. 1,4-Dioxane was chosen as the reaction solvent as
it was observed in the HTE study that sulfone formation happens in generally higher yields in
1,4-dioxane compared to toluene and DMF, and under these conditions, (n-Bu)sNCI was

omitted as it did not impact the outcome of the reaction (Experimental Section 7.3.4).

Reaction yields were determined by HPLC using 1,3,5-trimethoxybenzene as an internal
standard. To assess the reproducibility of this method, a control experiment with Xantphos
ligand was reproduced with each new set of ligands, ensuring that the stock solutions were
correctly prepared (Scheme 4.10). Overall, this standard reaction with Xantphos ligand was

88



repeated 8 times, giving sulfone cross-coupling product 8 in 8 = 1% yield and 17 in 88 £ 5%.
However, because each of the reactions with other ligands were performed once without being
reproduced, the maximum deviation needs to be considered instead of the standard deviation,
which corresponds to an error of = 8% on all the yields reported in this section. Yields were
reported in the same order: aryl bromide 2 / biaryl 5 / sulfone 17, in all the schemes in this

section.

The model reaction was reproduced

L = Xantph
aniphos 8 times with Xantphos for ligand:
Me Me e e R e R

Entry 2 5 17

‘ ‘ 1 0%9%86% | 5 0% 8% 88%
o 0% 9% 96% | 0% 8% 81%

2 6
3 0%8%89% : 7 0% 9% 89%
PPh; PPh, 4 0% 9% 92% 8 0% 7% 84%

Scheme 4.10. Reproducibility of the reaction.

4.3.2. Variations of the Xanthene Backbone

The effect of the ligand bite angle was first examined. The HTE results showed that neither the
sulfone nor the cross-coupling product were formed in significant amounts when DPEphos was
used. In the model reaction conditions, sulfone 17 was not detected, cross-coupling product 5
was formed in 9% yield, and 84% of the starting aryl bromide 2 was recovered with DPEphos
(Figure 4.11), in good agreement with the HTE study. This result suggests that rigidity of the

backbone ligand is necessary to promote the cross-coupling reaction.

104° 108 ° 114° 121° 131° Ligand
L > Bite
DPEphos Xantphos Nixantphos Benzoxantphos DBFphos Angle

Me Me

sBslsesisestscaleme

PPh, PPh, PPh, PPh, PPh, PPh, PPh, PPh, PPh, PPh,

84% 9% 0% 0% 8% 88% Sulfone (HTE) 0% 8% 92% 90% 4% 0%

Scheme 4.11. Variations of the ligand bite angle. The values of the bite angle were taken from the review by van
Leeuwen.[*%8 Yields are reported in the order 2/5/17.
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Nixantphos, in which the CMe> bridge of Xantphos is replaced by a free NH, has a slightly
larger bite angle (114°) compared to Xantphos (108°) due to shorter Csp?-NH bonds compared
to Csp>-CMe, bonds in Xantphos. The HTE screen showed that Nixantphos had similar
catalytic activity to Xantphos in 1,4-dioxane, but this result was not reproduced with the model
system. Nevertheless, it indicates that increasing the bite angle of the ligand while keeping its
rigidity is not detrimental to sulfone formation. This was confirmed by the Benzoxantphos
ligand, that has a larger bite angle of 121°, which produced sulfone product 17 in 92% vyield
and cross-coupling product 5 in 8%. However, using DBFphos entirely inhibited sulfone
formation (0%), and did not promote desulfinative cross-coupling either, with 4% conversion
to product 5. Due to the geometry imposed by the central five-membered ring, DBFphos has a
large bite angle of 131° and has been shown to be unable to form chelates with metal centres. 6]
This suggests that chelation of the palladium centre is necessary to enable both transmetalation

and selective reductive elimination to form sulfone 17.

In summary, the bite angle and nature of the bridge of the Xantphos ligand does not seem to be
crucial for reactivity or selectivity of sulfone formation, as long as the rigidity of the ligand is
preserved, as shown by DPEphos, and the chelation ability of the ligand is not lost, as shown

by DBFphos.

A variety of ligands with similar structures compared to the xanthene backbone were next
compared (Figure 4.12). The cyclic bis-phosphine ligand Bisxantphos, which was reported by
Kamer, van Leeuwen and co-workers, was synthesized by the reaction between dilithio-
xanthene and dichlorophenylphosphine. According to X-ray crystallography analysis,
Bisxantphos was obtained as a single stereoisomer in which the two phosphorus bridging
groups are arranged in a syn-disposition, therefore orienting the phosphorus lone pairs cis to
each other, making the formation of metal chelates possible.[*®! Using Bisxantphos lowered

the selectivity of the cross-coupling compared to the Xantphos ligand, as sulfone 17 and biaryl
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5 were obtained approximately in a 1:1 ratio. However, given the low overall conversion (32%
combined, 68% starting material recovered) and the difficulties associated with the preparation

of this cyclic structure, Bisxantphos-type ligands were not further investigated.

Me Me Me Me
wel* e U 1) v e
(7 ° 989
Wt el s s
o ‘ ‘ Ph,P "o PPh,
O O PPh, Ph,P PPhy PPh,
PPh PPh
Me Me 2 2
BisXantphos Spanphos XL-Xantphos SulfPhos Thioxantphos
68% 15% 17% 90% 9% 0% 84% 10% 0% 99% 2% 0%

Scheme 4.12. Variations of the ligand backbone.
Yields are reported in the order 2/5/17.

The commercially available Co-symmetric Spanphos ligand, which was also reported by the
van Leeuwen group, was next used. The crystal structure of the free ligand revealed that the
intramolecular P-P distance is 4.991 A, resulting in an exclusive trans-configuration in solution
in the related complexes [(Spanphos)PdXCI] where X = Me or CI.[*¥7] Despite the rigidity of
this trans-chelating ligand, and its ability to form metal chelates, no sulfone formation was
observed, and cross-coupling product 5 was formed in 9% yield while 90% of aryl bromide 2
was recovered. The oxygen atoms of complex [(Spanphos)PtCl;] lie out of the plane defined
by the aromatic rings of the chroman fragment, 3.110 A and 3.097 A respectively, away from
the platinum atom, precluding oxygen coordination to the metal centre.[*¥”] In comparison, the
Pd-O atom distance in oxidative addition complex [(Xantphos)Pd(4-CN-CsH4)(Br)] is
2.698 A, and 2.154 A in the corresponding «%p,0,r cationic complex [(Xantphos)Pd(4-CN-
CeH4)*(OTf) .27 To probe the importance of the availability of an oxygen atom at the apical
position of oxidative addition complexes for the formation of sulfone products, the extended
Xantphos ligand XL-Xantphos was synthesised. XL-Xantphos was designed by Whiteker and

co-workers to mimic the bite angle and electronic properties of the Xantphos ligand without the
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possibility of the oxygen atom to take part with metal coordination.!*® When XL-Xantphos
was used in the model system, formation of the sulfone product 17 was completely inhibited,
and aryl bromide 2 was largely recovered (84%), with small amounts of biaryl 5 formed as the
major product (10%). Similarly, Whiteker and co-workers compared the reactivity of Xantphos
and XL-Xantphos in the Pd-catalysed arylation of benzamides.[*** While product was formed
in 92% yield with Xantphos, only <4% HPLC yield was observed with XL-Xantphos under
the same reaction conditions.*® The transmetalation step is often turnover-limiting in Pd-
catalysed amination reactions,[**®! and the bridging oxygen of the Xantphos ligand has been
suggested to be involved in the transmetalation step.['® The reactivity of XL-Xantphos in the

model reaction therefore suggests a similar mechanism for the sulfone formation process.

Sulfphos, which was readily synthesised from diphenylsulfone is structurally similar to
DPEphos, but has a sulfone functional group replacing the oxygen of the ether linker. Almost
no reactivity was observed when Sulfphos was employed in the model system (99% 2, 2% 5,
0% 17), which consistent with our discussion on the importance of the rigidity of the ligand

backbone and of the presence of an oxygen group at the bridging position.

Finally, Thioxantphos ligand, which is the sulfur analogue of Xantphos, was shown to have
no catalytic activity in amination chemistry due to the high affinity between the sulfur and the
palladium atom, forming an inactive s, cationic complex from which transmetalation does
not occur.!”X1 Considering the poor nucleophilicity of sulfinate salts compared to anilines in
palladium catalysed arylation reactions, the Thioxantphos ligand was not synthesised and

studied with the model reaction.

Overall, it appears that the availability of an oxygen at bridging position 5 of the Xantphos
ligand is a crucial ligand feature, without which, good conversion of the aryl bromide coupling
partner 2 and formation of the sulfone product 17 are not observed. This is most likely due to

the involvement of «%,0,p pincer type complexes in the transmetalation step.
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4.3.3. Symmetrical Variation of the Diphenylphosphino Groups

Having observed that the xanthene backbone is required in order to ensure high conversion of
aryl bromide 2, the phosphorus substituents were next varied. This strategy had been employed
by the Willis group in 2013 to lower the amounts of bi-products formed by aryl scrambling

(Scheme 4.13).1178-181],
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Scheme 4.13. Variations of the phosphine substituents.
Yields are reported in the order 2/5/17.

In the reaction between 1-iodo-4-methylbenzene and lithium phenyl sulfinate salt generated in
situ from phenyl lithium and DABCO, it was shown that 4-OMe-, 4-CFs- and 3,5-
bis(CFs)Xantphos ligands gave good to excellent conversions to the sulfone product, whereas
starting material was recovered for with the bulky (2-tol)-, Cy- and (t-Bu)Xantphos
ligands.[*"81 When the electron poor 3,5-bis(CFs)Xantphos ligand was used in the model
system, excellent selectivity towards the sulfone product 17 was observed, with 29% yield of
sulfone compared to 2% vyield of biaryl 5. The lower conversion was in good agreement with
literature results which indicated the need for higher temperatures (110 °C) with this electron-
poor Xantphos analogue, most likely due to reduced rates in the oxidative addition step.
Reactivity of the commercially available bulky (t-Bu)Xantphos was also assessed in the model
system, and the starting aryl bromide 2 was fully recovered, in good agreement with the results

reported by Willis and co-workers.
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4.3.4. Chelating Ability of the Ligand

The poor reactivity observed with the large bite angle DPFphos ligand (Section 4.3.2) suggests
that the chelating ability of Xantphos is a crucial feature for efficient conversion of aryl bromide
2 to sulfone 17. The complete inhibition of sulfone formation and high recovery of the starting
aryl bromide 2 (87%) when mono-methylated Xantphos ligand Xantphos.MeOTf was
employed is in good agreement with this hypothesis (Scheme 4.14). To further illustrate the
importance of the capability of the ligand to form chelates, the ligand PPh2-Xanthene, in which
one of the two diphenylphosphino groups was replaced by a proton, was synthesised. As
expected, this mono-phosphine behaved very similarly to Xantphos.MeOTT, as aryl bromide

2 was recovered in 92% yield, biaryl 5 was obtained in 8%, and sulfone formation was not

observed.
Me_ Me Me_ Me Me_ Me Me_ Me
PPh2 . PPh2 o) PthMe PPh2 PPh2 /Pth
TfO
Ligand Xantphos.MeOTf* PPh,-Xanthene Ox-Xantphos
2/5/17 87% 12% 0% 92% 8% 0% 91% 7% 0%

Scheme 4.14. Importance of the chelation. *Using K,COs instead of Cs,COs.
Yields are reported in the order 2/5/17.

Similarly to Buchwald’s dialkylbiphenyl phosphine ligands, the Xantphos ligand is resistant to
aerobic oxidation.[*%: 1901 Nevertheless, the hemi-labile Ox-Xantphos has been shown to be
formed in situ and become the catalytically active species in the palladium-mediated C-H
arylation of imidazoles.[**! Ox-Xantphos has been shown to be cis-chelating in the oxidative
addition complex [(Ox-Xantphos)Pd(3-pyrrole)(Br)], and dissociation of the phosphine oxide
moiety was proposed to be preceding the turnover limiting concerted metalation-deprotonation
step. To assess the potential involvement of such a hemi-labile ligand, Ox-Xantphos was

synthesised and used in the model reaction. Once again, sulfone formation was completely
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inhibited, and biaryl 5 was formed in 7% yield while aryl bromide 2 was recovered in 91%
yield. This demonstrates that Ox-Xantphos does not take part in this catalysis, and further
supports that the presence of two strongly binding phosphine ligands is required to promote

reactivity and selectively to form sulfone product 17.
4.3.5. Variation of One Diphenylphosphino Group

In order to fine tune the reactivity of Xantphos-derived ligands, the substituents of one of the
two phosphorus atoms were modified while keeping phenyl groups on the other constant. This
strategy allowed us to deconvolute the steric and electronic properties of the two phosphines
and modify the overall reactivity of the bidentate ligand without altering its backbone, which
was shown to be crucial in the previous sections of this chapter. Such non symmetrical bis-
phosphine ligands were prepared with a ferrocenyl core by Hartwig and co-workers to
determine the trans effect on the rates of reductive elimination from arylpalladium(ll) amido
complexes.[#! These non-symmetrical bis-phosphine ligands were, however, limited to 4-CF3
or 4-OMe substituted phenyl rings. To the best of our knowledge, such non-symmetrical bis-

phosphine ligands have never been reported with the xanthene backbone.

The presence of electron-donating groups on the phenyl rings of one of the two phosphorus
atoms, as in ligand L1 (Scheme 4.15), did not affect either conversion or selectivity of the cross-
coupling process. Full conversion of aryl bromide 2 was observed, with sulfone 17 being the
major product (92%), against 9% of the desired biaryl product 5. In contrast, full conversion
was not obtained with the electron-deficient 4-CF3-CeH4 groups, as 6% of the aryl bromide 2
was recovered. Product distribution between sulfone 17 and biaryl 5 did not change
significantly (85% sulfone, 11% biaryl). Both these results are consistent with the work reported
by Willis and co-workers on the symmetrical Xantphos-type ligands and discussed in Section
4.3.3. The 2-furyl analogue L3 gave a similar reactivity profile, with an excellent conversion to

sulfone 17 in 90% vyield, against 6% of biaryl product 5.
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Scheme 4.15. Non-symmetrical ligands #1: Electronic and conformation changes.
Yields are reported in the order 2/5/17.

In contrast, replacing a diphenylphosphino group of Xantphos by the fused benzophosphindole
motif as in ligand L4 drastically inhibited both C-S and C-C product formation reactions,
allowing the recovery of the starting aryl bromide 2 in 81% yield. This behaviour suggests that
changes in ligand conformation have a much stronger influence on the reaction compared to

simple variations of the ligand electronics.

Steric effects were next investigated by functionalising the phenyl rings of one of the two
diphenylphosphino groups at their 2-position (Scheme 4.16). Reactivity was strongly reduced
by ligand L5, which features 2-tolyl substituents, as 83% of the starting aryl bromide 2 was
recovered. Sulfone 17 remained the major product with 11% yield against 5% vyield of biaryl
product 5. In contrast, 2-OMe groups were well tolerated, as the use of ligand L6 only caused
a slight drop in reactivity with sulfone 17 and biaryl 5 being formed in 71% and 8% yield
respectively. A moderate conversion was still observed with ligand L7, in which bulkier
isopropyl ether groups are present at the 2-position of both phenyl rings (45% aryl bromide 2

recovered, 39% sulfone 17 and 8% biaryl 5 formed).
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Scheme 4.16. Non-symmetrical ligands #2: 2-substituted phenyl groups.
Yields are reported in the order 2/5/17.

Overall, increasing the steric bulk around the phosphorus atom with 2-substituted phenyl groups
is detrimental to conversion of aryl bromide 2, but does not affect the selectivity of the coupling.
Indeed, sulfone product 17 was formed as the major product with the three ligands L5, L6 and

L7.

To further probe the importance of substituents on the 2-position of phenyl rings, only one of
the four phenyl groups of the Xantphos ligand was changed to a 2-tolyl aromatic ring in L8
(Scheme 4.17). In contrast to ligand L5 which features two tolyl substituents, with L8, full
conversion was obtained with an excellent selectivity towards sulfone product 17 (95%).
Increasing the steric bulk of the substituent with ligand L9, in which the 2-methyl group was
replaced by a 2-isopropyl group did not alter the reactivity; full conversion of aryl bromide 2
was also obtained with a similar selectivity for sulfone formation (89%). These two ligands, L8
and L9, therefore behaved similarly to Xantphos; the presence of one alkyl substituent on the
2-position of one phenyl ring did not have any effect on the outcome of the reaction. Moving
away from aliphatic substituents, the 2-phenyl substituted ligand L10 did, however, shut down
reactivity. The starting aryl bromide 2 was recovered in 74% yield while biaryl 5 and sulfone

17 were only formed in 6% and 12% yield respectively.
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Scheme 4.17. Non-symmetrical ligands #3: single substitution at the 2-position.
Yields are reported in the order 2/5/17.

The presence of a single substituent at the 2-position of one out of the four phenyl groups of
Xantphos can therefore either inhibit both C-C and C-S cross-couplings reactions as with L10,
or leave reactivity entirely unaffected as with L8 and L9. It is at this stage unclear why this is

the case.

Aliphatic substituents were next explored as an alternative to aromatic groups on the
phosphorus atom (Scheme 4.18). In ligand L11, one out of the four phenyl groups of Xantphos
was replaced by a methyl substituent. When this ligand was employed, reactivity was strongly
retarded, with 81% starting material 2 being recovered. In contrast to ligands L1-L.10, however,
biaryl 5 and sulfone 17 were formed approximately in a 1:1 ratio (11% and 9% respectively)
when using L11. Selectivity towards biaryl product 5 was further increased with ligand L12, in
which both the phenyl groups were replaced by methyl substituents on the same phosphorus
atom. This increase in selectivity was not due to the formation of biaryl 5 in higher yields (9%
with L12 compared to 11% with L11), but resulted from the inhibition of sulfone formation
(2% with L12 compared to 9% with L11). Replacing both methyl by isopropyl substituents in
L13 slightly increased the amounts of biaryl product 5 formed to 14% without increasing

sulfone formation (3%).
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Scheme 4.18. Non-symmetrical ligands #4: aliphatic substituents.
Yields are reported in the order 2/5/17.

Overall, replacing one or two aromatic groups by aliphatic substituents in ligands L11-L.13
resulted in a change of selectivity between biaryl 5 and sulfone 17. Indeed, independently of
their steric bulk, ligands L1-L10 all favoured formation of product 17, whereas it is the biaryl
5 which was formed as the major product with ligands L11-L.13. Ligand L4, in which the two
aromatic rings are fused in a benzophosphindole moiety, stands out as an exception, most likely

due to conformational restrictions.

4.4. Conclusion

The xanthene scaffold has been identified as a promising ligand backbone to promote the
desulfinative cross-coupling reaction of aryl bromide 2 and aryl sulfinate 4 at 100 °C. Indeed,
Xantphos has been shown to have the unique ability to promote the palladium-catalysed
formation of diaryl sulfones from aryl halides and aryl sulfinate salts. By surveying previous
literature reports, one can observe that sulfone products can be formed at temperatures as low
as 40 °C, which is in sharp contrast with the temperatures required for desulfinative cross-
coupling reactions (120-150 °C). This finding is of significant importance because the
transmetalation step which was found to be turnover limiting for desulfinative cross-couplings

is common to both C-C and C-S bond formating reactions.

Performing the stoichiometric reaction between oxidative addition complex [(Xantphos)Pd(4-

F-CsH4)(Br)] 19 and aryl sulfinate salts bearing a variety of organic and inorganic counter
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cations showed that the rate of product formation was significantly affected by the identity of
such counter cations. Similar trends were observed for both sulfone and biaryl product
formating reactions, suggesting that a cation metathesis between the sulfinate salt and the
carbonate base is also preceding the transmetalation step in the Pd/Xantphos cross-coupling
reaction. Running such stoichiometric reactions with increasing amounts of potassium and
tetrabutylammonium salts showed that even if transmetalation is intrinsically a reversible
process, it is not likely to be reversible when the inorganic K.COs base is employed due to the
poor solubility of KBr in 1,4-dioxane. These experimental results are, however, not sufficient

to fully exclude the reductive elimination as the turnover limiting step of the catalytic cycle.

By synthesising a range of xanthene-derived phosphines, a detailed structure/reactivity portrait
of the Xantphos ligand was built. Three parameters were found to be crucial to ensure good
conversion of the aryl bromide coupling partner 2 to sulfone product 17: 1) rigidity of the
backbone; 2) presence of an oxygen on the bottom bridge (position 5); and, 3) ability of the bis-
phosphine to form chelates with the palladium centre. The identity of the substituents at the top

bridge (position 10) was not found to be important.

Finally, a range of non symmetrical ligands were designed to further understand the reactivity
of Xantphos and fine tune it to form selectively the desired biaryl product 5. While the presence
of aryl groups on both phosphorus atoms strongly favours the formation of sulfone 17,
switching from diaryl- to dialkylphosphino groups allowed biaryl 5 to be formed as the major
product. However, this change also caused a major drop in conversion, with most of the aryl

bromide 2 remaining unreacted.

Synthesis of putative palladium sulfinate complexes [(Xantphos)Pd(Ar)(SO2Ar’)] via the
reported «3p,0,p cationic pincer type complexes[(Xantphos)Pd(Ar)]*, and their characterisation
to identify the bonding between the sulfinate salt and the palladium centre would be pivotal to

further our understanding of the mechanism of this C-S cross-coupling reaction. The synthesis
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of such complexes would complete the current data set and allow the identification of the RSI
and TLS of this synthetically important transformation. Indeed, in order to improve both
conversion and selectivity towards biaryl product 5, it is key to understand what becomes the
limiting step (transmetalation vs reductive elimination or extrusion of SO.) upon varying the
phosphine substituents. To that end, the synthesis of a larger range of ligands and theoretical
analysis of the corresponding transition states would be desirable. Computational work towards

this is currently ongoing.
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Chapter 5 — Aryl Sulfinamides as Novel Nucleophiles for Palladium-

Catalysed Carbon-Carbon Bond-Forming Reactions

5.1. Introduction

Alkali metal sulfinate salts require high temperatures to react with aryl palladium halide
oxidative addition complexes. It was shown in Section 2.5.2 that moving down the alkaline
metal group of the periodic table, therefore increasing the softness of the alkaline metal, led to
faster rates of transmetalation with oxidative addition complex 9. Accordingly, sulfinate salts
bearing softer counter cations, such as tetramethylammonium or silver, gave the highest rates
of transmetalation. We envisioned that replacing the hard anionic oxygen atom of the sulfinate
salt for the softer and neutral amine group as in the sulfinamide functional group, might improve
the transmetalation process by increasing the affinity with the soft palladium metal centre and
allow lower temperatures for the reaction (Scheme 5.1).1% Furthermore, sulfinamides are
more functional group tolerant compared to sulfinate salts, are easier to purify and can be

readily accessed via a wide range of synthetic routes.92-1%1

0 o ok
8 + . Ar-Pd-Br . Ar-Pd-SO,Ar"
Ar”TOM S T<100°C N
M=
Soft e
Li, Na, K, Cs, NMey4, Ag Metal Difficult Step
| — —— Requirement of high reaction temperatures
Centre
Harder  Softer
9 :> 9 Softer nucleophile
Ss N Better suited in the
Ar oM Ar NH, 4
transmetalation step?
Aryl Sulfinate Salt Primary Aryl Suflinamide

Scheme 5.1. Primary aryl sulfinamides as alternative, softer nucleophiles.

A putative mechanism for the palladium-catalysed cross-coupling reaction between aryl
bromides and primary aryl sulfinamides is depicted in Scheme 5.2. By analogy with

desulfinative cross-coupling reactions, formation of on-cycle palladium(0) species B from a
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precatalyst A, followed by reaction with the aryl bromide coupling partner, leading to an aryl
palladium(I1) oxidative addition complex is to be expected. However, in contrast to reactions
involving aryl sulfinate salts, which formally do not necessitate a base as the sulfinate salt is
already anionic, a base is required to sequester the stoichiometric HBr by-product that is formed
during the transmetalation step (C > D). The attack of nitrogen-based nucleophiles onto such
aryl palladium oxidative addition complexes is a common transformation that is very well

precedented in the context of palladium catalysed C-N bond-forming reactions.[*%4!

PdOL,,
B
ArAr' ArBr
G
Precatalyst
: A :
Ar-Pd—(L) F Cc Ar—PId-Br
|
Ar' (L)
Ar'SONH,
Q\ b Base
,S
'/ .\
HN E L S-Ar BaseHBr
Ar-Pd-N
(L)
PdoL 2
"o+ _S. _Ar
B Ar' N H

Scheme 5.2. Proposed mechanism for the palladium-catalysed cross-coupling of
aryl bromides and primary aryl sulfinamides.

Once the key intermediate D is formed, extrusion of the sulfinyl amine HNSO E is required to
give complex F that delivers the desired biaryl product G and regenerates the palladium(0)
catalyst upon reductive elimination. Extrusion of HNSO has been proposed to be responsible
for the base-mediated decomposition of N-benzoxyaryl sulfinamides,***! but to the best of our
knowledge, generation of this gas has never been reported in the context of transition-metal
catalysis. An alternative, commonly observed reaction pathway in C-N coupling reactions is

direct reductive elimination from D which would lead to N-arylated sulfinamide product
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Ar’'SONHAr H and regenerate the palladium(0) species B. N-arylation of tert-butyl
sulfinamides was reported by Zeng and co-workers using the palladium(0) source Pdz(dba)s in
conjunction with the Buchwald biaryl ligand t-BuXPhos in toluene at 90 °C.I*%! They also
showed that 4-tolylsulfinamide could be arylated with bromobenzene in moderate yield under
the same reaction conditions (Scheme 5.3). Although this pathway is unproductive in the
desired transformation, these reactions indicate that the transmetalation step does not require

particularly harsh reaction conditions in comparison to sulfinate salts.

Pd,(dba)s (2.0 mol%) 5 O
t-BuXPhos (5.0 mol%) ! PR
o NaOH (2.4 equiv.) o b hia
g Br H,O (17 equiv.) z p Pr Pr
\NHZ + N E
Toluene, 90 °C, 20 h H !
Me Me . ipr
1.0 equiv. 1.3 equiv. 70% )
t-BuXPhos

Scheme 5.3. Palladium-catalysed N-arylation of primary sulfinamides with aryl bromides
as reported by Zeng and co-workers.[2%!

In this chapter, efforts towards the optimisation of a novel palladium-catalysed cross-coupling

of aryl sulfinamides with aryl bromides to form biaryl products are described.
5.2. Initial Evaluation at 150 °C

The potential of sulfinamide derivatives as nucleophilic coupling partners was first evaluated
using standard conditions[®! developed for desulfinative cross-coupling reactions (Figure 5.1).
To our delight, the desired cross-coupling product 5 was obtained in 80% yield according to
HPLC analysis of the crude reaction mixture when primary 4-methylbenzenesulfinamide 20
was used, accounting for most of the consumption of aryl bromide 2. In contrast, lower yields
ranging from 25% to 32% were obtained with N-alkyl (t-Bu and n-Bu), -allyl and -benzyl
sulfinamides, despite measuring high conversions of starting material. The HPLC
chromatograms of these crude reaction mixtures were complex, and did not reveal the presence

of a major reaction by-product. Aryl bromide 2 remained unreacted when the sulfinamide was

104



substituted with a carbonyl containing functional group (N-benzoyl, -pivaloyl, -boc) or an
aromatic group N-Ar. At this stage, it is difficult to explain this reactivity pattern, which could
be due to the incompatibility of these substituents with either the transmetalation step, the
deprotonation step, or the loss of the RNSO fragment. The latter is expected to be more difficult
with N-substituted sulfinamides, as HNSO is a gas whereas RNSO derivatives are not expected

to be, therefore resulting in the loss of the entropic driving force of the reaction. The primary

sulfinamide 20 was therefore selected for further optimisation at lower temperatures.

Pd(OAc), (5.0 mol%)

0 PCy; (10 mol%) Me
Br g K,CO3 (1.5 equiv.) O
+ “NHR
E 1,4-dioxane (0.055 M) O
Me 150 °C (16 hours) F
2 sulfinamide 5
(1.0 equiv.) (1.5 equiv.)
® Q ? ® R ..
S J< S S = S
AT NH, AN AN AN AN A SN
2 H i H H/\ H
H:20 20-t-Bu 20-n-Bu 20-allyl 20-propargyl 20-benzyl

20-benzoyl 20-pivaloyl 20-boc 20-4-F-CgH, 20-4-OMe-CgH,

@)

F OMe
SO S W Sl Ve
SN Ar/S\NJ>< Ar/S\N)J\O A SN AN
H H H H H

80%
60%
40%
i lnnnn
0%

80% 25% 32% 26% 2%  31% 5% 0% 2% 10% %
> N N N N O 3 3
R e - e R N 3 a?
A\ Q'b ) & .\\\’b <<CJ Q;O

RS > Q b S

W

Figure 5.1. Sulfinamides as nucleophilic coupling partners: Importance of the N-substituent.
Red bars and reaction yields (%): biaryl product 5. Blue bars: starting material 2.
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5.3.  Lowering the Reaction Temperature to 100 °C, Base and Solvent Screening

Lowering the temperature to 100 °C resulted in the complete loss of reactivity, with 3% yield
of cross-coupling product 5 and full recovery of the electrophilic coupling partner 2 (Figure
5.2). Replacing the potassium carbonate base by its caesium analogue Cs>CO3 (pKa conjugate
acid = 10.3 in H.0)*" proved to be beneficial, giving a promising 22% yield of biaryl 5. In
comparison, the highest yields of biaryl 5 obtained from desulfinative cross-coupling at 100 °C
were 19% in Chapter 3 using aryl triflate 2-OTf instead of aryl bromide 2, and 15% in Chapter
4 using the non-selective Bisxantphos ligand. This result therefore demonstrates the superiority
of primary sulfinamide 20 as a nucleophilic coupling partner at lower temperatures compared

to 4-methylbenzene sulfinate salt 4 when used with the same electrophilic coupling partner.

Pd(OAc), (5.0 mol%)

0 PCy; (10 mol%) Me
Br 8 Base (1.5 equiv.) O
0 ;
E 1,4-dioxane (0.055 M) O
Me 100 °C (16 hours) E
2 5
(1.0 equiv.) (1. 5 equiv.)

80%
60%
40%
20%

0%

3% 2% 1% 11% 19% 6% 0%
K,CO; Cs,COj t-BuOK t-BuONa KzPO, NaH  DBU

Figure 5.2. Screening of common bases at 100 °C.
Red bars and reaction yields (%): biaryl product 5. Blue bars: starting material 2.

Tert-butoxide bases (pKa t-BuOH = 32.4 in DMSO)**®! are the most commonly employed
bases in palladium-catalysed amination chemistry. They have been shown to lead to the
formation of tert-butoxide palladium intermediates by displacing the halide of the oxidative

addition complex, or deprotonating the amine after its coordination to the oxidative addition
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complex, therefore lowering its pKa.[***2%] Disappointingly, in the model reaction, 1% and 11%
yield of biaryl 5 were obtained when using t-BuOK and t-BuONa, respectively. Potassium
phosphate tribasic KsPO4 (pKa conjugate acid = 12.3 in H20)2%U, which is also used frequently
in amination chemistry, provided cross-coupling product 5 in 19% yield, performing similarly
to Cs,COas. Using the stronger hydride base, NaH, only provided product in 6% yield, and no
product was formed using the organic base DBU (1,8-Diazabicyclo(5.4.0)undec-7-ene, pKa
conjugate acid = 11.5 in H,0).2% The yields of cross-coupling product are therefore not
directly correlated with the pK, of the basic additive. The higher yields obtained with Cs,CO3

and K3PO4 compared to K,CO3 may be due to the lower solubility of the latter in 1,4-dioxane.[**]

A small number of organic solvents commonly used in palladium-catalysed arylation reactions
were selected and evaluated with the model reaction using Cs,COs as a base (Figure 5.3).
Similarly to what was observed for the cross-coupling reaction between aryl bromide 2 and
sodium 4-methylbenzene sulfinate salt 4 (Section 3.8), 1,4-dioxane, DMF and toluene gave
similar yields of cross-coupling product 5, 24%, 27% and 21%, respectively. Reactivity was
similar with THF (27%), whereas a slight erosion in yield was observed with DMSO. Methanol
was however incompatible with this system, as no product formation was observed despite the
entire consumption of aryl bromide 2. Despite the lower yield of product 5 observed with 1,4-
dioxane, this solvent was preferred over DMF and THF for the following optimisation reactions

due to the toxicity and environmental cost of DMF, and the low boiling point of THF.

107



Pd(OAc), (5.0 mol%)

o PCy; (10 mol%) Me
Br 4 Cs,CO5 (1.5 equiv.)
+ “NH,
F Solvent (0.055 M)
Me [=

100 °C (16 hours)

2 20 5
(1.0 equiv.) (1.5 equiv.)
0% o owm = m
80%
60%
40%
20%

0%
2% 27% 21% 27% 16% 3%
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Figure 5.3. Solvent screening. Red bars and reaction yields (%): biaryl product 5.
Blue bars: starting material 2.

5.4. Ligand Screening

A total of 56 ligands were evaluated for this cross-coupling reaction, and the full data is
available in the Experimental Section 7.4. Pd(OAc)2 and the ligand were employed in a 2:1
stoichiometry for mono-phosphine ligands, whereas a 1:1 stoichiometry was used for bis-

phosphine ligands, therefore ensuring the same ratio of phosphine to palladium.

Sterically demanding and strongly o-donating trialkylphosphinest*? 2% have proved to be
successful ligands for desulfinative cross-coupling reactions.®® 61 Within this ligand series,
reaction yields ranged from 1% with PAd2Bn L7, up to 35% with P(t-Bu)>Me*HBFs L1
(Scheme 5.4). Reactions were found to give clean HPLC chromatograms for all the phosphine
ligands investigated, with unreacted starting material accounting for the mass balance
(Experimental Section 7.5 for the corresponding bar charts). The activity of these mono-
phosphine ligands showed good correlation with their computed ligand cone angles,?° with
higher yields observed for ligands with smaller cone angle, with the exception of diadamantyl

phosphine L3, most likely due to electronic factors. Following this trend, it would be interesting
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to assess the reactivity of trialkylphosphines with smaller cone angles such as PPrs and PEts, as

time pressure precluded the study of these ligands.

Pd(OAc), (5.0 mol%)

10 Ligand (10 mol%) Me
Br 5\ Cs,CO3 (1.5 equiv.) ‘
+ NH,
F 1,4-dioxane (0.055 M)
Me 100 °C (16 hours) F
2 20 5
(1.0 equiv.) (1.5 equiv.)
Bu.__Me Pr< . Pr Bu.__Bu
P P Ad.,-H Cy~p-Cy . P
By ipr | | d\P, u By Ad.__Bn
Ad Cy | |
HBF, HBF, Ad HBF, Ad
L1 L2 L3 L4 L5 L6 L7
P('Bu),Me*HBF, P(PPr)s*HBF, PAd,H PCys cataCXium A P(‘Bu)s*HBF, PAd,Bn
35% 29% 6% 23% 1% 2% 1%
169.9° 170.1° 171.3° 174.7° 176.3° 183.7° 189.3°
Cone Angle

Scheme 5.4. Trialkylphosphine ligands showing good correlation between cone angle and reactivity.

A number of triarylphosphines, which were until the end of the 1990s the most largely used
ligand class in palladium-catalysed cross-coupling reactions,?®! were tested in the model
reaction. Despite a significantly smaller cone angle compared to trialkylphosphine ligands for
the non-ortho-substituted triarylphopshines (165.8° for PPhs L9 and 166.0° for P(4-Cl-CeHa)3
L.10),12%4 their use resulted in lower yields; product 5 was obtained in 9%, 11% and 6% yields,
respectively with PPhs L9, P(4-OMe-Ce¢Ha4)s L8 and P(4-Cl-CgsHs)z L10. This suggests the
strong o-donation of trialkylphosphines ligands is required in this cross-coupling process (vco
= 2056 cm™ (PPhs) vs 2069 cm® (PCys)).l*%l Within the triarylphosphine series, this trend is
confirmed with decreasing yields upon decreasing the donating ability of the ligand (Scheme
5.5). Indeed, IR investigations have confirmed that the 2-furyl substituent acts as an electron
withdrawing group on phosphorus nuclei with respect to standard phenyl rings.2%! Sterically
hindered triarylphosphines, which have the combination of large cone angle with no increased
c-donation, performed very poorly, as shown with P(2-Me-CgHa)s L13 (183.4°)12%41 and P(2,6-
bis-OMe-CgHz)s L14.
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Pd(OAc), (5.0 mol%)

o Ligand (10 mol%) Me .  Ligand:
a Cs,CO3 (1.5 equiv.) ‘ !

Br I !
F 1,4-dioxane (0.055 M) v A U Ar
Me 100 °C (16 hours) F ; P
2 20 :

5 Ar
(1.0 equiv.) (1.5 equiv.)
F : Me OMe
o] F 5
Ar = | / '
OMe Cl F F MeO

Fooo

L8 L9 L10 L11 L12 , L13 L14

1% 9% 6% 3% 0% H 3% 2%

o-donating ability of the ligand

Scheme 5.5. Screening of triarylphoshine ligands.
Correlation between reactivity and o-donation properties of the ligand.

Buchwald-type biaryl phosphines are prevalent in cross-coupling chemistry, especially in
palladium-catalysed amination reactions.[2072%81 However, this class of ligands performed
poorly with the model reaction conditions, with yields of biaryl 5 averaging at 5% independent
of the nature of the phosphine substituents (Cy, t-Bu, or Ar) as in L15-L.17 (Scheme 5.6).
Importantly, the sulfinamide N-arylation product was not detected and the aryl bromide was
recovered in yields above 90%. This is consistent with the observation of Zeng and co-workers,
that hydroxide and water were crucial additives for the formation of the N-arylation product
using t-BuXPhos (Scheme 5.3).[1 Similarly, heteroaromatic variants L18 and BippyPhos L19
were found to be inactive in this reaction. In contrast, BippyPhos L19 was shown to have high
catalytic activity in Buchwald-Hartwig amination and amidation reactions with (hetero)aryl
chlorides under similar cross-coupling reaction conditions (1,4-dioxane or toluene, 90 °C to

110 °C).o%
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Pd(OAC), (5 mol%)

1) Ligand (10 mol%) Me
/O/Br s, Cs,COj3 (1.5 equiv.) O
+ NH,
E /©/ 1,4-dioxane (0.055 M) O
Me 100 °C (16 hours) .
2 20

(1.0 equiv.) (1.5 equiv.)
X X X Ph
R P R P R P Ph =N
PCy, PBu PAr, N\ SN \\N
\ 1
= N
R_' N R_' N R_' N tBU/P\tBUN tBU/P\ Ph \
F O > Ph By Ph
L15 L16 L17 L18 L19
2-8% 1-6% 2-3% 2% 1%

Scheme 5.6. Buchwald biphenyl phosphine ligands: poor reactivity.

Bis-phosphine ligands play an important role in homogeneous catalysis. Since the first report
of dppe (L21 in Scheme 5.7) being used in 1959,2'% the number of ligand backbones and
phosphine substituents that have been reported have grown dramatically. For bis-phosphine
ligands, the bite angle is more commonly used as a method of comparison, in preference to the
Tolman cone angle.[*®6-267] |nterestingly, both diphenylphosphino and dicyclohexylphosphino
alkane ligand series exhibited a similar correlation between the number of carbons in the alkyl
chain linker and the reaction yields, which increased with the length of the linker (Scheme 5.7).
More flexible phosphines with a larger bite angle, such as dppb L23 and dcpb L27, are more
likely to result in a trans-coordination mode, and as a general rule, smaller bite-angle ligands
tend to give more sluggish reactions compared to their wider bite-angle analogues.[*®®! Here,
these trends can also be rationalised if de-coordination of a phosphine ligand is required in the
mechanism to free a coordination site on the palladium, whether it is for the transmetalation
step or the extrusion of HNSO. This is further supported by the similar results obtained with
both dcpb L27 (5 mol%) and P(t-Bu).Me*HBF4 L1 (10 mol%), which gave 33% and 35%
yields, respectively. Indeed, given its long linker length, dcpb can be seen as two almost
independent equivalents of PCy.(alkyl), therefore acting as a trialkylphosphine with a low

Tolman cone angle.
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Pd(OAc), (5.0 mol%)

0 Ligand (5.0 mol%) Me
Br g\ Cs,CO; (1.5 equiv.) ‘
+ NH, -
E 1,4-dioxane (0.055 M)
Me 100 °C (16 hours) E
2 20 5
(1.0 equiv.) (1.5 equiv.)
PN /\/PPh2 /\/\ ___/_i_/"<_/_|;b_h—2_--
Ph,P PPh, Ph,P Ph,P PPh, Ph,P
L20 L21 L22 L23
dppm dppe dppp dppb
6% 10% 14% 16%
PC o ~_FPCy,
Cy,P” > PCy, Cy,P Y2 Cy,P” " pPey, Cy,P” T2
(HBF4)2
L24 L25 L26 L27
dcpm dcpe dcpp(HBF,), dcpb
9% 15% 18% 33%

Scheme 5.7. Diphenylphosphino and dicyclohexylphosphino alkane ligand series.
Correlation between the length of the ligand backbone and the yield of product 5.

Other common bidentate ligands such as Xantphos, dppbenz, dppf, as well as tri- and
tetradentate phosphines such as triphos or tetraphos were also evaluated, but yields remained
poor (0-10%) without showing any clear trends. Complete data and experimental procedures

for these screening experiments can be found in the Experimental Section 7.4.
5.5. Palladium Precatalyst

Pd(OACc). was compared to four other palladium sources using P(t-Bu).Me*HBF; as a ligand
(Table 5.1). The control reaction which employed Pd(OAc). gave biaryl product 5 in 38% yield
(Entry 1), illustrating the reproducibility of the reaction (35% under the same reaction
conditions in Scheme 5.4). The reaction yield dropped significantly with Pd(TFA)2 and PdCl.
to 26% and 16%, respectively (Entries 2 and 3), showing that the nature of the acetate ligand
is of importance in this process. Allylpalladium cyclopentadiene is known to be a reliable
precursor of low-valent palladium phosphine complexes after coordination of a phosphine
ligand and reductive elimination to form C3Hs-CsHs as a mixture of isomers.[''% 211 However,
its use only resulted in the formation of biaryl 5 in 20% yield (Entry 4). Similarly, biaryl 5 was

obtained in 20% yield with the palladium(0) precatalyst Pd2(dba)sz (Entry 5). Once again,
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reactions were found to give clean HPLC chromatograms with all five palladium precatalysts
investigated, with unreacted starting material accounting for the mass balance. This excludes
the possibility that presence of dba or CsHs-CsHs might lead to the formation of side-products,
therefore resulting in the observed erosion of the reaction yields. These results further support
that acetate ligands might be required to maintain reactivity. Indeed, acetate ligands have been
shown to favour the formation of anionic zero-valent intermediates in Heck reactions: 1132121
as well as in the palladium-catalysed cross-coupling of carboxylic acid anhydrides with

arylboronic acids.?*?l

Pd(OAc);, (5.0 mol%)

B 0 P('Bu),Me*HBF, (10 mol%) O Me
/@/ . /©/S\NH2 Cs,CO5 (1.5 equiv.)
F _di
Me 1,41 gé)ofgn?éOHOSS M) . O
2 20 ( ours) 5
(1.0 equiv.) (1.5 equiv.)
Entry Palladium Precatalyst Yield
1 Pd(OAc), 38%
2 Pd(TFA), 26%
3 PdCl, 16%
4 (Allyl)Pd(Cp) 20%
5 Pd,(dba)s 20%

Table 5.1. Importance of the palladium source.

5.6. Additives

A range of additives were used to further increase the yield of the reaction (Table 5.2).
Tetrabutylammonium halides inhibited the reaction, as yields dropped from 35-38% (control
reaction without additive, Entry 1) to 8-13% (Entries 2-4). Employing tetramethylammonium
chloride was detrimental as well, but to a lesser extent (Entry 5, 24%). Similarly, other
(pseudo)halide sources Nal and NaOTf lowered the reaction yields (Entries 6 and 7). Given the
discussion in the previous section about the role of acetate ligands, the presence of additional
acetate additives was investigated. The reaction yield dropped to 18% in presence of NaOAc

(Entry 8) but remained at 38% with CsOAc (Entry 9). The conjugate acid HOAc, however,
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almost entirely stopped the catalytic process, with 8% vyield in biaryl 5 being achieved (Entry

10).

Pd(OAc), (5.0 mol%)

5 0 P('Bu),Me*HBF, (10 mol%) Me
/©/ . S\NH2 Cs,CO5 (1.5 equiv.)
F Ve Additive (1.5 equiv.) O
2 20 1,4-dioxane (0.055 M)~ F 5
(1.0 equiv.) (1.5 equiv.) 100 °C (16 hours)
Entry Additive Yield Entry Additive Yield
1 - 35-38% ! 8 NaOAc 18%
(n-Bu),NCI 10% | 9 CsOAc 36%
3 (n-Bu)4NBr 8% 5 10 HOAc 8%
4 (n-Bu),NI 13% 11 NEt, 35%
5 Me,NCI 24% ! 12 NaH 38%
6 Nal 12% 13 KOH 3%
7 NaOTf 17% 14 H,O (15 equiv.) 15%

Table 5.2. Additive screening.

Basic additives were also employed under the same reaction conditions, and although the
presence of NEts and NaH was well tolerated, they did not improve the yield (Entries 12 and
13, 35% and 38%). Whereas the addition of potassium hydroxide completely inhibited product
formation (Entry 13, 3%). Importantly, water (15 equiv., 30 pL) was detrimental to the reaction.
This is in clear contrast with the report by Zeng and co-workers, who showed that these two

additives were crucial for the Pd/t-BuXPhos mediated N-arylation of sulfinamide 20.["]

The effect of the stoichiometry and of additional bases was further probed with higher reaction
concentrations of 0.11 M compared to 0.055 M employed so far (Table 5.3). A control
experiment with no additive gave biaryl product 5 in 40% yield (Entry 1), representing a slight
yield increase due to the more concentrated reaction mixture. Increasing the stoichiometry of
the base to 3.0 equiv. instead of 1.5 equiv. resulted in a yield increase to 49% (Entry 2).
However, a simultaneous increase of both the base and sulfinamide was not beneficial to
product formation (Entry 3, 42%), showing that maintaining a high base/sulfinamide ratio is

important in this coupling process.
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Pd(OAc), (5.0 mol%)

Br o P(‘Bu),Me+HBF, (10 mol%) ‘ Me
/©/ . /©/S\NH2 Cs,CO; (1.5 equiv.)
F 1,4-dioxane (0.11 M)
Me ’ .
2 20 100 °C (16 hours) F 5
(1.0 equiv.) (1.5 equiv.)
Entry Changes from the reaction scheme Yield
1 - 40%
2 Cs,CO3 (3.0 equiv) 49%
3 Cs,CO3 (3.0 equiv) and 20 (3.0 equiv) 42%
4 t-BuOK (1.5 equiv.) 2%
5 t-BuONa (1.5 equiv.) 27%
6 t-BuOLi (1.5 equiv.) 2%
7 KHMDS (1.5 equiv.) 1%
8 Caesium pivalate (1.5 equiv.) 48%
9 20 deprotonated with n-BulLi 4%
10 Sodium sulfinate 4 instead of 20 9%

Table 5.3. Screening of basic additives.

The presence of tert-butoxide bases was again assessed, but this time they were employed as
an additive, together with Cs>COg, rather than as the only base in the system as in Section 5.3.
Their inclusion resulted in partial or complete inhibition of the coupling, in good agreement
with previous observations (Entries 4-6). Similarly, the strong amide base KHMDS entirely
suppressed reactivity (Entry 7, 1% vyield). Using caesium pivalate as an additive increased the
reaction yield to 48% (Entry 8). Given the previous observations with acetate additives and the
stoichiometry of the carbonate base, we propose that this beneficial effect is due to increased
quantities of caesium in the reaction mixture, rather than the presence of pivalate anions. When
sulfinamide 20 was treated with n-BuL.i prior to injection to a reaction tube containing the other
components for the coupling reaction, the yield plummeted to 4% (Entry 9). This suggests that
deprotonation of the sulfinamide coupling partner by the carbonate base is more likely to occur

after its coordination to the oxidative addition complex.

Finally, the conditions of Entry 1 were reproduced with sodium 4-methylbenzene sulfinate salt
4 (Entry 10) instead of sulfinamide 20. Under those conditions, biaryl 5 was only obtained in

9% vyield. This once again illustrates the superiority of sulfinamides as nucleophilic coupling
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partners compared to sulfinate salts in palladium-catalysed carbon-carbon bond formation

reactions.

5.7. Preparative Scale and Isolation

With these elements in hand, a preparative scale (0.30 mmol) reaction was performed to verify
the screening results. Having observed that increasing the ratio of base to sulfinamide coupling
partner was beneficial to the reaction vyields, a 1:1.3:2.6 stoichiometry of aryl
bromide/sulfinamide/base was chosen, and the reaction concentration was further increased to
0.30 M. Under these conditions, the product was obtained in 49% HPLC vyield (Table 5.4,
Entry 1), similarly to the previous best result (Table 5.3, Entry 2). Lowering the stoichiometry
was therefore not detrimental and was encouraging from an atom economy perspective. After
workup and purification of the product by flash column chromatography, biaryl 5 was isolated
in 41% yield. This reaction was then repeated at 110 °C, and the HPLC yield increased to 63%
yield, giving 5 in 61% yield upon isolation. Similarly to desulfinative cross-couplings, the
drastic improvement caused by a small temperature difference highlights the crucial importance

of the reaction temperature for these types of cross-coupling processes.

Pd(OAc), (5.0 mol%)

. 0 P('Bu),Me+HBF, (10 mol%) O Me
/@/ . /©/S\NH2 Cs,CO3 (2.6 equiv.)
F Me 1,4-dioxane (0.30 M)
2 20 100 °C or 110 °C (16 hours) F 5
(1.0 equiv.) (1.3 equiv.)
Entry Temperature HPLC Yield Isolated Yield
1 100 °C 49% 41%
2 110 °C 63% 61%

Table 5.4. Isolation of biaryl product 5, comparison of HPLC and isolated yields.
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5.8. Conclusion and Future Work

In summary, this Chapter 5 shows that primary sulfinamides can be employed as novel
nucleophilic coupling partner for palladium-catalysed carbon-carbon bond forming cross-
coupling reactions. Synthetically useful yields can be achieved at high temperatures (80%
HPLC yield at 150 °C), but more interestingly, the sulfinamide functional group has showed a
high potential for their use at lower temperatures. Indeed, after screenings of the base, solvent,
phosphine ligand, palladium source, additives and the stoichiometry of the reactants, biaryl 5
could be isolated in 41% vyield, on a preparative scale, compared to 9% HPLC yield when the

corresponding sulfinate salt was employed.

In order to fully demonstrate the value of this transformation, improvements on the current
conditions are still required. DMF and THF were found to give slightly higher product yields
compared to 1,4-dioxane under non-optimised reaction conditions and should therefore be
reassessed with the best catalytic system, along with other polar solvents. The current system
employs high loadings of Cs,COs, but this base is expensive, and hygroscopic. As it was shown
that these reaction conditions are sensitive to water, it would perhaps be beneficial to use the
less expensive and less hygroscopic KzPOa, which was found to be a promising alternative base

in initial screenings.

Finally, if required, raising the temperature to 110 °C or 120 °C would still make this cross-
coupling reaction a valuable transformation, as primary aryl sulfinamides offer advantages over
sulfinate salts in terms of functional group tolerance and ease of preparation. Furthermore, the
possibility of sp3-sp? cross-coupling reactions is also improved as alkyl sulfinamides are
relatively common compared to alkyl sulfinates. Substrate functionalisation, orthogonality with

other cross-coupling methods and application to 2-pyridyl substrates are also to be investigated.
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Chapter 6 — Conclusion

Mechanistic studies of the palladium-catalysed desulfinative cross-coupling of aryl bromides
and (hetero)aryl sulfinate salts were described in Chapter 2. The isolation of novel palladium
sulfinate complexes and study of their reactivity allowed us to deconvolute the elementary steps
of the reaction. Both the heterocyclic 2-pyridyl sulfinate salt 1 and the carbocyclic 4-
methylbenzene sulfinate salt 4 were found to be poorly nucleophilic, resulting in a difficult
transmetalation step that required high temperatures. However, a key finding was the difference
between the strong k?no chelation of 2-pyridyl sulfinate 1 in complex 12, and the weak
coordination of carbocyclic sulfinate 4 in complex 14, leading to different rates of extrusion of
S0O,. Consequently, the nature of the turnover limiting steps and resting state intermediates is
different for these two substrates, as shown by a set of stoichiometric experiments and study of
the kinetics of the catalytic process (Scheme 6.1). Additionally, the dual role of the carbonate
base and the generation of the active palladium(0) species from the precatalyst Pd(OAc). were

investigated.

___________________________________________________________________________________________________________

lTCY3

F Pld—Br

PCys E

O/SOZNa 9 /©/802Na 5

N .

= 1 Me 4 '

Poorly nucleophilic Poorly nucleophilic E

Difficult transmetalation Difficult transmetalatiom

E Strong chelation of PCys cv.p O Weak coordination of E
the palladium centre F Pd—(? y3l g the palladium centre 1

' | . '
' Difficult extrusion of SO, _N__Sxg F@ﬁd'o \©\ Facile extrusion of SO, '
i 12 '
: . 14 PO¥s Me :
RSI: Palladium sulfinate chelate 12 RSI: Oxidative addition complex 9 E

TLS: Extrusion of SO, TLS: Transmetalation '

Scheme 6.1. Key findings on the nature of the RSI and TLS of the palladium-catalysed desulfinative cross-
coupling of aryl bromides and (hetero)aryl sulfinate salts.
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Following on from these mechanistic studies, a variety of approaches were undertaken to
overcome the challenge of the transmetalation step, and promote the desulfinative cross-
coupling of aryl bromide 2 and sodium 4-methylbenzene sulfinate 4 at 100 °C. The significance
of this challenge was illustrated by the formation of biaryl product 5 in 5% yield upon
decreasing the temperature from 150 °C to 100 °C (Scheme 6.2). In Chapter 3, the importance
of solvents, bases, additives and electrophilic coupling partners was investigated, but reactivity
remained poor with all the reaction conditions trialled. In an attempt to profit from the anionic
nature of sulfinate salts, cationic phosphine ligands were synthesised via the methylation of bis-
phosphine ligands, and were employed in the cross-coupling reaction. However, none of these
ligands performed better than their non-methylated analogues. A high throughput screen,
conducted in collaboration with Vertex, showed that with a broad scope of phosphine ligands,
the reactions conditions that were optimal at 150 °C gave no more than 21% vyield of cross-

coupling product at 100 °C.

Pd(OAc), (5.0 mol%)
PCy3 (10 mol%)

Me
Br Me K,CO3 (1.5 equiv.) O
-
F NaO,S 1,4-dioxane ‘ 5%

100 °C F
2 4 5
Solvents/Bases/Additives A HTS .
Me  [Ag] :
[Cu] !
. YO,S H Nucleophile
Electrophile 10% NMe, -
9 i
X Sy |
/©/ Cationic Ligands /©/ NH, E
F R -7 Me
- RGO X7 41% (100°C) !
° A—P-B Z@ N 61% (110 °C)
r r o (o) 7
|
_S PPh PR'R?
0"~ Ar 2
12% 15%

Scheme 6.2. Summary of our strategies to lower the temperature of
palladium-catalysed desulfinative cross-coupling reactions.
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In Chapter 4, efforts were directed to the synthesis of novel Xantphos-like bis-phosphine
ligands. Indeed, Xantphos has the unique ability to promote the palladium-catalysed formation
of diaryl sulfones from aryl halides and aryl sulfinate salts. Therefore promoting the
transmetalation step at the target temperature of 100 °C. A range of ligands were designed and
synthesised in order to fine-tune the reactivity of the system and favour the formation of biaryl
over sulfone products. Unfortunately, reaction yields have so far remained poor, but

computational work is ongoing to guide future ligand design.

Finally, Chapter 5 reports initial results on the first palladium-catalysed desulfinamidative
cross-coupling between aryl bromide 2 and 4-methylbenzene sulfinamide 20. Comparison of
sulfinamide 20 and sulfinate 4 under the same reaction conditions, showed that although
sulfinate salt 4 performed better at 150 °C, sulfinamide 20 was superior at lower temperatures,

with up to 61% isolated yield at 110 °C.

In summary, sulfinate salts are versatile substrates in palladium-catalysed cross-coupling
chemistry as they can be employed for the formation of either biaryl or sulfone products,
depending on the nature of the ligand involved. By combining our knowledge and efforts on
Xantphos-like ligands and sulfinamides derivatives, it is possible to foresee the use of
sulfinamides for the synthesis of diaryl sulfoximines as well as biaryl synthesis at lower

temperatures.

Ar—Br
. Pd/P(alk)s + Pd/Xantphos O NH E
CAr—Ar e—/————————— e - T\SN
' (,? Art T YAr
S.
Ar'” " "NH,

Scheme 6.2. Primary aryl sulfinamides as promising reagents for palladium-catalysed synthesis
of biaryls and sulfoximines.
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7.1. General Considerations

Reactions were performed in oven dried glassware under an atmosphere of dried argon with
anhydrous solvents unless otherwise stated. Anhydrous CH2Cl», Et,O, CsHs, 1,4-dioxane and
toluene were obtained by passing through alumina columns using an Innovative Technology
Inc. PS-400-7 solvent purification system, these solvents were then degassed with argon prior
to use. All other solvents were purchased as anhydrous from a commercial source. Reagents,
ligands and catalysts were purchased from Sigma-Alrdrich Chemical Co. Ltd., Alfa Aesar,
Arcos Organic Ltd., Fluorochem Ltd., Strem Chemicals Inc. or Insight Biotechnology Ltd. and
were used as supplied unless otherwise stated. Tricyclohexylphosphine was purchased from
Sigma-Alrdrich Chemical Co. Ltd. and palladium acetate was purchased from Strem Chemicals

Inc.

Reactions were monitored by HPLC analysis and/or thin layer chromatography (TLC) using
pre-coated aluminum-backed silica plates (Merck Kieselgel 60 F254). Plates were visualised
under ultraviolet light (254 nm) followed by staining with KMnO4. Flash column
chromatography was carried out using Geduran® Si 60, 40-63 micron silica gel; the compound
to be purified was either loaded as oil or pre-absorbed onto silica. Petrol refers to the fraction
of light Petroleum ether boiling in the range 40-60 °C. HPLC samples were analyzed using an
Ascentis® Express C18 10 cm x 4.6 mm, 2.7 um column (cat# 53827-U). Data was processed

using Chem Station for LC systems Rev.B.04.01.SP1.

IH NMR spectra were obtained on a Briiker AVIII HD 400 (400 MHz), AVI1I 500 (500 MHz)
or AVIII HD 500 (500 MHz) spectrometer using the residual solvent as an internal standard.
13C{*H} NMR spectra were obtained on a Briiker AVIII HD 400 (101 MHz), AVII 500 (126
MHz) or AVIII HD 500 (126 MHz) spectrometer using the *H decoupling method and the

residual solvent as an internal standard. *°F NMR spectra were obtained on a Briiker AVI1II HD

124



400 (377 MHz) spectrometer using the *H decoupling method. Acquisitions were carried out at
room temperature unless otherwise stated. Chemical shifts (3) are reported in parts per million
(ppm) from the residual solvent peak and coupling constants (J) were given in Hertz (Hz) and
rounded to the nearest 0.5 Hz. Proton multiplicity is assigned using the following abbreviations:

singlet (s), doublet (d), triplet (t), quartet (q), quintet (p), multiplet (m), broad (br), apparent

(app.).

High resolution mass spectra were recorded either on a Briiker MicroTOF spectrometer under
electrospray ionization conditions (ESI) or on a Waters LCT Premier spectrometer under the
conditions of chemical ionization (CI) by the internal service at Chemistry Research
Laboratory, University of Oxford. Samples for mass spectra were prepared as 1 mg/mL solution
in MeOH (HRMS-ESI). Values quoted are a ratio of mass to charge in Daltons. High resolution
values are calculated to four decimal places from the molecular formula, all found within a

tolerance of five ppm.

Infrared spectra were recorded on a Briiker Tensor 27 FT-IR spectrometer. Melting points were

determined using a Stuart Scientific Melting Point Apparatus SMPL1.

Cross-coupling reactions were performed using Kinesis KX Microwave Vials w/ Crimp Cap,
5 mL, Silicone/PTFE, 20 mm. This allowed the safe use of high reaction temperatures without

the need for a blast shield.
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7.2. Experimental Data and Procedures for Chapter 2

7.2.1. Synthetic Procedures and Characterisation Data

7.2.1.1.  List of Compounds Prepared According to Literature Procedures
Dichlorobis(tricyclohexylphosphine)palladium(I1)®!

(n®-Allyl)( n°-cyclopentadienyl)palladium(11)1214]
2-Bromo-5-tert-butylpyridinel®*!

3-Methoxy-3-oxopropane-1-sulfinate (SMOPS)2%6]

Pyridine-2-sulfinate (1)

N-methylpyrrolidine SO, adduct (TIMSO)®8]

[PA(OAC)2(PCys)2] (6)12

7.2.1.2.  Synthesis and Characterisation of Cross-Coupling Products

2-(4-Fluorophenyl)pyridine (3)

Modified procedure from Markovic et al.[°® Sodium pyridine-2-sulfinate (132 mg, 0.80 mmol,

2.0 equiv.), potassium carbonate (83 mg, 0.60 mmol, 1.5 equiv.), palladium acetate (4.5 mg,

0.020 mmol, 0.05 equiv.), tricyclohexylphosphine (11.2 mg, 0.040 mmol, 0.10 equiv.) were

added to a microwave vial equipped with a stirrer bar. The vial was sealed with a microwave

vial cap, evacuated (< 0.1 mbar) and back-filled with argon twice, then 1,4-dioxane (4.0 mL)

and 1-bromo-4-fluorobenzene (44 pL, 0.40 mmol, 1.0 equiv.) were added. The reaction was

heated at 150 °C for 16 hours. The mixture was allowed to cool to room temperature, then

filtered through a pad of silica using EtOAc. The solvent was removed under reduced pressure,
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and the crude material was purified by column chromatography (gradient of EtOAc 0% to 5%

in petrol) to yield the title compound in 95% yield (66 mg, 0.38 mmol) as a light yellow oil.

IH NMR (400 MHz, CDCls) § 8.67 (ddd, T = 5.0, 2.0, 1.0 Hz, 1H), 8.02 — 7.90 (m, 2H), 7.74
(ddd, J = 8.0, 7.5, 2.0 Hz, 1H), 7.67 (dt, J = 8.0, 1.0 Hz, 1H), 7.22 (ddd, J = 7.5, 5.0, 1.5 Hz,
1H), 7.19 — 7.11 (m, 2H); 3C{*H} NMR (101 MHz, CDCl3) 5 163.7 (d, J = 248.0 Hz), 156.6,
149.8, 136.9, 135.7 (d, J = 3.0 Hz), 128.8 (d, J = 8.5 Hz), 122.1, 120.3, 115.8 (d, J = 22.0 H2);

HRMS: m/z (EI) calculated for (C11HsFN) [M+H]*: 174.0714, found: 174.0714.
Data consistent with the literature.[218!

4-Fluoro-4'-methyl-1,1'-biphenyl (5) and 4,4'-dimethyl-1,1'-biphenyl (5b)

Modified procedure from Markovic et al.’® Sodium 4-methylbenzenesulfinate (143 mg,
0.80 mmol, 2.0 equiv.), potassium carbonate (83 mg, 0.60 mmol, 1.5 equiv.), palladium acetate
(4.5mg, 0.020 mmol, 0.05equiv.) and tricyclohexylphosphine (11.2 mg, 0.040 mmol,
0.10 equiv.) were added to a microwave vial equipped with a stirrer bar. The vial was sealed
with a microwave vial cap, evacuated (< 0.1 mbar) and back-filled with argon twice, then 1,4-
dioxane (4.0 mL) and 1-bromo-4-fluorobenzene (44 pL, 0.40 mmol, 1.0 equiv.) were added.
The reaction was heated at 150 °C for 16 hours. The mixture was allowed to cool to room
temperature, filtered through a pad of silica and washed with EtOAc. The solvent was removed
under reduced pressure, and purification of the crude material by flash chromatography
(Gradient of EtOACc 0% to 2% in petrol) led to 75.5 mg of a 10.0:1.0 mixture of 5/5b according
to HPLC analysis corresponding to a yield of 92% (0.37 mmol) for compound 5. This mixture
was loaded on a preparative thin layer chromatography in order to obtain pure analytical

samples. 5 was obtained as a white solid.
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IR (thin film, cmt) 2945, 1603, 1498, 1264, 1225, 1157, 1096, 1007, 845, 809, 736, 704, 656;
IH NMR (400 MHz, CDCl3) § 7.56 — 7.50 (m, 2H), 7.47 — 7.41 (m, 2H), 7.28 — 7.21 (m, 2H),
7.15—7.05 (m, 2H), 2.40 (s, 3H); B°C{'H} NMR (101 MHz, CDCl3) & 162.4 (d, ] = 246.0 Hz),
137.5,137.4 (d, J = 3.5 Hz), 137.2, 129.7, 128.6 (d, J = 8.0 Hz), 127.0, 115.7 (d, J = 21.5 Hz),

21.2; ' F NMR (377 MHz, CDCl3) 6 -116.30 (tt, J = 9.0, 5.5 Hz).
Data consistent with the literature.[?]

9 was obtained as a white solid (6.7 mg, 0.04 mmol). *H NMR (400 MHz, CDCl3) & 7.63 —
7.47 (m, 2H), 7.29 — 7.23 (m, 2H), 2.42 (s, 3H); *C{*H} NMR (101 MHz, CDCl3) & 138.4,

136.8, 129.6, 126.9, 21.2.
Data consistent with the literature.[?2%

4-Fluoro-4'-methoxy-1,1'-biphenyl (5-OMe)

Modified procedure from Markovic et al.’® Lithium 4-methoxybenzene sulfinate (75 mg,
0.42 mmol, 2.0 equiv.), potassium carbonate (44 mg, 0.31 mmol, 1.5 equiv.), palladium acetate
(2.4 mg, 0.01 mmol, 0.05 equiv.), tricyclohexylphosphine (5.9 mg, 0.02 mmol, 0.10 equiv.)
were added to a microwave vial equipped with a stirrer bar. The vial was sealed with a
microwave vial cap, evacuated (< 0.1 mbar) and back-filled with argon twice, then 1,4-dioxane
(4.6 mL) and 1-bromo-4-fluorobenzene (23 pL, 0.21 mmol, 1.0 equiv.) were added. The
reaction was heated at 150 °C for 16 hours. The mixture was allowed to cool to room
temperature, then filtered through a pad of silica using EtOAc. The solvents were removed
under reduced pressure, and the crude material was purified by column chromatography
(gradient of EtOACc 0% to 2% in petrol) to yield the title compound in 87% yield (37 mg, 0.18

mmol) as a white solid.
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IR (thin film, cm™) 3016, 2967, 2843, 2360, 1893, 1599, 1573, 1494, 1466, 1442, 1399, 1326,
1307, 1290, 1268, 1255, 1234, 1182, 1160, 1131, 1037, 1012, 952, 826, 811, 791, 706, 627; *H
NMR (400 MHz, CDCls) § 7.54 — 7.44 (m, 4H), 7.16 — 7.07 (m, 2H), 7.03 — 6.92 (m, 2H), 3.86
(s, 3H); 3C{*H} NMR (101 MHz, CDCl3) 5 162.1 (d, J = 245.5 Hz), 159.1, 137.0 (d, T = 3.0
Hz), 132.8, 128.2 (d, J = 8.0 Hz), 128.1, 115.5 (d, J = 21.5 Hz), 114.3, 55.4; 9F{{H} NMR (377

MHz, CDCl3) 6 -116.70.
Data consistent with the literature.[22%]
7.2.1.3.  Synthesis and Characterisation of Palladium Complexes

Mass Spectroscopy analysis was conducted on the palladium complexes, but this method of

characterisation was found unsuitable sur such compounds.

[PA(OAC)(PCys)2)(ks-4-CHs-CsH4-SO2)] (7)

O
LGP Q0
Me O—I?d-S

CysP
Me
Palladium acetate (30 mg, 0.13 mmol, 1.0 equiv.), tricyclohexylphosphine (75 mg, 0.27 mmol,
2.0 equiv.), sodium 4-methylbenzene sulfinate (84 mg, 0.47 mmol, 3.5 equiv.) and potassium
carbonate (37 mg, 0.27 mmol, 2.0 equiv.) were introduced in a Schlenk flask. The flask was
sealed with a septum, evacuated (< 0.1 mbar) and back-filled with argon twice, then 1,4-dioxane
(2.7 mL) was added. The reaction was heated at 50 °C for 16 hours. After cooling to room
temperature, the reaction was filtered under an inert atmosphere of argon and the solvent
removed under vacuum. Pentane (7 mL) was added, and the solid that formed was washed with
pentane (2 x 7 mL) then dried under high vacuum giving the title compound as a yellow solid.

X-ray suitable crystals were obtained by recrystallization from CH,Cl,/hexane.
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mp (decomp.) 123-128 °C (from CH,Clz/hexane); IR (thin film, cm™) 3407, 2922, 2846, 2161,
1620, 1603, 1480, 1443, 1380, 1317, 1297, 1265, 1229, 1196, 1174, 1128, 1110, 1074, 1052,
1006, 914, 888, 849, 819, 794, 736, 710, 652, 617; *H NMR (400 MHz, CsDs) 6 8.96 (d, broad,
J=7.5Hz, 2H), 7.05 (d, J = 8.0 Hz, 2H), 2.77 — 2.54 (m, 6H), 2.28 — 2.07 (m, 15H), 2.01 (s,
3H), 1.86 — 1.45 (m, 30H), 1.41 — 1.06 (m, 18H); 3C{*H} NMR (101 MHz, CeDs) & 175.2,
155.3, 140.5, 129.3, 125.0, 34.1, 30.5, 28.3, 26.9, 25.6, 21.2; 3'P{*H} NMR (162 MHz, CsDs)

029.92.
[(4-Me-CsH4)Pd(PCys)2(OAcC)] (8)

PCys

Me@l’ld-OAc

PCy3

[(4-Me-CgH4)Pd(PCy3)2(Br)] (69 mg, 0.082 mmol, 1.0 equiv.) and silver acetate (15 mg, 0.090
mmol, 1.1 equiv.) were introduced in a 25 mL round bottom flask. The flask was sealed with a
septum, evacuated (< 0.1 mbar) and back-filled with argon twice, then toluene (3.5 mL) was
added. The reaction was stirred at room temperature for 16 hours. The dark brown reaction
mixture was filtered through a pad of Celite® which was flushed with toluene, and concentrated
under reduced pressure. Pentane (20 mL) was added, and the solid that formed was washed
with pentane (2 x 20 mL) before drying under high vacuum to give the title compound as an off

white solid in 19% yield (13 mg, 0.016 mmol).

mp (decomp.) 176-181 °C (from pentane); IR (thin film, cm™) 1619, 1481, 1447, 1366, 1318,
1298, 1267, 1228, 1200, 1175, 1129, 1111, 1074, 1053, 1005, 915, 888, 849, 799, 735, 709,
660, 615; *H NMR (400 MHz, CsDs) 8 7.58 (d, J = 7.5 Hz, 1H), 6.91 (d, J = 7.5 Hz, 2H), 2.28
(s, 3H), 2.23 (s, 3H), 2.15 - 1.93 (m, 18H), 1.81 — 1.55 (m, 30H), 1.34 — 1.07 (m, 18H); 3C{*H}

NMR (126 MHz, C¢De) 6 174.6, 143.7, 138.9 (t, J = 3.5 Hz), 131.0, 34.2 (t, J = 8.5 Hz), 30.2,
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28.27 (t, J = 5.0 Hz), 27.0, 25.8, 20.9 (one carbon under the residual benzene peak according

to HSQC): 31P{H} NMR (162 MHz, CsD¢) 5 18.78.
[(4-Me-CsH4)Pd(PCys)2(Br)] (8b)

PCys

MeOF’Id-Br

PCy3

Cyclopentadienyl allyl palladium (100 mg, 0.47 mmol, 1.0 equiv.), tricyclohexylphosphine
(283 mg, 1.00 mmol, 1.1equiv.) and 1-bromo-4-methylbenzene (164 mg, 0.96 mmol,
2.0 equiv.) were introduced in a 25 mL round bottom flask. The flask was sealed with a septum,
evacuated (< 0.1 mbar) and back-filled with argon twice, then benzene (3.5 mL) was added.
The reaction was stirred at room temperature for 16 hours. Pentane (20 mL) was added resulting
in the precipitation of a yellow solid. The reaction mixture was filtered, the filtrate was
concentrated, and the resulting yellow slurry was triturated in pentane (20 mL) resulting in the
precipitation of a solid an off white micro crystalline solid. The mixture was filtered and the

solid dried under high vacuum to yield the title compound in 28% yield (110 mg, 0.13 mmol).

mp (decomp.) 150-155 °C (from pentane); IR (thin film, cm™) 1479, 1446, 1328, 1298, 1267,
1206, 1174, 1111, 1074, 1051, 1005, 915, 889, 849, 799, 734; *H NMR (400 MHz, CeDs) 5
7.52 (d,J=7.5Hz, 2H), 6.92 (d, J = 7.5 Hz, 2H), 2.42 — 2.27 (m, 6H), 2.25 (s, 3H), 2.15-2.05
(m, 12H), 1.86 — 1.67 (m, 24H), 1.67 — 1.56 (m, 6H), 1.29 — 1.02 (m, 18H); *C{*H} NMR (101
MHz, CDClz3) & 137.8 (t, J = 3.0 Hz), 130.9, 128.5, 127.8, 34.3 (t, J = 9.5 Hz), 30.2, 27.8 (t, J

= 5.0 Hz), 26.7, 20.8; 31P{*"H} NMR (162 MHz, CsDs) 5 19.92.

[(PCys)2Pd(4-F-CsHa4)(Br)] (9)

PCys
FOPId—Br

PCY3
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1-Bromo-4-fluorobenzene (315 pL, 2.87 mmol, 1.1 equiv.) was added to a schlenk flask
containing [Pd(PCys).], which was generated in situ from [(PCys3)2Pd(Cl)2] (1.92 g, 2.60 mmol,
1.0 equiv.) according to the procedure of Grushin et al.[*>* After stirring at room temperature
for 16 hours, the white precipitate was collected by filtration under air and washed with cold

Et,O to yield 71% (1.55 g, 1.84 mmol) of the title compound as a white solid.

mp (decomp.) 175-177 °C (from Et,0); IR (thin film, cm™) 2927, 2851, 1475, 1447, 1211,
1007, 910, 849, 818, 733; 'H NMR (500 MHz, CDCl3) § 7.33 — 7.27 (m, 2H), 6.79 — 6.67 (m,
2H), 2.11 — 1.96 (m, 6H), 1.95 — 1.80 (m, 12H), 1.78 — 1.68 (m, 12H), 1.68 — 1.61 (m, 6H), 1.61
—1.48 (M, 12H), 1.24 — 1.12 (m, 6H), 1.12 — 0.99 (m, 12H); *C{'H} NMR (126 MHz, CDCls)
5 160.0 (d, J = 240.0 Hz), 146.4 (q, J = 4.0 Hz), 138.1 (g, J = 4.0 Hz), 113.7 (d, J = 18.0 Hz),
34.2 (t, J = 9.5 Hz), 30.2, 27.8 (t, J = 5.0 Hz), 26.7; 3'P{!H} NMR (162 MHz, CDCls) § 19.65

(d, J = 3.0 Hz); °F{!H} NMR (377 MHz, CDCls) & -123.92 (t, J = 3.0 Hz).
[(PiPr3)2Pd(4-F-CsHa)(Br)] (9-i-Pr)

P(-Pr)s

FOF’Id-Br

P(i-Pr)3

Tri-isopropylphosphine (420 pL, 2.34 mmol, 4.7 equiv.) was added to a solution of
cyclopentadienyl allyl palladium (100 mg, 0.47 mmol, 1.0 equiv.) in benzene (4.0 mL) under
an inert atmosphere of argon. The reaction was stirred at room temperature for 16 hours. The
solvent was then removed under vacuum, and a white precipitate formed upon addition of
hexane (5.0 mL). The obtained solid was washed with hexane (2 x 5 mL) and dried under high

vacuum to yield the title compound in 55% yield (140 mg, 0.26 mmol) as a white solid.

mp (decomp.) 139-142 °C (from hexane); IR (thin film, cm) 2962, 2869, 2160, 2033, 1569,
1475, 1387, 1368, 1290, 1247, 1210, 1151, 1091, 1057, 1038, 1008, 965, 927, 879, 813, 705,

654; 'H NMR (400 MHz, C¢Ds) & 7.32 — 7.22 (m, 2H), 6.80 — 6.72 (m, 2H), 2.32 (ddh, J =
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11.0, 7.0, 3.5 Hz, 6H), 1.14 (app. g, J = 7.0 Hz, 36H); 13C{*H} NMR (101 MHz, CDCl3) &
160.3 (d, J = 240.0 Hz), 141.4 (q, J = 4.0, Hz), 139.0 (q, J = 4.0 Hz), 113.8 (d, J = 18.5 Hz),
25.1 (t, J = 10.0 Hz), 20.2; 3'P{*H} NMR (162 MHz, CsDg) & 30.51 (d, J = 3.0 Hz); 1°F NMR

(377 MHz, CeDg) & -122.22 (ttt, J = 10.0, 6.5, 3.0 Hz).
[(ks-2-pyridyl-SO2)Pd(PCys3))(k*n,0-pyridine-2-SO2)] (10)

00 ||°CY3

/7

X S—I _Q
7

Palladium acetate (30 mg, 0.13 mmol, 1.0 equiv.), tricyclohexylphosphine (75 mg, 0.27 mmol,
2.0 equiv.), sodium pyridine-2-sulfinate (77 mg, 0.47 mmol, 3.5equiv.) and potassium
carbonate (37 mg, 0.27 mmol, 2.0 equiv.) were introduced in a Schlenk flask. The flask was
sealed with a septum, evacuated (< 0.1 mbar) and back-filled with argon twice, then 1,4-dioxane
(2.7 mL) was added. The reaction was heated at 50 °C for 16 hours. After cooling down, the
reaction was filtered under an inert atmosphere of argon and the solvent removed under
vacuum. Pentane (7 mL) was added, and the solid that formed was washed with pentane (2 x 7
mL) before drying under high vacuum to give the title compound as a yellow solid in 19% yield
(17 mg, 0.025 mmol). X-ray suitable crystals were obtained by recrystallization from

CH2Cly/hexane.

mp (decomp.) 95-100 °C (from pentane); IR (thin film, cm™) 2926, 2850, 2360, 2161, 2023,
1592, 1574, 1560, 1446, 1298, 1269, 1213, 1176, 1130, 1086, 1060, 1004, 897, 848, 821, 773,
740, 723, 642, 619; 'H NMR (400 MHz, Toluene-ds) 5 9.33 — 9.21 (m, 1H), 8.21 — 8.08 (m,
1H), 7.84 — 7.69 (m, 1H), 7.03 — 6.98 (m, 1H), 6.89 (td, J = 7.5, 2.0 Hz, 1H), 6.60 (td, J = 7.5,
1.5 Hz, 1H), 6.37 (ddd, J = 7.5, 5.0, 1.0 Hz, 1H), 6.29 — 6.18 (m, 1H), 3.03 — 2.75 (m, 3H), 2.28
~2.15 (m, 6H), 1.92 — 1.78 (m, 6H), 1.78 — 1.68 (m, 6H), 1.67 — 1.54 (m, 3H), 1.39 — 1.07 (m,
9H); BC{*H} NMR (126 MHz, Toluene-dg) & 178.0 (d, J = 2.0 Hz), 168.4 (d, J = 3.0 Hz),
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150.9, 149.2, 139.3, 137.3, 125.4, 124.6 (d, J = 2.5 Hz), 121.4, 117.7, 34.1 (d, J = 23.0 Hz),

30.7, 28.3 (d, J = 12.0 Hz), 27.2; 3'P{!H} NMR (162 MHz, Toluene-ds) 5 52.69.

[(PCy3)Pd(4-F-CeHa)(ks-ko’-4-Me-CsHs-SO2)]2 (11)

[(PCy3)2Pd(4-F-CeH4)(Br)] (750 mg, 0.89 mmol, 1.0equiv.), silver nitrate (303 mg,
1.78 mmol, 2.0 equiv.), and sodium 4-methylbenzene sulfinate (317 mg, 1.78 mmol,
2.0 equiv.) were stirred in methanol under an argon atmosphere for 16 hours. The workup was
performed under air. The solvent was removed under reduced pressure at room temperature.
The resulting mixture was dissolved in benzene, then filtered through a pad of Celite® which
was flushed with benzene, and concentrated under reduced pressure. Pentane (30 mL) was
added, and the solid that formed was washed with pentane (2 x 30 mL) before drying under
high vacuum to give the title compound as a white solid in 67% yield (381 mg, 0.60 mmol). X-

ray suitable crystals were obtained by recrystallization from CH2Clz/hexane.

mp (decomp.) 158-162 °C (from CHClz/hexane); IR (thin film, cm™) 2925, 2851, 2161, 2033,
1567, 1474, 1442, 1295, 1204, 1161, 1147, 1086, 1053, 1026, 1012, 1001, 918, 886, 850, 820,
743, 708, 640; *H NMR (500 MHz, CsDs)  7.90 (d, J = 8.0 Hz, 2H), 7.30 (m, 2H), 6.96 (d, J
= 8.0 Hz, 2H), 6.69 (M , 2H), 2.02 (s, 3H), 1.94 — 1.79 (m, 9H), 1.63 — 1.54 (m, 6H), 1.53 —
1.39 (M, 9H), 1.14 — 0.87 (m, 9H); BC{*H} NMR (126 MHz, CsDs) & 161.3 (d, J = 240.0 Hz),
149.3 (d, J = 11.0 Hz), 139.9, 138.9 (d, J = 6.0 Hz), 138.0 — 137.3 (m), 128.8 — 127.9 (m),

126.8, 113.5 (d, J = 19.0 Hz), 33.7 (d, J = 19.0 Hz), 29.97, 27.8 (d, J = 11.0 Hz), 26.6, 21.2;
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3P{1H} NMR (162 MHz, CeDs) & 27.79; 19F NMR (377 MHz, CsDe) 8 -122.42 (app. dqd, J =

9.5, 6.5, 3.0 Hz).

[(PCy3)Pd(4-F-CesHa)(ks-ko’-4-MeO-CsH4-SO2)]2 (11-OMe)

F
\©\ PCys OMe
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[(PCys3).Pd(4-F-CesH4)(Br)] (100 mg, 0.12 mmol, 1.0 equiv.), silver nitrate (22 mg, 0.13 mmol,
1.1 equiv.), and sodium 4-methoxybenzenesulfinate (25 mg, 0.13 mmol, 1.1 equiv.) were
stirred in methanol under an argon atmosphere for 16 hours. The solvent was removed under
reduced pressure at room temperature. The workup was performed under air. The resulting
mixture was dissolved in CH»Clzthen filtered through a pad of Celite® which was flushed with
CH:Cls, and concentrated under reduced pressure. Et,O (5 mL) was added, and the solid that
formed was washed with EtoO (2 x 5 mL) and recrystallized at —20 °C in CH.Cl./hexane to

yield the title compound in 49% yield (38 mg, 0.029 mmol) as a white solid.

mp (decomp.) 125-130 °C (from CHCl./hexane); IR (thin film, cm™) 2925, 2850, 2161, 1593,
1493, 1476, 1445, 1300, 1249, 1210, 1149, 1088, 984, 913, 848, 812, 729, 644, 626; 'H NMR
(400 MHz, CDCls) § 7.48 (m, 2H), 6.91 (m, 2H), 6.75 (m, 2H), 6.45 (m, 2H), 3.81 (s, 3H), 1.81
—1.50 (m, 18H), 1.47 — 1.28 (m, 6H), 1.22 — 1.01 (m, 3H), 0.99 — 0.80 (M, 6H); 3C{H} NMR
(101 MHz, CDCls) 5 160.7, 160.6 (d, J = 239.0 Hz), 143.3, 136.7, 127.8, 113.1 (d, J = 19.0 Hz),
112.8 33.2 (d, J = 19.5 Hz), 29.6, 27.6 (d, J = 11.0 Hz), 26.4; 3P NMR (162 MHz, CDCls) §

27.79; °F{'H} NMR (377 MHz, CDCl3) & -123.41.

[(PCys)Pd(4-F-CsHa)(ks-ko-4-CF3-CsH4-SO2)]2 (11-CFa)
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[(PCyz)2Pd(4-F-CsHa4)(Br)] (100 mg, 0.12 mmol, 1.0 equiv.), silver nitrate (22 mg, 0.13 mmol,
1.1 equiv.), and sodium 4-(trifluoromethyl)benzenesulfinate (30 mg, 0.13 mmol, 1.1 equiv.)
were stirred in methanol under an argon atmosphere for 16 hours. The workup was performed
under air. The solvent was removed under reduced pressure at room temperature. The resulting
mixture was dissolved in CH2Clzthen filtered through a pad of Celite® which was flushed with
CH:ClIy, and concentrated under reduced pressure. Et2O (5 mL) was added, and the solid that
formed was washed with Et.O (2 x 5 mL) then recrystallized at —20 °C in CH.Clz/hexane to

yield the title compound in 37% yield (30 mg, 0.022 mmol) as a white solid.

mp (decomp.) 130135 °C (from CH:Cla/hexane); IR (thin film, cmt) 2361, 2341, 2161, 2029,
1572, 1476, 1447, 1400, 1323, 1209, 1164, 1127, 1101, 1060, 1025, 997, 911, 817, 735, 701,
613; 'H NMR (400 MHz, CDCl3) § 7.61 (d, ] = 8.0 Hz, 2H), 7.49 (d, J = 8.0 Hz, 2H), 6.94 —
6.80 (m, 2H), 6.47 — 6.33 (M, 2H), 1.75 — 1.66 (m, 6H), 1.66 — 1.50 (m, 12H), 1.48 — 1.29 (m,
6H), 1.23 — 1.02 (m, 3H), 0.85 (m, 6H); 3C{*H} NMR (101 MHz, CDCls) 5 160.7 (d, ] = 241.5
Hz), 153.9 (d, J = 12.0 Hz), 136.7, 131.6 (d, J = 32.5 Hz), 126.5, 125.4, 124.7 (d, J = 4.0 Hz),
122.7,113.6 (d, J = 19.0 Hz), 33.4 (d, J = 20.0 Hz), 29.7, 27.6 (d, J = 11.0 Hz), 26.3; 3'P{H}
NMR (162 MHz, CDCls) § 28.97; °F NMR (377 MHz, CDCls) 5 -62.66, -122.51 — -122.62

(m).

[(PCys3)Pd(4-F-CsHa)(k2n,0-pyridine-2-S02)] (12)
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[(PCy3)2Pd(4-F-CeHa)(Br)] (750 mg, 0.89 mmol, 1.0equiv.), silver nitrate (303 mg,
1.78 mmol, 2.0 equiv.), and sodium pyridine-4-sulfinate (294 mg, 1.78 mmol, 2.0 equiv.) were
stirred in methanol under an argon atmosphere for 16 hours. The workup was performed under
air. The solvent was removed under reduced pressure at room temperature. The resulting
mixture was dissolved in benzene then filtered through a pad of Celite® which was flushed
with CHxCly, and concentrated under reduced pressure. Pentane (30 mL) was added and the
compound was allowed to crystallize over five hours at room temperature. The off-white
crystals were washed with pentane and dried to give the title compound in 60% yield (0.53

mmol, 329 mg). X-ray suitable crystals were obtained by recrystallization from CH2Clz/hexane.

mp (decomp.) 165-170 °C (from CH2Clz/hexane); IR (thin film, cm™) 2917, 2849, 2159, 2029,
1589, 1570, 1475, 1447, 1286, 1211, 1151, 1126, 1073, 1006, 943, 914, 886, 850, 822, 777,
738, 709, 644; *H NMR (400 MHz, CDCl3) 6 7.89 — 7.67 (m, 2H), 7.51 — 7.34 (m, 2H), 7.21 -
7.17 (m, 1H), 7.16 — 7.06 (m, 1H), 6.90 — 6.79 (M, 2H), 2.06 — 1.87 (m, 9H), 1.84 — 1.73 (m,
6H), 1.73 — 1.54 (m, 9H), 1.34 — 1.19 (m, 3H), 1.12 (m, 6H); 3C{*H} NMR (101 MHz, CDCl5)
0 177.2,160.9 (d, J = 241.5 Hz), 148.3, 144.5 (dd, J = 5.5, 2.5 Hz), 139.0, 136.1 (dd, J = 5.5,
3.5 Hz), 125.2 (d, J = 2.0 Hz), 122.6, 114.7 (d, J = 19.0 Hz), 34.4 (d, J = 24.0 Hz), 29.8, 27.6
(d, J=11.0 Hz), 26.4; 3P{*H} NMR (162 MHz, CDCl3) & 37.88; 1°F NMR (377 MHz, CDCl3)

6-121.02 —-121.15 (m).
[(PCys3)Pd(4-F-CeHa4)(k°n,0-5-MeO-pyridine-2-SOz2)] (12-OMe)

PCys

O
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[(PCyz)2Pd(4-F-CsHa4)(Br)] (100 mg, 0.12 mmol, 1.0 equiv.), silver nitrate (22 mg, 0.13 mmol,
1.1 equiv.), and sodium 5-methoxypyridine-2-sulfinate (26 mg, 0.13 mmol, 1.1 equiv.) were
stirred in methanol under an argon atmosphere for 16 hours. The workup was performed under
air. The solvent was removed under reduced pressure at room temperature. The resulting
mixture was dissolved in CH2Clzthen filtered through a pad of Celite® which was flushed with
CHCly, and concentrated under reduced pressure. Et2O (5 mL) was added, and the solid that
formed was washed with Et2O (2 x 5 mL) and recrystallized at —20 °C in CH2Clz/hexane to

yield the title compound in 49% yield (38 mg, 0.058 mmol) as a white solid.

mp (decomp.) 155-160 °C (from CHzCl/hexane); IR (thin film, cm™) 2921, 2847, 2161, 2029,
1568, 1475, 1443, 1326, 1291, 1276, 1241, 1206, 1174, 1155, 1106, 1081, 1052, 1033, 941,
918, 888, 851, 827, 753, 736, 704, 659, 620; 'H NMR (400 MHz, CDCls) & 7.69 (dd, J = 8.5,
1.0 Hz, 1H), 7.41 (ddd, J = 8.5, 6.0, 2.0 Hz, 2H), 7.30 (dd, J = 8.5, 2.5 Hz, 1H), 6.85 (t, J = 9.0
Hz, 2H), 6.80 (t, J = 2.5 Hz, 1H), 3.57 (s, 3H), 2.07 — 1.91 (m, 9H), 1.84 — 1.73 (m, 6H), 1.72
—1.52 (m, 9H), 1.36 — 1.18 (m, 3H), 1.18 — 1.04 (m, 6H); 3C{*H} NMR (126 MHz, CDCl3) &
169.4 (d, J = 1.5 Hz), 160.9 (d, J = 241.5 Hz), 156.9 (d, J = 2.5 Hz), 145.0 (dd, J = 6.0, 3.0 Hz),
136.1 (dd, J = 5.5, 3.0 Hz), 135.6, 123.7, 123.2 (d, J = 2.0 Hz), 114.7 (dd, J = 19.0, 1.5 Hz),
55.8, 34.4 (d, J = 24.0 Hz), 29.8, 27.6 (d, J = 11.5 Hz), 26.4; 3'P{*H} NMR (162 MHz, CDCl5)

5 38.11; 1°F NMR (377 MHz, CDCls) § -120.98 — -121.10 (m).
[(PCys3)Pd(4-F-CsHa)(kn,0-5-CFa-pyridine-2-S02)] (12-CFs)
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[(PCys3).Pd(4-F-CesH4)(Br)] (100 mg, 0.12 mmol, 1.0 equiv.), silver nitrate (22 mg, 0.13 mmol,
1.1 equiv.), and sodium 5-methoxypyridine-2-sulfinate (30 mg, 0.13 mmol, 1.1 equiv.) were

stirred in methanol under an argon atmosphere for 16 hours. The workup was performed under
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air. The solvent was removed under reduced pressure at room temperature. The resulting
mixture was dissolved in CH2Clzthen filtered through a pad of Celite® which was flushed with
CHCly, and concentrated under reduced pressure. Et2O (5 mL) was added, and the solid that
formed was washed with Et2O (2 x 5 mL) and recrystallized at —20 °C in CH2Clz/hexane to

yield the title compound in 27% yield (22 mg, 0.032 mmol) as a white solid.

mp (decomp.) 150-155 °C (from CHzClz/hexane); IR (thin film, cm™) 2925, 2850, 2161, 1593,
1493, 1476, 1445, 1300, 1249, 1210, 1149, 1088, 984, 914, 849, 812, 729, 644, 626;'H NMR
(500 MHz, CDCl3) § 8.05 (dd, J = 8.0, 2.0 Hz, 1H), 7.91 (d, J = 8.0 Hz, 1H), 7.42 — 7.37 (m,
3H), 6.87 (t, J = 9.0 Hz, 2H), 2.06 — 1.93 (m, 6H), 1.84 — 1.75 (m, 6H), 1.73 — 1.55 (m, 9H),
1.31-1.20 (m, 6H), 1.18 — 1.07 (m, 6H); 3C{*H} NMR (126 MHz, CDCl3) 5 180.8, 161.1 (d,
J =242.5 Hz), 145.4 (q, J = 4.5 Hz), 143.4 (dd, J = 5.5, 3.0 Hz), 136.1 (q, J = 3.5 Hz), 135.8
(dd, J = 5.5, 3.0 Hz), 128.9 — 127.9 (m), 122.7 (d, J = 1.5 Hz), 122.3 (q, J = 272.9 Hz), 115.1
(dd, J = 19.0, 2.0 Hz), 34.5 (d, J = 24.0 Hz), 29.8, 27.6 (d, J = 11.5 Hz), 26.3; 3P{'H} NMR

(162 MHz, CDCls) 6 39.20; ®F NMR (377 MHz, CDCls) § -62.91, -120.21 — -120.36 (m).

[(PCys3)Pd(4-F-CsHa)(ks-Kkor-6-tBu-pyridine-2-S02)]2 (13)

[(PCys3).Pd(4-F-CesH4)(Br)] (100 mg, 0.12 mmol, 1.0 equiv.), silver nitrate (22 mg, 0.13 mmol,
1.1 equiv.), and lithium 6-(tert-butyl)pyridine-2-sulfinate (53 mg, 0.26 mmol, 2.2 equiv.) were
stirred in methanol under an argon atmosphere for 16 hours. The solvent was removed under
reduced pressure at room temperature. The resulting mixture was dissolved in benzene, then

filtered through a pad of Celite® which was flushed with benzene and concentrated under
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reduced pressure. Attempts to purify the crude mixture by precipitation and washing with Et,O
or pentane were unsuccessful. X-ray suitable crystals were obtained from the crude material by
recrystallization from CH.Cl./hexane at -20 °C. The following characterization data was

obtained from the impure crude sample.

IH NMR (400 MHz, CDCls) § 7.79 (m, 1H), 7.71 — 7.51 (m, 1H), 7.36 (m, 1H), 7.33 — 7.28
(m, 2H), 6.75 (M, 2H), 2.31 — 2.11 (m, 7H), 1.76 (m, 30H), 1.55 — 1.40 (m, 9H), 1.36 — 0.97
(m, 27H); 3P{*H} NMR (162 MHz, CDCl3) § 18.61 (d, J = 3.0 Hz); °F{*H} NMR (377 MHz,

CDCls) § -123.13 (t, J = 3.0 Hz).

[Pd(4-F-CeHa) (PCys)2(ko-4-Me-CsH4-SO2)] (14)
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[Pd(4-F-CeHa)(PCy3)(ks-ko-4-Me-CsHs-SO2)]2 (122 mg, 0.096 mmol, 1.0 equiv.) and
tricyclohexylphosphine (161 mg, 0.57 mmol, 6.0 equiv.) were introduced in a flask with a
stirrer bar. The flask was sealed with a septum, evacuated (< 0.1 mbar) and back-filled with
argon twice, then benzene (3.8 mL) was added. The reaction was stirred for 5 minutes, then the
workup was carried out under air. The solvent was removed under vacuum, and pentane (10
mL) was added. The solid that formed was washed with pentane (2 x 10 mL) before drying
under high vacuum to give the title compound title compound as a white solid in 57% yield (97
mg, 0.11 mmol). Washing the solid with Et,O did not improve its purity. X-ray suitable crystals

were obtained by recrystallization from dichloromethane/hexane.

mp (decomp.) 151154 °C (from Et,0); IR (thin film, cm™) 2922, 2850, 2160, 1475, 1447,
1204, 1086, 1070, 1051, 1005, 925, 889, 849, 817, 736, 617; *H NMR (500 MHz, CsDs¢) & 8.00
(d, J =8.0 Hz, 2H), 7.43 — 7.33 (m, 2H), 7.11 (d, J = 8.0 Hz, 2H), 6.88 — 6.70 (m, 2H), 2.21 —
2.13 (m, 6H), 2.11 (s, 3H), 2.07 — 2.01 (m, 12H), 1.78 — 1.69 (m, 12H), 1.69 — 1.54 (m, 18H),
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1.30 - 1.08 (m, 18H); 3C{*H} NMR (126 MHz, CsDs) 5 160.7 (d, J = 240.0 Hz), 155.54 139.0
(g, J = 4.0 Hz), 138.4, 128.9, 125.3, 113.9 (d, J = 18.5 Hz), 34.5 (t, J = 9.0 Hz), 30.5, 27.9 (t, J
= 5.5 Hz), 26.9, 21.3; 3'P{*H} NMR (162 MHz, CeD¢) 5 22.04 (d, J = 3.0 Hz); *F{*H} NMR

(377 MHz, CgDs) 6 -123.18 (t, J = 3.0 Hz).
7.2.1.4.  Synthesis and Characterisation of Sulfinate Salts

General Procedure A: Synthesis of 4-methylphenylsulfinate salts with different counter

cations

The reaction was performed under air. Sodium 4-methylbenzene sulfinate (1.0 equiv.) was
dissolved in a 1:1 mixture of H.O and CH2Cl> (0.06 M). The reaction mixture was cooled to 0
°C before addition of HCI (2.0 equiv.). The reaction mixture was stirred for 5 minutes at 0 °C,
then transferred to a separating funnel. The organic layer was quickly collected and cooled to 0
°C. The aqueous layer was discarded. H.O (25 mL per gram of sodium sulfinate introduced)
was added and the base XOH was added (0.5 equiv.) and stirred for 5 minutes at 0 °C. The
reaction was transferred to a separating funnel, and layers were quickly separated. The organic
layer was discarded, and the aqueous layer was concentrated under vacuum by forming an

azeotrope with acetonitrile to yield the title compound without further purification.

Lithium 4-methylbenzenesulfinate (4-Li)

MeOSOZLi

General Procedure A was followed using sodium 4-methylbenzene sulfinate (2.00 g, 11.2mmol,
1.0 equiv.), 37% w/w ag. HCI (1.8 mL , 21.9 mmol, 2.0 equiv.) and lithium hydroxide
monohydrate (235 mg, 5.6 mmol, 0.50 equiv.). The title compound was obtained as in 93%

yield (846 mg, 5.2 mmol) as a white solid.
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mp > 325 °C (from H20/MeCN); IR (thin film, cm™) 2916, 2160, 2032, 1598, 1491, 1370,
1086, 1031, 1013, 989, 813, 710, 639, 624; *H NMR (400 MHz, CD3s0D) & 7.59 — 7.50 (m,
2H), 7.27 — 7.20 (m, 2H), 2.36 (s, 3H); 3C{*H} NMR (101 MHz, CD:OD) & 154.3, 140.6,
130.0, 125.3, 21.3; HRMS: m/z (EI) calculated for (C7H7LiO.S) [M—Li]: 155.0172, found:

155.0170.

Potassium 4-methylbenzenesulfinate (4-K)

MeOSOZK

General Procedure A was followed using sodium 4-methylbenzene sulfinate (1.0 g, 5.6 mmol,
1.0 equiv.), 37% w/w aq. HCI (920 pL, 11.2 mmol, 2.0 equiv.) and potassium hydroxide (150
mg, 2.7 mmol, 0.48 equiv.). The title compound was obtained in 76% yield (520 mg, 2.1 mmol)

as a white solid.

mp > 325 °C (from H20/MeCN); IR (thin film, cm™) 3382, 2919, 2162, 1674, 1596, 1487,
1389, 1078, 1019, 975, 811, 713, 686, 616; ‘H NMR (400 MHz, CD30D) & 7.61 — 7.41 (m,
2H), 7.30 — 7.15 (m, 2H), 2.36 (s, 3H); 3C{*H} NMR (101 MHz, CDzOD) & 154.1, 140.8,
130.1, 125.3, 21.4; HRMS: m/z (El) calculated for (C7H7KO2S) [M-K]: 155.0172, found:

155.0170.

Caesium 4-methylbenzenesulfinate (4-Cs)

MeOSOZCs

General Procedure A was followed using sodium 4-methylbenzene sulfinate (2.00 g, 11.2mmol,
1.0 equiv.), 37% w/w ag. HCI (1.8 mL , 21.9 mmol, 2.0 equiv.) and caesium hydroxide
monohydrate (853 mg, 5.7 mmol, 0.51 equiv.). The title compound was obtained in 88% vyield

(1.42 g, 4.9 mmol) as a white solid.
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mp 255-260 °C (from H20/MeCN); IR (thin film, cm2) 3245, 2360, 1486, 1076, 1053, 1015,
975, 815, 716, 618; 'H NMR (400 MHz, CDsOD) & 7.58 — 7.50 (m, 2H), 7.30 — 7.21 (m, 2H),
2.36 (s, 3H); 3C{IH} NMR (101 MHz, CDsOD) & 154.2, 140.8, 130.0, 125.2, 21.3; HRMS:

m/z (EI) calculated for (C7H7CsO>S) [M—Cs]™: 155.0172, found: 155.0170.

Tetrabutylammonium 4-methylbenzenesulfinate (4-TBA)

MeOsozNBu4

General Procedure A was followed using sodium 4-methylbenzene sulfinate (2.00 g, 11.2mmol,
1.0 equiv.), 37% wi/w ag. HCI (1.8 mL , 21.9 mmol, 2.0 equiv.) and tetra-n-butylammonium
hydroxide solution 1 M in MeOH (5.6 mL, 5.6 mmol, 0.50 equiv.). The title compound was

obtained in 27% yield (592 mg, 1.49 mmol) as a white gel.

IR (thin film, cm™t) 2959, 2874, 1487, 1381, 1199, 1119, 1033, 1012, 974, 883, 813, 739, 712,
678, 613; 'H NMR (400 MHz, CDs0D) 6 7.57 — 7.51 (m, 2H), 7.26 — 7.20 (m, 2H), 3.27 - 3.16
(m, 8H), 2.35 (s, 3H), 1.72 — 1.58 (m, 8H), 1.41 (h, J = 7.5 Hz, 8H), 1.02 (t, J = 7.5 Hz, 12H);
BC{*H} NMR (101 MHz, CD30D) § 154.5, 140.5, 130.0, 125.3, 60.0 — 58.9 (m), 24.8, 21.3,
20.7 (m), 13.9; HRMS: m/z (EI) calculated for (C23H43NO2S) [M—NBu4]: 155.0172, found:

155.0170.

Tetramethylammonium 4-methylbenzenesulfinate (4-TMA)

MeOSOZNMe4

General Procedure A was followed using sodium 4-methylbenzene sulfinate (2.00 g, 11.2mmol,
1.0 equiv.), 37% w/w HCI (1.8 mL , 21.9 mmol, 2.0 equiv.) and tetramethylammonium
hydroxide 25% w/w in H20 (2.0 mL, 5.6 mmol, 0.50 equiv.). The title compound was obtained

as an extremely hygroscopic white solid in 87% yield (1.12 g, 4.9 mmol).
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mp 180-185 °C (from H20 /MeCN); IR (thin film, cm™) 3346, 3018, 2160, 1662, 1595, 1489,
1424, 1194, 1121, 1076, 1033, 969, 953, 815, 913, 681, 616; *H NMR (400 MHz, CD30D)
7.66 —7.48 (m, 2H), 7.34 —7.20 (m, 2H), 3.14 (s, 12H), 2.37 (s, 3H); 3C{*H} NMR (101 MHz,
CDs30D) 6 154.1, 140.8, 130.1, 125.3, 57.6 — 54.1 (m), 21.4; HRMS: m/z (EI) calculated for

(C11H10NO2S) [M—NMe4]": 155.0172, found: 155.0170.

Lithium 4-methoxybenzenesulfinate 4-OMe

MeOOSOZLi

A solution of n-BuLi (2.50 M in Hexane) (3.4 mL, 8.5 mmol, 0.9 equiv.) was added to a
solution of 1-bromo-4-methoxybenzene (1.2 mL, 9.6 mmol, 1.0 equiv.) in THF at -78 °C. The
reaction was stirred at -78 °C for 40 minutes before slow addition of TIMSO (1.43 g, 9.6 mmol,
1.0 equiv.) at -78 °C. The mixture was allowed to warm to room temperature and stirred for 10
minutes. The reaction mixture was quenched with MeOH, and the solvents were removed under
reduced pressure. The residue was suspended in a 1:1 mixture of acetone/ Et,O and stirred for
2 hours. The suspension was filtered and washed extensively with acetone and Et,O, then dried

under high vacuum to yield the title compound as a white solid in 74% yield (1.12 g, 6.3 mmol).

IH NMR (400 MHz, CDsOD) § 7.57 (d, J = 8.5 Hz, 2H), 6.96 (d, J = 8.5 Hz, 2H), 3.81 (s, 3H);
13C{!H} NMR (101 MHz, CDsOD) & 162.2, 149.1, 126.8, 114.67, 55.8; HRMS: m/z (EIl)

calculated for (C7H7LiO3S) [M—Li]™: 171.0121, found: 171.0120.
Data consistent with the literaturel®®8l

Sodium 4-methoxybenzenesulfinate (4-OMe-Na)

0 0
Br  Cul, SMOPS N NaH SO,Na
' S
- ~"coMe — > /©/
MeO DI\ZISO, MeO Et,0, Molecular  \eO
110 °C, 16h e Sieves, rt, 16 h
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4-Bromoanisole (1.50 g, 8.02 mmol, 1.0 equiv.) was added to a solution of Cul (4.58 g,
24.1 mmol, 3.0 equiv.) and SMOPS (4.19 g, 24.1 mmol, 3.0 equiv.) in DMSO (24 mL). The
reaction was stirred under a nitrogen atmosphere at 110 °C for 16 hours. The mixture was then
cooled to room temperature, diluted with EtOAc (50 mL) and filtered through a pad of silica.
The filtrate was washed with H>O (3 x 50 mL), brine (3 x 50 mL), dried over magnesium sulfate,
and concentrated under reduced pressure. The product was purified by column chromatography
(Gradient of ETOAC30% to 40% in PETROL) to yield 45% (939 mg, 3.64 mmol) of methyl 3-

((4-methoxyphenyl)sulfonyl)propanoate as a white solid.

mp 34-35 °C (from EA/PETROL); IR (thin film, cm™t) 3934, 5161, 2034, 1732 ,1598, 1578,
1500, 1457, 1434, 1412, 1369, 1311, 1285, 1261, 1207, 1159, 1137, 1090, 1062, 1023, 973,
942, 834, 820, 804, 745, 711; *H NMR (400 MHz, CDCls) & 7.83 (d, J = 9.0 Hz, 2H), 7.03 (d,
J=9.0 Hz, 2H), 3.89 (s, 3H), 3.65 (s, 3H), 3.49 — 3.24 (m, 2H), 2.77 — 2.71 (m, 2H); 3C{*H}
NMR (101 MHz, CDCls) § 170.7, 164.1, 130.5, 130.1, 114.7, 55.9, 52.4, 51.9, 27.9; HRMS:

m/z (EI) calculated for (C11H1405S) [M+H]": 259.0635, found: 259.0634.

A solution of methyl 3-((4-methoxyphenyl)sulfonyl)propanoate (500 mg, 1.94 mmol,
1.0 equiv.) in Et2O (39 mL) was slowly added to a flask containing sodium hydride (60% in
mineral oil, 77.4 mg, 1.94 mmol, 1.0 equiv.) and 3 A activated molecular sieves (5.00 g) under
nitrogen atmosphere at 0 °C. The resulting mixture was stirred for 16 hours at room
temperature, then quenched with MeOH at 0 °C, filtered through a pad of Celite® which was
flushed with methanol, and concentrated under reduced pressure. The resulting solid was
dissolved in H20 (5 mL), washed with CH2Cl2 (3 x 5 mL), and the solvents were removed under
reduced pressure by forming an azeotrope with acetonitrile to yield the title compound in 96%

(360 mg, 1.85 mmol) as a white solid.

mp (decomp.) 275-280 °C (from H>O/MeCN); IR (thin film, cm™) 1635, 1591, 1574, 1489,

1467, 1439, 1370, 1299, 1244, 1171, 1084, 1045, 976, 837, 823, 792, 722, 623; 'H NMR (400
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MHz, CD30D) & 7.57 (d, J = 9.0 Hz, 2H), 6.95 (d, J = 9.0 Hz, 2H), 3.81 (s, 3H); BC{H} NMR
(101 MHz, CD30OD) 6 162.2, 149.3, 126.7, 114.7, 55.8; HRMS: m/z (EI) calculated for

(C7H/Na0sS) [M-Na]": 171.0121, found: 171.0119.

Sodium 4-(trifluoromethyl)benzenesulfinate (4-CF3)

FscOSOZNa

The reaction was performed under air. Hydrogen peroxide solution (30% w/w in H20, 271 L,
2.80 mmol, 1.0 equiv.) was slowly added to a solution of 4-(trifluoromethyl)benzenethiol and
sodium hydroxide (101 mg, 2.53 mmol, 0.9 equiv.) in methanol (12 mL) and H20 (12 mL) at 0
°C. The resulting mixture was allowed to warm to room temperature over 16 hours. The solvent
was removed under reduced pressure, and the solid was washed with EtOAc (Et2O should be
used instead to avoid formation of NaOAc). The obtained off-white solid was dissolved in a
minimum amount of H>O and precipitated by addition of acetonitrile leading to 49% (275 mg,

1.18 mmol) of the title compound.

mp (decomp.) 275-280 °C (from H20/MeCN); IR (thin film, cm™) 1667, 1601, 1398, 1328,
1132, 1104, 1059, 1034, 1016, 989, 976, 925, 854, 842, 741, 720, 696, 652, 611; *H NMR (500
MHz, CD30D) & 7.83 (d, J = 8.0 Hz, 2H), 7.73 (d, J = 8.0 Hz, 2H); 3C{*H} NMR (126 MHz,
CD30D) § 180.5 (s, CH3CO2Na impurity), 161.5 (d, J = 1.5 Hz), 132.3 (q, J = 32.0 Hz), 126.5
(g, J = 4.0 Hz), 126.1, 125.60 (g, J = 271.5 Hz), 24.2 (s, CH3CO:Na impurity); °F NMR (377
MHz, CDs0D) & -63.98; HRMS: m/z (EI) calculated for (C7H4F3NaO2S) [M—Na] : 208.9890,

found: 208.9888.

Potassium pyridine-2-sulfinate (1-K)

L

N~ s0o.K
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Pyridine-2-thiol (1.00 g, 9.0 mmol, 1.0 equiv.) and potassium hydroxide (454 mg, 8.1 mmol,
0.9 equiv.) were dissolved in methanol (40 mL) and H2O (5.0 mL). The reaction mixture was
cooled to 0 °C, and hydrogen peroxide 30% w/w in H2O (1.7 mL, 17.5 mmol, 2.0 equiv.) was
added dropwise. The reaction was allowed to warm to room temperature over 16 hours, after
which 30 mL of H20 and 100 mL of dichloromethane were added. The aqueous layer was
concentrated under vacuum by forming an azeotrope with acetonitrile to yield the title
compound without further purification as an extremely hygroscopic off white solid in 69% yield

(12.13 g, 6.2 mmol).

mp 185-190 °C (from H20/MeCN); IR (thin film, cm™) 1574, 1560, 1453, 1418, 1276, 1209,
1145, 1062, 1041, 1008, 979, 778, 767, 750, 741, 715, 632, 618; 'H NMR (200 MHz, CDs0D)
§8.52 (ddd, J=5.0, 1.5, 1.0 Hz, 1H), 8.10 — 7.74 (m, 2H), 7.41 (ddd, J = 7.0, 5.0, 2.0 Hz, 1H);
13C{!H} NMR (101 MHz, CDsOD) & 174.6, 149.5, 139.4, 125.7, 118.8; HRMS: m/z (EI)

calculated for (CsHsKNO>S) [M—K]™: 141.9957, found: 141.9960.

Lithium 6-(tert-butyl)pyridine-2-sulfinate (1-t-Bu)

LiOZSQ
=

tBu

A solution of n-BuLi (2.15 M in Hexane) (1.3 mL, 2.80 mmol, 0.93 equiv.) was added to a
solution of 2-bromo-6-(tert-butyl)pyridine (650 mg, 3.04 mmol, 1.0 equiv.) in THF at -78 °C.
The reaction was stirred at -78 °C for 40 minutes before slow addition of TIMSO (450 mg,
3.02 mmol, 1.0 equiv.) at -78 °C. The mixture was allowed to warm to room temperature over
10 minutes. The reaction mixture was quenched with MeOH, and the solvents were removed
under reduced pressure. The residue was suspended in Et2O, loaded on a silica plug, and washed

thoroughly with Et2O. The Et,O fractions were all discarded, then MeOH was added and the
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product was collected. Removing the solvent under vacuum vyielded the title compound as a

white solid in 93% yield (536 mg, 2.61 mmol).

mp 150-155 °C (from methanol); IR (thin film, cm™) 2958, 2160, 2025, 1581, 1558, 1479,
1437, 1396, 1362, 1204, 1169, 1140, 1035, 977, 859, 810, 769, 747, 673; *H NMR (400 MHz,
CDs30D) 6 7.80 (app. t, J = 8.0 Hz, 1H), 7.68 (dd, J = 8.0, 1.0 Hz, 1H), 7.41 (dd, J = 8.0, 1.0
Hz, 1H), 1.38 (s, 9H); BC{*H} NMR (101 MHz, CD30D) § 173.6, 169.7, 138.8, 120.7, 114.7,
38.5, 30.6; HRMS: m/z (El) calculated for (CoH12KNO-S) [M-Li]: 198.0594, found:

198.0590.

Sodium 5-methoxypyridine-2-sulfinate

0 0
Br  cul, SMOPS N/ NaH SO.Na
= : S =
| -, & ~"coMe ——— > 1
MeO N DMSO, SN Et,O, Molecular  \Me0O N
110 °C, 16h MeO Sieves, rt, 16 h

2-Bromo-5-methoxypyridine (1.00 g, 5.32 mmol, 1.0 equiv.) was added to a solution of Cul
(3.04 g, 16.0 mmol, 3.0 equiv.) and SMOPS (2.78 g, 16.0 mmol, 3.0 equiv.) in DMSO (16 mL).
The reaction was stirred under a nitrogen atmosphere at 110 °C for 16 hours. The mixture was
cooled to room temperature, diluted with EtOAc (40 mL) and filtered through a pad of silica.
The filtrate was washed with H20 (3 x 40 mL), brine (3 x 40 mL), dried over magnesium sulfate,
and concentrated under reduced pressure. The product was purified by column chromatography
(Toluene/dichloromethane/EtOAc 45:40:15) to yield 11% (154 mg, 0.60 mmol) of methyl 3-

((5-methoxypyridin-2-yl)sulfonyl)propanoate as a light yellow oil.

IR (thin film, cm ) 2950, 1735, 1573, 1463, 1437, 1394, 1365, 1307, 1278, 1248, 1200, 1159,
1129, 1097, 1059, 1017, 980, 835, 753, 722; 'H NMR (400 MHz, CDCls) § 8.37 (dd, J = 3.0,
0.5 Hz, 1H), 8.01 (dd, J = 9.0, 0.5 Hz, 1H), 7.34 (dd, J = 9.0, 3.0 Hz, 1H), 3.94 (s, 3H), 3.68 —

3.61 (m, 5H), 2.84 — 2.73 (m, 2H); 3C{*H} NMR (101 MHz, CDCls) & 170.4, 158.7, 148.1,

148



139.4-139.0 (m), 124.2,120.4,56.2 (d, J = 13.2 Hz), 52.4 (d, J = 10.7 Hz), 48.2, 27.6; HRMS:

m/z (EI) calculated for (C10H13NOsS) [M+ H]*: 260.0587, found: 260.0588.

A solution of methyl 3-((5-methoxypyridin-2-yl)sulfonyl)propanoate (140 mg, 0.54 mmol,
1.0 equiv.) in Et2O (11 mL) was slowly added to a flask containing sodium hydride (60% in
mineral oil, 22 mg, 0.54 mmol, 1.0 equiv.) and 3A activated molecular sieves (1.4 g) under
nitrogen atmosphere at 0 °C. The resulting mixture was stirred for 16 hours at room
temperature, then quenched with MeOH at 0 °C, filtered through a pad of Celite® which was
flushed with methanol and concentrated under reduced pressure. The resulting solid was
dissolved in H20 (5 mL), washed with dichloromethane (3 x 5 mL), and the solvents were
removed under reduced pressure using by forming an azeotrope with acetonitrile to yield the

title compound in 82% yield (86 mg, 0.44 mmol) as a white solid.

mp (decomp.) 245-250 °C (from H,O/MeCN); IR (thin film, cm™) 3404, 1632, 1578, 1566,
1464, 1385, 1290, 1269, 1238, 1109, 1057, 1015, 980, 838, 750, 642, 612; LH NMR (400 MHz,
CD3:0D) § 8.19 (dd, J = 3.0, 0.5 Hz, 1H), 7.81 (dd, J = 9.0, 0.5 Hz, 1H), 7.49 (dd, J = 9.0, 3.0
Hz, 1H), 3.90 (s, 3H); *C{'H} NMR (101 MHz, CD;0D) 5 166.4, 158.1, 137.1, 123.0, 120.1,

56.4; HRMS: m/z (EI) calculated for (CeHsNNaO3sS) [M—Na]: 172.0074, found: 172.0072.

Sodium 5-(trifluoromethyl)pyridine-2-sulfinate

F30@802Na
N

Procedure performed under air. Hydrogen peroxide solution (30% w/w in H2O, 590 pL,
6.11 mmol, 2.0 equiv.) was slowly added to a solution of 5-(trifluoromethyl)pyridine-2-thiol
(547 mg, 3.05 mmol, 1.0 equiv.) and sodium hydroxide (147 mg, 3.68 mmol, 1.2 equiv.) in
methanol (15 mL) and H20 (15 mL) at 0 °C. The resulting mixture was allowed to warm to

room temperature over 16 hours. The solvents were removed under reduced pressure by
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forming an azeotrope with acetonitrile. The crude solid was recrystallized in acetone (100 mL)

and H2O (6 mL) yielding 24% (174 mg, 0.75 mmol) of the title compound as white needles.

mp (decomp.) 240245 °C (from H,O/MeCN); IR (thin film, cm™) 3247, 2161, 1594, 1569,
1378, 1327, 1251, 1169, 1130, 1103, 1062, 1021, 988, 948, 850, 766, 706, 620; *H NMR (400
MHz, CD30D) 6 8.86 —8.84 (m, 1H), 8.26 (ddd, J = 8.0, 2.0, 0.5 Hz, 1H), 8.04 (dt, J = 8.0, 0.5
Hz, 1H); *C{tH} NMR (126 MHz, CDsOD) & 178.6 (d, J = 1.5 Hz), 146.7 (q, J = 4.0 Hz),
136.4 (q, J = 3.5 Hz), 128.1 (g, J = 33.0 Hz), 123.9 (q, J = 272.2 Hz), 119.2; °F NMR (377
MHz, CD30D) 6 -63.82; HRMS: m/z (El) calculated for (CsHzFsNNaO2S) [M—Na]: 209.9842,

found: 209.9837.

Sodium pyridine-4-sulfinate (16)

NQ—sozNa

The reaction was performed under air. Pyridine-4-thiol (1.03 g, 9.3 mmol, 1.0 equiv.) and
sodium hydroxide (445 mg, 11.1 mmol, 1.2 equiv.) were dissolved in methanol (45 mL) and
H20 (45 mL). The reaction mixture was cooled to 0 °C, and hydrogen peroxide 30% w/w in
H20 (1.6 mL, 18.2 mmol, 2.0 equiv.) was added dropwise. The reaction was allowed to warm
to room temperature over 16 hours. The solvents were removed under vacuum by forming an
azeotrope with acetonitrile. The crude off-white solid was recrystallized in a mixture of acetone/

H>0 15:1 which gave the title compound in 11% yield as a white solid (161 mg, 0.97 mmol).

mp (decomp.) 298-303 °C (from acetone/H20); IR (thin film, cm) 2161, 2034, 1579, 1554,
1481, 1407, 1312, 1222, 1085, 1036, 1003, 987, 970, 885, 819, 741, 695; *H NMR (500 MHz,
CD:0D) 5 8.61 (d, J =6.0 Hz, 1H), 7.66 (d, J = 6.0 Hz, 1H); 3C{*H} NMR (126 MHz, CD30D)
d 166.6, 150.5, 120.6; HRMS: m/z (El) calculated for (CsH4sNNaO2S) [M—Na]: 141.9968,

found: 141.9966.

150



7.2.2. Calibration Curves for HPLC Analysis

A 0.04 M solution of substrate in 1,4-dioxane and a 0.04 M solution of 1,3,5-trimethoxybenzene
in 1,4-dioxane were prepared. Using a 100 pL glass syringe, six different ratios of these

solutions were mixed in six different vials which were topped up with an ~ 10:1 MeCN/H-O

mixture.
Volume Substrate Solution (uL) | Volume Standard Solution (uL) | Amount Substrate (umol) | Amount Standard (umol) | Substrate / Standard Ratio

10 100 0.4 4

20 80 0.8 3.2
40 60 1.6 2.4
60 40 2.4 1.6
80 20 3.2 0.8
100 10 4.0 0.4

0.10
0.25
0.67
1.5
4.0
10

A linear relation between the ratios of the peak areas obtained and the substrate/standard ratio

was obtained using Microsoft® Excel.

4-fluoro-4'-methyl-1,1"-biphenyl (5) against 1,3,5-trimethoxybenzene

Substrate/Standard Ratio Ratio HPLC area substrate / HPLC area Standard
0 0.00
0.10 0.07
0.25 0.17
0.67 0.44
1.5 0.97
4.0 2.58
10 6.45
80

G

© ° y = 0.645308x ’

3 R?=0.999998

IT

~ 0 49
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5 &

o Ed

g 20

<

o ++

T o

0.0 2.0 40 6.0 8.0 10.0
[5] (mM) / [Standard] (mM)
1 HPLC area 5

[5 (mM)] =

0.65 * HPLC Area Standard

* [Standard (mM)]
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4,4'-dimethyl-1,1'-biphenyl (5b) against 1,3,5-trimethoxybenzene

Substrate/Standard Ratio Ratio HPLC area substrate / HPLC area Standard

0 0.00
0.10 0.10
0.25 0.24
0.67 0.63

1.5 1.40

4.0 3.81

10 9.45

10.0

s &
3 . y = 0.945459x ]
S R =0.999986
Q
&
60
7T °
~ @
o
2t
58 &
° .
o
— o
< 20
9 F
a +
T 00 4
0.0 2.0 4.0 6.0 8.0 10.0

[5b] (mM) / [Standard] (mM)

1 HPLC area 5b

[5b (mM)] = 0.95 i HPLC Area Standard i

[Standard (mM)]

2-(4-fluorophenyl)pyridine (3) against 1,3,5-trimethoxybenzene

Substrate/Standard Ratio | Ratio HPLC area substrate / HPLC area Standard

0 0.0
0.10 4.0
0.25 9.9
0.67 26

1.5 58

4.0 153

10 356
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1 HPLC area 3

[3 (mM)] = [Standard (mM)]

36 * HPLC Area Standard *

4-fluoro-4'-methoxy-1,1"-biphenyl (5-OMe) against 4,4'-dimethyl-1,1"-biphenyl

Substrate/Standard Ratio | Ratio HPLC area /HPLC area Standard
0 0.00
0.25 0.190
0.67 0.546
1.5 1.21
4.0 3.13
10 7.40
8.0
© +
o]
E v: 0.7476x
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1 HPLC area 5 — OMe
* %
0.75 HPLC Area Standard

[5 — 0OMe (mmol)] = [Standard (mmol)]
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1-fluoro-4-tosylbenzene (17) against 1,3,5-trimethoxybenzene

Substrate/Standard Ratio Ratio HPLC area substrate / HPLC area Standard

0 0.00
0.10 0.06
0.25 0.14
0.67 0.36

1.5 0.75

4.0 1.90

10 4.59

6.0

10 y =0.4620x
R? =0.9996

20 +

HPLC Area of 17 / HPLC area of
Standard

=+
0.0
0.0

20 4.0 6.0 8.0 10.0

[17] (mM) / [Standard] (mM)

1 HPLC area 17
E3 *
0.46 HPLC Area Standard

[17 (mmol)] = [Standard (mmol)]

7.2.3. Formation of the Active Pd(0) Species

7.2.3.1.  NMR Spectroscopy Monitoring

- .
Pd(OAc), (1.0 equiv.)
(1.1 equiv.) PCy; (2.0 equiv)
2 K,CO3 (2.0 equiv.)
1,4-dioxane/benzene-dg 2.5:1
Na0,S Me Young's NMR Tube 5

(3.5 equiv.) t—=130°C
4

Palladium acetate (5.6 mg, 0.025 mmol, 1.0 equiv.), tricyclohexylphosphine (14 mg, 0.050
mmol, 2.0 equiv.), potassium carbonate (6.9 mg, 0.050 mmol, 2.0 equiv.), sodium 4-
methylbenzenesulfinate (16 mg, 0.090 mmol, 3.6 equiv.) and trimethoxybenzene (2.1 mg,
0.012 mmol, 0.5 equiv.) were introduced into a Young’s NMR tube. The NMR tube was

evacuated (< 0.1 mbar) and back-filled with argon twice. 1,4-Dioxane (500 pL), benzene-ds
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(200 pL) and 1-bromo-4-fluorobenzene (3.0 pL, 0.027 mmol, 1.1 equiv.) were then added to
the Young’s NMR tube. The NMR tube was sealed, vigorously shaken, and a first set of NMR
spectra (*H, 1°F, 3'P{*H}) was taken (t = 0 min, 25 °C). The same Young’s NMR tube was then
heated in a heating block filled with sand for 20 minutes at 60 °C and a second set of NMR
spectra was taken (+ 20 min at 60 °C). The following times and temperatures were then

employed: (+ 30 min at 80 °C); (+ 90 min at 100 °C); (+ 16 h at 130 °C).

31p{IH} NMR
+ 16 h at 130 °C
l?Cy"S /‘
F Pd-Br 7 | - 80 PCy; 15
OPCy, 9 PCys |
) ]
30 t 100 =
8
Lo
A oI A
+ 30 min at 80 °C ON(IJ I?Cyg
S*I?d*OAC
PCys 8 5
J Me 7 I”l L | In ]
+ 20 min at 60 °C
L6
— .._r..m,.v.—)l\ T U ———
t 0 min, 2 C
Pd(PCys).(OAc),
6 _ » B
OPCya PCy3
70 65 60 55 50 a5 40 35 30 25 20 15 10 5 0 5

f1 (ppm)
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'H NMR

+ 16 h at 130 °C

+ 90 min at 100 °C
/ N /’7 \\
Me W ;,"_"\\‘ —Me L4
N\ A A\ V4
5b
1
+ 30 min at 80 °C fe) p |I3Cy3
W
S—Pd-0OAc

=
(]
)
¥ N
\'\/
~ o
9]
/ ’
rf

+ 20 min at 60 *C

: 1IN B
l]J A0 LI
A L — \\‘) | |u‘| |
t=0min, 25 °C )
& 15 14 1z 12 11 1o 9 8 7 6 5 4 3 2 1 0 TR TS
f1 (ppm)
IH NMR (zoom in aromatic region)
+ 16 h at 130 °C
+ 90 min at 100 °C
Me—, ,’—‘/\\ —Me L4
~ 5b
A
+ 30 min at 80 °C O O Pcy:;
M
'S —Pd-OAc
2 PC
¢ /‘B ¥3 L3
b 7
Me” R U
+ 20 min at 60 °C
| !
Y A I S U A (R
t = 0 min, 25 °C
L1
2 \
I

T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T 1
9.2 0201 9.08988 87 868584838281807978777.6757473727170609 686766656463 626160595857 565554
1 (ppm)
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+ 16 h at 130 °C

+ 30 min at 80 °C

+ 20 min at 60 =C

T T T T T T T T T T T T T
-85 -90 -95 -100 -105 -110 -115 -120 -125 -130 -135 -140 -145
fi (ppm)

7.2.3.2.  Correlation Between the Amount of Homocoupling Product (5b) Formed and

the Amount of Pd(OAc)2 Introduced in the Reaction Mixture

Pd(OAc), (0 - 0.041 mmol)
PCy; (0 - 0.080 mmol)
K5CO3 (0.34 mmol)

NaOQS@Me MeMe
1,4-dioxane, 150 °C

4 5b
(0.46 mmol) 4,4'-dimethylbiphenyl

Sodium 4-methylbenzenesulfinate (81 mg, 0.46 mmol, 2.0 equiv.), 1,3,5-trimethoxybenzene
(19 mg, 0.11 mmol, 0.50 equiv.), KoCOs3 (47 mg, 0.34 mmol, 1.5 equiv.), palladium acetate (X
mmol) and PCys (2*X mmol) were added to a microwave vial equipped with a stirrer bar. The
vial was sealed with a microwave vial cap, evacuated (< 0.1 mbar) and back-filled with argon
twice, then 1,4-dioxane (4.6 mL) was added. The vial was then placed in a preheated heating

block at 150 °C and stirred for 15 minutes, after which an aliquot was taken. This aliquot was
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analyzed by HPLC, and the amount of 4,4’-dimethylbiphenyl was determined using 1,3,5-

trimethoxybenzene as the internal standard.

n(PdOAc), (10 mmol) 0 1.2 2.3 3.5 1.7 2.9 4.1
5b (10> mmol) Run 1 0 0.8 1.8 2.7 1.3 2.2 3.1
5b (10> mmol) Run 2 0 0.9 1.8 2.6 1.2 2.2 3.1
5b (10> mmol) Run 3 0 0.8 1.7 2.8 1.3 2.1 3.1
5b (10" mmol) Average 0 0.9 1.8 2.7 1.3 2.2 3.1

7.2.4. Oxidative Addition Complex 9 as a Competent Catalyst

Catalyst:

" C o ' o Pd(OAc); (5 mol%)
! 0,
(1.0 equiv.) Catalyst E S::ys (10 mol%)
2 K 1. iv. !
N 2CO3 (1.5 equiv. )‘ FOMe 9 (5 mol%)
1,4-dioxane ' PCys
. , -
L|OgSOOMe 150 °C 5-OMe : E : :: PId-Br
' I

(2.0 equiv.) ; PCys;
4-OMe '

Lithium 4-methoxybenzene sulfinate (75 mg, 0.42 mmol, 2.0 equiv.), potassium carbonate
(44 mg, 0.31 mmol, 1.5 equiv.), 4,4'-dimethyl-1,1"-biphenyl (15 mg, 0.080 mmol, 0.38 equiv.),
palladium acetate (2.4 mg, 0.011 mmol, 0.05 equiv.) and tricyclohexylphosphine (5.9 mg,
0.02 mmol, 0.10 equiv.) or [(Ar)Pd(PCyz)2(Br)] (8.8 mg, 0.011 mmol, 0.05 equiv.) were added
to a microwave vial equipped with a stirrer bar. The vial was sealed with a microwave vial cap,
evacuated (< 0.1 mbar) and back-filled with argon twice, then 1,4-dioxane (4.6 mL) and 1-
bromo-4-fluorobenzene (23 uL, 0.21 mmol, 1.0 equiv.) were added. The vial was then placed
in a preheated heating block at 150 °C and the yield of product 5-OMe was determined by

HPLC using 4,4'-dimethyl-1,1'-biphenyl as the internal standard.

158



Catalyst: Pd(OAc), + 2 PCy; Catalyst:  (Ar)Pd(PCys),(Br)
Time (min) Conversion to 5-OMe | Time (min)  Conversion to 5-OMe

0 0% 0 0%

5 4% 5 4%
10 7% 10 8%
15 10% 15 11%
25 16% 25 17%
35 20% 35 23%
45 22% 45 27%
55 25% 55 29%
65 27% 65 32%
80 30% 80 35%
95 33% 95 38%
110 36% 110 40%
125 38% 125 42%
145 41% 145 44%
165 43% 165 46%
185 46% 185 49%
217 50% 215 51%
245 52% 245 53%
275 55% 275 55%
311 58% 335 59%
355 62% 395 63%
415 66% 455 66%
475 70% 535 69%
535 73% 615 72%
677 79% 720 73%

7.2.5. Catalytic Activity of Palladium Complexes 9, 11, 12 and 14

Sodium 4-methylbenzenesulfinate (81 mg, 0.46 mmol, 2.0 equiv.) or sodium pyridine-2-
sulfinate (75 mg, 0.46 mmol, 2.0 equiv.), 1,3,5-trimethoxybenzene (19 mg, 0.11 mmol, 0.50
equiv.), KoCOs (47 mg, 0.34 mmol, 1.5 equiv.), and the following catalysts were added to a

microwave vial equipped with a stirrer bar:

a) 11 (7.2 mg, 0.006 mmol, 0.025 equiv.)

b) 11 (7.2 mg, 0.006 mmol, 0.025 equiv.) and PCys (3.2 mg, 0.011 mmol, 0.05 equiv.)

c) 14 (10.4 mg, 0.011 mmol, 0.05 equiv.)

d) 9 (9.6 mg, 0.011 mmol, 0.05 equiv.)

e) 12 (7.1 mg, 0.011 mmol, 0.05 equiv.)

The vial was sealed with a microwave vial cap, evacuated (< 0.1 mbar) and back-filled with
argon twice, then 1,4-dioxane (4.6 mL) and 1-bromo-4-fluorobenzene (25 pL, 0.23 mmol,

1.0 equiv.) were added. The vial was then placed in a preheated heating block at 150 °C and
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stirred for 16 hours. The yield of products 3 or 5 were determined by HPLC using 1,3,5-

trimethoxybenzene as the internal standard.

Br Me 11 (2.5 mol%) Me
a) /©/ /©/ K2003 (1 5 eqUiV.)
+
F NaO,S O
2 4 1,4-dioxane 5
150 °C
(1.0 equiv.) (2.0 equiv.) 37%2
11 (2.5 mol%)
Br Me PCys (5 mol%) Me
K,COj3 (1.5 equiv.)
b) +
F NaO2S
2 4 1,4-dioxane 5
150 °C
(1.0 equiv.) (2.0 equiv.) 46%*
Br Me 14 (5 mol%) Me
/©/ K,COj (1.5 equiv.)
c +
F NaO,S O
2 4 1,4-dioxane 5
150 °C
(1.0 equiv.) (2.0 equiv.) 44%2
Br N 9 (5 mol%) AN
p /©/ /@ K,COj4 (1.5 equiv.) | P
+ =
E Na0,S~ "N
2 1 1,4-dioxane 3
150 °C
(1.0 equiv.) (2.0 equiv.) 99%:2
Br N 12 (5 mol%) AN
| K,CO3 (1.5 equiv.) |
e) + — N
F NaO,S N
2 1 1,4-dioxane 3
150 °C
(1.0 equiv.) (2.0 equiv.) 82%:2

7.2.6. DOSY NMR Data

DOSY experiments used the Bruker Double Stimulated Echo (DSTE) pulse sequence with
solvent suppression by presaturation during the relaxation delay. 16 spectra with 32K data
points were collected for each experiment. The duration of the pulsed field gradient (P30) was

1 ms, and the diffusion time (D20) was varied between 100-120 ms to allow 5% residual signal
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with the maximum gradient strength. The gradient strength was incremented in 16 steps from
5% to 95% of the maximum value in a squared ramp. The diffusion data was analysed using

the Dynamics module in Topspin 3.

For 11

Peak 1 at 7.337 ppm Peak 5 at 1.588 ppm

Diff Con. = 3.191e-010 m2/s Diff Con. = 3.181e-010 m2/s
Peak 2 at 6.912 ppm Peak 6 at 1.423 ppm
Diff Con. = 3.145e-010 m2/s Diff Con. = 3.166e-010 m2/s
Peak 3 at 6.835 ppm Peak 7 at 1.282 ppm
Diff Con. = 3.114e-010 m2/s Diff Con. = 3.133e-010 m2/s
Peak 4 at 6.358 ppm Peak 8 at 0.951 ppm
Diff Con. = 3.138e-010 m2/s Diff Con. = 3.190e-010 m2/s

Average diffusion constant = 3.16E-10 m? s
Predicted molecular weight from diffusion constant = 853 g.mol*

Actual molecular weight = 1274 g.mol™*

For 12

Peak 1 at 7.523 ppm

FPeak S at 6.726 ppm

Diff Con. = 4 201e-010 m2/s Diff Con. = 4 167e-010 m2/s
Peak 2 at 7.317 ppm Peak 6 at 1.853 ppm
Diff Con. = 4.238e-010 m2/s Diff Con. = 4.221e-010 m2/s
Peak 3 at 7.032 ppm Peak 7 at 1.603 ppm
Diff Con. = 4.279e-010 m2/s Diff Con. = 4.280e-010 m2/s
Peak 4 at 6.855 ppm Peak 8 at 1.498 ppm
Diff Con. = 4.204e-010 m2/s Diff Con. = 4.194e-010 m2/s

Average diffusion constant = 4.27 E-10 m? s!
Predicted molecular weight from diffusion constant = 445 g.mol™

Actual molecular weight = 624 g.mol*

Although the predicted molecular weight values are significantly different compared to the
actual molecular weight values, they show that compound 11 is approximately two times

heavier than compound 12, suggesting that compound 11 is dimeric in solution.

Example of line fitting quality for 11
Aromatic peak & = 7.337 ppm: Diffusion constant = 3.191 E-10 m%.s*
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7.2.7. Reactivity of Complexes 9, 11, 14, 12 and 12-CFs in 1,4-dioxane

\©\ PCys

O © SQ PCy; (2.0-8.0 equiv.)
1,4-dioxane, 150 °C
C

5
ey

11 (1.0 equiv.)

/\

Tricyclohexylphosphine (8.3-33 mg, 0.030-0.12 mmol, 2.0-8.0 equiv.) was added to a
microwave vial equipped with a stirrer bar. The vial was sealed with a microwave vial cap,
evacuated (< 0.1 mbar) and back-filled with argon twice, then 1,4-dioxane (3.0 mL) was added.
The vial was placed in a preheated heating block at 150 °C and stirred for 5 minutes. A stock
solution of [Pd(4-F-CsHa)(PCys3)(ks-ko-4-Me-CsHa-SO2)]2 (7.5 uM, 0.015 mmol, 1.0 equiv.)
and 1,3,5-trimethoxybenzene (30 uM, 0.060 mmol, 4.0 equiv.) in 1,4-dioxane (2.0 mL) was
then injected. Aliquots were taken at the indicated times. The yield of product 5 was determined

by HPLC against 1,3,5-trimethoxybenzene as the internal standard.

Amount of 0.030 mmol 0.060 mmol 0.090 mmol 0.12 mmol
PCy; (2.0 equiv.) (4.0 equiv.) (6.0 equiv.) (8.0 equiv.)
Time (min) Conversionto 5 Conversionto 5 Conversionto 5 Conversionto 5
0 0% 0% 0% 0%
1 98% 96% 93% 87%
2 98% 98% 98% 97%
4 98% 98% 98% 97%
6 97% 98% 97% 98%
8 98% 98% 98% 98%
10 98% 98% 98% 99%
PCys PCys, (0-4.0 equiv.)
F@Pld—sr + KOZSOMe . - FlVIe
PCys, 1,4-dioxane, 150 °C s
9 (1.0 equiv.) 25 (2.0 equiv.)

Tricyclohexylphosphine (0-33 mg, 0-0.12 mmol, 0-4.0equiv.) and potassium 4-
methylbenzenesulfinate (11.5 mg, 0.060 mmol, 2.0 equiv.) were added to a microwave vial
equipped with a stirrer bar. The vial was sealed with a microwave vial cap, evacuated (< 0.1
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mbar) and back-filled with argon twice, then 1,4-dioxane (3.0 mL) was added. The vial was
placed in a preheated heating block at 150 °C and stirred for 5 minutes. A stock solution of
[(PCyz)2Pd(4-F-CsHa4)(Br)] (0.015 mM, 30 pmol, 1.0 equiv.) and 1,3,5-trimethoxybenzene (30
1M, 0.060 mmol, 2.0 equiv.) in 1,4-dioxane (2.0 mL) was then injected. Aliquots were taken
at the indicated times. The yield of product 5 was determined by HPLC against 1,3,5-

trimethoxybenzene as the internal standard.

Amount of 0 mmol 0.030 mmol 0.060 mmol 0.090 mmol 0.12 mmol
PCy3 (0 equiv.) (1.0 equiv.) (2.0 equiv.) (3.0 equiv.) (4.0 equiv.)
Time (min)| Conversionto 5 Conversionto 5 Conversionto 5 Conversionto 5 Conversionto 5
0 0% 0% 0% 0% 0%
1 14% 1% 1% 1% 0%
2 38% 5% 3% 3% 2%
4 74% 21% 15% 11% 8%
6 87% 39% 28% 21% 15%
8 92% 56% 40% 30% 23%
10 91% 67% 51% 39% 29%
15 93% 85% 72% 57% 45%
20 94% 89% 85% 72% 52%
30 94% 90% 93% 87% 75%
45 94% 92% 95% 93% 87%
60 94% 92% 94% 94% 90%
PCys
F@?d_q PCy; (1.0-4.0 equiv.) —
N ‘ S50 1 4-dioxane, 150°C < > /}\, />
S 3

12 (1.0 equiv.)

Tricyclohexylphosphine (8.3-33 mg, 0.030-0.12 mmol, 1.0-4.0 equiv.) was added to a
microwave vial equipped with a stirrer bar. The vial was sealed with a microwave vial cap,
evacuated (< 0.1 mbar) and back-filled with argon twice, then 1,4-dioxane (3.0 mL) was added.
The vial was placed in a preheated heating block at 150 °C and stirred for 5 minutes. A stock
solution of [(PCys)Pd(4-F-CsHa)(k?n,0-pyridine-2-SO2)] (15 uM, 0.0030 mmol, 1.0 equiv.) and
1,3,5-trimethoxybenzene (30 uM, 0.060 mmol, 2.0 equiv.) in 1,4-dioxane (2.0 mL) was then
injected. Aliguots were taken at the indicated times. The yield of product 3 was determined by

HPLC against 1,3,5-trimethoxybenzene as the internal standard.
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Amount of 0.030 mmol 0.060 mmol 0.090 mmol 0.12 mmol
PCy; (1.0 equiv.) (2.0 equiv.) (3.0 equiv.) (4.0 equiv.)
Time (min) | Conversionto 3 Conversionto 3 Conversionto 3 Conversion to 3
0 0% 0% 0% 0%
1 2% 3% 3% 3%
2 11% 9% 9% 10%
4 27% 25% 24% 26%
6 41% 39% 40% 40%
8 54% 49% 50% 50%
10 63% 58% 58% 58%
15 80% 70% 71% 73%
20 86% 76% 74% 79%
30 87% 81% 82% 83%
PCys — PCy; (0-4.0 equiv.) —
" C o KOZSO 1,4-dioxane, 150 °C N
PCy; N 3 N
9 (1.0 equiv.) 1-K (2.0 equiv.)

Tricyclohexylphosphine (0-33 mg,
sulfinate (10.8 mg, 0.060 mmol, 2.0 equiv.) were added to a microwave vial equipped with a
stirrer bar. The vial was sealed with a microwave vial cap, evacuated (< 0.1 mbar) and back-
filled with argon twice, then 1,4-dioxane (3.0 mL) was added. The vial was placed in a
preheated heating block at 150 °C and stirred for 5 minutes. A stock solution of [(PCys).Pd(4-
F-CeH4)(Br)] (0.015 mM, 30 pmol, 1.0 equiv.) and 1,3,5-trimethoxybenzene (30 puM, 0.060
mmol, 2.0 equiv.) in 1,4-dioxane (2.0 mL) was then injected. Aliquots were taken at the

indicated times. The yield of product 3 was determined by HPLC against 1,3,5-

trimethoxybenzene as the internal standard.

0-0.12 mmol, 0-4.0 equiv.) and potassium pyridine-2-

Amount of 0 mmol 0.030 mmol 0.060 mmol 0.090 mmol 0.12 mmol
PCy; (0 equiv.) (1.0 equiv.) (2.0 equiv.) (3.0 equiv.) (4.0 equiv.)
Time (min) Conversion to 3 Conversion to 3 Conversion to 3 Conversion to 3 Conversion to 3
0 0% 0% 0% 0% 0%
1 1% 1% 1% 1% 0%
2 7% 4% 4% 3% 4%
4 22% 18% 15% 14% 14%
6 37% 33% 25% 23% 24%
8 49% 44% 35% 33% 33%
10 58% 53% 43% 39% 41%
15 70% 62% 56% 51% 53%
20 74% 62% 63% 60% 61%
30 76% 63% 67% 67% 67%
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7.2.8.

Extrusion of SOz from Complexes 11, 14, 12 and 12-CFs in toluene-ds and

Monitored by ’F{*H} NMR spectroscopy

\©\ ,PCys Me
Pl i Y
O*s\ O, PCys (0-11.0 equiv.)
o

N
/Pd toluene-dg, 90 °C
AR

~ )

5

[(PCys)Pd(4-F-CeHa)(ks-ko-4-Me-CsHa-SO2)]2 (5.0 mg, 0.0039 mmol, 1.0 equiv.) and

tricyclohexylphosphine (0-12 mg, 0-0.043 mmol, 0-11 equiv.) were introduced into a Young’s

NMR tube. The NMR tube was evacuated (< 0.1 mbar) and back-filled with argon twice. A

0.013 M solution of 1,3,5-trifluorobenzene in toluene-ds (600 pL, 0.0077 mmol, 2.0 equiv.)

was added to the Young’s NMR tube. The NMR tube was sealed, vigorously shaken, and placed

in a 500 MHz NMR spectrometer that had been pre-equilibrated at 90 °C. NMR experiments

were then collected at 90 °C. Conversion of the starting material and yield of product were

measured against 1,3,5-trifluorobenzene as the internal standard.

(®) 0 equiv. PCys, (A) 2.2 equiv

100% |

75%

50%

Yield of Product

25%

Conversion of the Starting
Palladium Complex and

0% A= -

0 20

40

Time (min)
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0 mmol PCy; (0 equiv.) 0.86*10> mmol PCy; (2.2 equiv.) 1.7%10° mmol PCy, (4.4 equiv.) 4.3*10” mmol PCy; (11.0 equiv.)
Time (min) % Starting Material Time (min) % Starting Material Time (min) % Starting Material Time (min) % Starting Material
0.0 92% 0.0 82% 0.0 86% 0.0 91%
1.6 65% 1.6 77% 1.6 86% 1.6 90%
3.2 35% 82 75% 32 84% 32 93%
4.8 27% 4.8 71% 4.8 82% 4.8 91%
6.4 21% 6.4 71% 6.4 81% 6.4 92%
7.9 15% 8.0 66% 8.0 80% 8.0 90%
9.5 6% 9.5 61% 9.6 80% 9.6 90%
11.1 6% 11.1 59% 11.2 78% 11.2 89%
12.7 3% 12.7 55% 12.8 76% 12.8 89%
14.3 0% 14.4 51% 14.4 76% 14.4 88%
15.9 0% 16.0 48% 16.0 75% 16.0 89%
17.5 46% 17.6 74% 17.6 90%
19.2 44% 19.1 73% 19.2 88%
20.8 40% 20.7 71% 20.8 88%
22.4 38% 223 68% 224 87%
23.9 38% 239 69% 239 89%
25.5 34% 25.5 67% 25.5 88%
27.1 32% 27.1 66% 27.1 89%
28.7 31% 28.7 65% 28.7 90%
30.3 27% 30.3 63% 30.3 86%
31.9 25% 319 64% 319 86%
335 24% 335 61% 335 86%
35.1 22% 35.0 63% 35.1 87%
36.7 23% 36.6 59% 36.7 82%
383 20% 382 60% 383 85%
39.9 17% 39.8 56% 39.9 85%
41.4 17% 41.5 52% 41.5 82%
43.1 16% 43.1 56% 43.1 88%
44.7 14% 447 55% 447 83%
46.3 13% 46.3 55% 46.3 84%
0 mmol PCys (0 equiv.) 0.86*10> mmol PCy, (2.2 equiv.) 1.7*10"> mmol PCy; (4.4 equiv.) 4.3*10” mmol PCy; (11.0 equiv.)
Time (min) % Product 5 Time (min) % Product 5 Time (min) % Product 5 Time (min) % Product 5
0.0 9% 0.0 1% 0.0 2% 0.0 0%
1.6 12% 1.6 4% 1.6 0% 1.6 1%
3.2 21% 3.2 6% 3.2 3% 82 1%
4.8 24% 4.8 8% 4.8 1% 4.8 0%
6.4 30% 6.4 10% 6.4 4% 6.4 0%
7.9 38% 8.0 12% 8.0 5% 8.0 1%
C85) 38% 9.5 14% 9.6 4% 9.6 1%
111 41% 11.1 15% 11.2 6% 11.2 0%
12.7 44% 2.7 17% 12.8 6% 12.8 1%
14.3 47% 14.4 20% 14.4 7% 14.4 1%
15.9 44% 16.0 20% 16.0 6% 16.0 2%
17.5 23% 17.6 9% 17.6 0%
19.2 25% 19.1 8% 19.2 3%
20.8 24% 20.7 9% 20.8 1%
22.4 27% 22.3 10% 22.4 3%
23.9 28% 23.9 10% 239 2%
25.5 28% 25.5 9% 25.5 1%
27.1 30% 27.1 11% 27.1 2%
28.7 30% 28.7 12% 28.7 3%
30.3 33% 30.3 13% 30.3 4%
31.9 33% 31.9 14% 31.9 3%
335 34% 335 14% 335 2%
35.1 34% 35.0 15% 35.1 4%
36.7 36% 36.6 14% 36.7 3%
38.3 38% 38.2 17% 38.3 3%
39.9 37% 39.8 17% 39.9 1%
41.4 38% 41.5 17% 41.5 1%
43.1 38% 43.1 16% 43.1 4%
44.7 39% 44.7 18% 44.7 3%
46.3 39% 46.3 19% 46.3 4%
PCys PCyj; (0-5.5 equiv.) _
F Pd—0
| | F \ CF3
_N ‘ S=q toluene-dg, 110 °C N
FsC A 3-CF;
12-CF,

[(PCy3)Pd(4-F-CsHa)(k>n,0-pyridine-5-CF3-2-SO2)] (5.4 mg, 0.0078 mmol, 1.0 equiv.) and
tricyclohexylphosphine (0-12 mg, 0-0.043 mmol, 0-5.5 equiv.) were introduced into a Young’s
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NMR tube. The NMR tube was evacuated (< 0.1 mbar) and back-filled with argon twice. A
0.013 M solution of 1,3,5-trifluorobenzene in toluene-ds (600 pL, 0.0077 mmol, 1.0 equiv.)
was added to the Young’s NMR tube. The NMR tube was sealed, vigorously shaken, and placed
in a 500 MHz NMR spectrometer that had been pre-equilibrated at 110 °C. NMR experiments
were then collected at 110 °C. Conversion of the starting material and yield of product were

measured against 1,3,5-trifluorobenzene as the internal standard.

100% I

75%

50%

25%

Yield of Product

Conversion of the Starting
Palladium Complex and

0%
0 20 40 60
Time (min)

(®) 0 equiv. PCys, (A) 1.1 equiv. PCys, (+) 2.2 equiv. PCys, () 5.5 equiv. PCya.

0 mmol PCys (0 equiv.) 0.86*10” mmol PCy; (1.1 equiv.) 1.7*10 mmol PCys (2.2 equiv.) 4.3*10° mmol PCy, (5.5 equiv.)
Time (min) % Starting Material Time (min) % Starting Material Time (min) % Starting Material Time (min) % Starting Material

0.0 89% 0.0 73% 0.0 67% 0.0 61%
1.6 90% 1.6 72% 0% 1.6 51%

86% 3.2 70% 0% 3.2 53%
4.8 83% 4.8 65% 0% 4.8 48%
6.4 76% 6.4 69% 6.4 66% 6.4 58%
8.0 71% 8.0 66% 8.0 61% 8.0 52%
9.6 72% 9.6 59% 9.5 57% 9.6 54%
11.2 76% 11.2 60% 11.1 59% 11.2 67%
12.7 67% 12.8 57% 12.7 60% 129 53%
14.3 63% 14.4 51% 14.3 54% 14.4 45%
15.9 61% 16.0 54% 15.9 55% 16.0 53%
17.5 57% 17.6 50% 17.5 51% 17.6 51%
19.1 57% 19.2 53% 19.1 54% 19.3 46%
20.7 55% 20.8 53% 20.7 48% 20.9 46%
223 52% 22.4 49% 223 49% 224 52%
239 52% 24.0 44% 23.8 51% 24.0 45%
25.5 43% 25.5 48% 25.4 41% 25.6 43%
27.1 51% 27.1 42% 27.0 35% 27.2 42%
28.7 39% 28.7 41% 28.6 41% 28.8 38%
30.2 46% 30.3 42% 30.2 44% 30.4 44%
31.8 44% 31.9 38% 31.8 37% 32.0 36%
33.4 40% 335 35% 334 39% 33.6 41%
35.0 42% 35.1 33% 35.0 42% 35.2 39%
36.6 36% 36.7 29% 36.6 40% 36.8 42%
38.2 36% 38.2 32% 38.2 34% 38.4 41%
39.8 35% 39.8 29% 39.8 37% 40.0 32%
41.4 28% 41.5 32% 41.4 32% 41.6 32%
42.9 29% 43.1 30% 43.0 27% 43.2 36%
445 28% 44.6 24% 44.6 32% 44.8 34%
48.3 28% 46.2 27% 46.2 31% 46.4 27%
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[(PCys3)Pd(4-F-CsHa)(1?n,0-pyridine-2-SO,)]

(4.9 mg,

0.0079 mmol,

0 mmol PCys; (0 equiv.) 0.86*10”> mmol PCy; (1.1 equiv.) 1.7*10” mmol PCy, (2.2 equiv.) 4.3*10” mmol PCys; (5.5 equiv.)
Time (min) % Product 5-CF3 Time (min) % Product 5-CF; Time (min) % Product 5-CF3 Time (min) % Product 5-CF3

0.0 7% 0.0 2% 0.0 6% 0.0 3%
16 12% 16 3% 0% 16 5%
0% 3.2 13% 0% 3.2 3%
4.8 4% 4.8 8% 0% 4.8 6%
6.4 7% 6.4 14% 6.4 9% 6.4 8%
8.0 9% 8.0 11% 8.0 11% 8.0 8%
9.6 16% 9.6 11% 9.5 11% 9.6 9%
11.2 15% 11.2 15% 11.1 9% 11.2 7%
12.7 30% 128 15% 127 10% 129 11%
14.3 23% 14.4 17% 14.3 15% 14.4 9%
15.9 18% 16.0 21% 15.9 15% 16.0 14%
17.5 25% 17.6 27% 17.5 16% 17.6 16%
19.1 27% 19.2 21% 19.1 16% 19.3 19%
20.7 23% 208 23% 20.7 17% 20.9 15%
223 26% 224 23% 223 23% 22.4 17%
23.9 32% 24.0 29% 23.8 2% 24.0 16%
255 35% 25.5 34% 25.4 28% 25.6 20%
27.1 33% 27.1 33% 27.0 28% 27.2 18%
28.7 40% 287 31% 28.6 25% 28.8 21%
30.2 34% 303 26% 30.2 25% 30.4 24%
31.8 30% 319 38% 318 26% 32.0 20%
33.4 36% 335 32% 33.4 29% 33.6 26%
35.0 36% 35.1 36% 35.0 32% 35.2 23%
36.6 42% 36.7 31% 36.6 27% 36.8 24%
38.2 44% 382 38% 38.2 31% 38.4 22%
39.8 42% 39.8 35% 39.8 35% 40.0 27%
41.4 35% 415 39% 41.4 37% 41.6 27%
42.9 38% 43.1 40% 43.0 33% 432 26%
44.5 38% 44.6 42% 44.6 36% 44.8 27%

483 47% 46.2 38% 46.2 34% 46.4

C PCys PCys (0-5.5 equiv.) _
F Pd—O
| \ \ /
_N._ Sz toluene-dg, 110 °C N
12 e |

1.0 equiv.) and

tricyclohexylphosphine (0-12 mg, 0-0.043 mmol, 0-5.5 equiv.) were introduced into a Young’s

NMR tube. The NMR tube was evacuated (< 0.1 mbar) and back-filled with argon twice. A

0.013 M solution of 1,3,5-trifluorobenzene in toluene-ds (600 pL, 0.0077 mmol, 1.0 equiv.)

was added to the Young’s NMR tube. The NMR tube was sealed, vigorously shaken, and placed

in a 500 MHz NMR spectrometer that had been pre-equilibrated at 110 °C. NMR experiments

were then collected at 110 °C. Conversion of the starting material and yield of product were

measured against 1,3,5-trifluorobenzene as the internal standard.

169




Conversion of the Starting
Palladium Complex and

100%

- 75% |
Q
=3
e}
e
a 50% |
G
(o]
=)
L 25% |
>

Ll
0% SgRRED

AA

20
Time (min)

60

(®) O equiv. PCys, (A) 1.1 equiv. PCys, (=) 5.5 equiv. PCysa.
0 mmol PCy; (0 equiv.) 0.86*10”> mmol PCy; (1.1 equiv.) 4.3*10” mmol PCy, (5.5 equiv.)
Time (min) % Starting Material Time (min) % Starting Material Time (min) % Starting Material

0.0 91% 0.0 91% 0.0 89%
1.6 91% 1.6 97% 1.6 83%
33 91% 3.2 93% 3.2 87%
4.9 92% 4.8 92% 4.8 85%
6.5 90% 6.4 94% 6.4 82%
8.1 91% 8.0 94% 8.0 84%
9.7 90% 9.6 99% 9.6 82%
11.3 89% 11.1 92% 11.1 82%
12.8 88% 12.7 91% 12.7 81%
14.4 87% 14.4 92% 14.3 87%
16.0 88% 16.0 92% 15.9 83%
17.6 92% 17.5 91% 17.5 82%
19.2 88% 19.1 90% 19.1 81%
20.8 90% 20.7 93% 20.7 81%
22.4 85% 223 84% 223 83%
24.0 86% 24.0 90% 239 82%
25.6 82% 25.6 88% 25.5 80%
27.2 84% 27.2 87% 27.1 81%
28.8 85% 28.8 90% 28.7 79%
30.5 80% 30.4 90% 30.3 79%
321 85% 319 90% 319 77%
33.6 84% 33.6 86% 33.5 78%
35.2 82% 35.2 87% 35.1 82%
36.8 82% 36.8 87%

384 82% 384 86% 38.3 80%
40.0 80% 40.0 85% 39.9 79%
41.7 82% 41.6 82% 41.5 79%
433 81% 43.2 89% 43.0 78%
44.9 81% 44.8 83% 44.7 76%
46.4 81% 46.4 89% 46.3 76%
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0 mmol PCy; (0 equiv.) 0.86*10" mmol PCys (1.1 equiv.) 4.3*¥10" mmol PCy; (5.5 equiv.)
Time (min) % Product 3 Time (min) % Product 3 Time (min) % Product 3

0.0 0% 0.0 0% 0.0 0%
1.6 0% 1.6 1%

33 0% 3.2 0% 3.2 3%
4.9 2% 4.8 0% 4.8 2%
6.5 2% 6.4 0% 6.4 1%
8.1 1% 8.0 2%

9.7 2% 9.6 2% 9.6 2%
11.3 2% 11.1 2% 11.1 5%
12.8 3% 12.7 1% 12.7 3%
14.4 3% 14.4 6%

16.0 4% 16.0 0% 15.9 5%
17.6 5% 17.5 5% 17.5 4%
19.2 4% 19.1 6% 19.1 3%
20.8 6% 20.7 7% 20.7 5%
22.4 5% 22.3 6% 22.3 8%
24.0 7% 24.0 8% 23.9 5%
25.6 6% 25.6 8% 25.5 5%
27.2 6% 27.2 6% 27.1 8%
28.8 7% 28.8 7% 28.7 7%
30.5 8% 30.4 7% 30.3 6%
32.1 8% 31.9 10% 31.9 4%
33.6 9% 33.6 8% 33,5 3%
35.2 9% 35.2 9% 35.1 6%
36.8 10% 36.8 8% 4%
38.4 9% 38.4 11% 38.3 6%
40.0 9% 40.0 12% 39.9 5%
41.7 8% 41.6 8% 41.5 6%
43.3 11% 43.2 11% 43.0 10%
44.9 9% 44.8 11% 44.7 8%
46.4 8% 46.4 13% 46.3 8%

7.2.9. Importance of the Sulfinate Counter Cation

PCy3
g - o O
1 4-dioxane

120 °C or 150 °C 5

Sodium 4-methylbenzenesulfinate (10.6 mg, 0.060 mmol, 2.0 equiv.), 1,3,5-trimethoxybenzene
(10 mg, 0.060 mmol, 2.0 equiv.), and [(PCy3)2Pd(4-F-CsHa4)(Br)] (25 mg, 30 umol, 1.0 equiv.)
were added to a microwave vial equipped with a stirrer bar. The vial was sealed with a
microwave vial cap, evacuated (< 0.1 mbar) and back-filled with argon twice, then 1,4-dioxane
(3.0 mL) was added. The vial was then placed in a preheated heating block at 120 °C and the
reaction was monitored by taking aliquots over 5 hours. The yield of product 5 was determined

by HPLC against 1,3,5-trimethoxybenzene as the internal standard.
The above procedure was repeated by replacing sodium 4-methylbenzenesulfinate with:

- Lithium 4-methylbenzenesulfinate (9.6 mg, 0.060 mmol, 2.0 equiv.)
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Tetra-n-butylammonium 4-methylbenzenesulfinate (23.6 mg, 0.060 mmol, 2.0 equiv.)
Potassium 4-methylbenzenesulfinate (11.5 mg, 0.060 mmol, 2.0 equiv.)

Potassium 4-methylbenzenesulfinate (11.5 mg, 0.060 mmol, 2.0 equiv.) with 18-crown-

6 (19.6 mg, 0.075 mmol, 2.5 equiv.)
Cesium 4-methylbenzenesulfinate (17.1 mg, 0.060 mmol, 2.0 equiv.)

Tetramethylammonium 4-methylbenzenesulfinate (13.6 mg, 0.060 mmol, 2.0 equiv.)

Sulfinate X =Li(27) X =Na (4) X=K(27) X=K(27) + 18-C-6 X =NBu4 (29) X = Cs (28) X = NMe4 (30)
Time (min) Conversion to 5 Conversion to 5 Conversion to 5 Conversion to 5 Conversion to 5 Conversion to 5 Conversion to 5
0 0% 0% 0% 0% 0% 0% 0%
1 0% 0% 0% 0% 0% 0% 0%
2 0% 0% 1% 1% 1% 1% 3%
4 0% 1% 5% 6% 8% 12% 41%
6 0% 2% 11% 12% 15% 25% 70%
8 0% 3% 17% 18% 20% 35% 81%
10 0% 3% 21% 23% 23% 43% 86%
15 0% 4% 30% 34% 29% 56% 87%
20 0% 5% 36% 41% 33% 66% 88%
30 1% 6% 45% 51% 40% 76% 88%
45 1% 7% 55% 61% 45% 81% 88%
60 1% 9% 62% 68% 48% 83% 90%
120 2% 12% 74% 79% 56% 84% 88%
180 3% 15% 80% 82% 59% 84% 89%
240 4% 18% 81% 84% 59% 85% 89%
300 6% 20% 83% 86% 59% 85% 91%

The above procedure was then repeated at 150 °C and monitored for 3 hours with:

Sodium 4-methylbenzenesulfinate (10.6 mg, 0.060 mmol, 2.0 equiv.)
Potassium 4-methylbenzenesulfinate (11.5 mg, 0.060 mmol, 2.0 equiv.)

Sodium 4-methylbenzenesulfinate (10.6 mg, 0.060 mmol, 2.0 equiv.) with K>CO3

(8.2 mg, 0.060 mmol, 2.0 equiv.)
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Sulfinate X=Na (4) X=K(27) X = Na (4) + K2C0O3
Time (min) Conversion to 5 Conversion to 5 Conversion to 5
0 0% 0% 0%
1 0% 0% 0%
2 2% 8% 3%
4 9% 58% 29%
6 14% 80% 44%
8 19% 87% 57%
10 23% 89% 59%
15 31% 91% 68%
20 37% 92% 74%
30 45% 92% 84%
45 57% 92% 88%
60 59% 93% 91%
120 68% 95% 93%
180 67% 95% 94%

7.2.10. Lability of PCys in the Oxidative Addition Complex 9

PCys P(-Pr); P(-P1);
F@Pld—sr + F@ﬁd—sr F@ﬁd—sr

PCys P(i-Pr); 1,4-dioxane/benzene-dg 5:1 PCy;

9 9-i-Pr 9-Cy-i-Pr

[(PCys3)2Pd(4-F-CsHa4)(Br)] (7.0 mg, 0.0083 mmol, 1.0 equiv.) and [(Pi-Prs)2Pd(4-F-CsHa4)(Br)]
(5.0 mg, 0.0083 mmol, 1.0 equiv.) were introduced into a Young’s NMR tube. The NMR tube
was evacuated (< 0.1 mbar) and back-filled with argon twice. 1,4-Dioxane (500 uL) and
benzene-ds (100 pL) were added to the Young’s NMR tube. The NMR tube was sealed,
vigorously shaken, and a first 3®P{*H} NMR spectrum was taken (t = 0 min, 25 °C). The same
Young’s NMR tube was then heated in a heating block filled with sand for 60 minutes at 50 °C,
and a second NMR spectrum was taken (+ 60 min at 50 °C). The following times and

temperatures were then employed: (+ 60 min at 75 °C); (+ 60 min at 100 °C).
7.2.11. Identification of the Resting State Intermediates

Pd(OAc), (15 mol%)
PCy3 (30 mol%)

K2CO3 (20 equiv.)
F@—Br + NaO,S—Ar FOM
1,4-dioxane/benzene-dg 5:1

2 in a Young's NMR tube
(1.0 equiv.) (2.0 equiv.) 150 °C

a) Sodium 4-methylbenzenesulfinate (10.7 mg, 0.060 mmol, 2.0 equiv.) and potassium

carbonate (6.2 mg, 0.045 mmol, 1.5 equiv.) were introduced into a Young’s NMR tube. The
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NMR tube was evacuated (< 0.1 mbar) and back-filled with argon twice. A stock solution
containing 1-bromo-4-fluorobenzene (0.060 M, 0.030 mmol, 1.0 equiv.), palladium acetate
(0.0090 M, 0.0045 mmol, 0.15 equiv.), tricyclohexylphosphine (0.018 M, 0.009 mmol 0.30
equiv.) and 1-fluoronaphtalene (0.030 M, 0.015, 0.5 equiv.) in 1,4-dioxane (500 pL) was added,
followed by 100 pL of benzene-ds. The NMR tube was sealed, vigorously shaken, and heated
at 150 °C for 14 hours. The NMR tube was allowed to cool to room temperature, and a set of

NMR spectra (*°F, 3*P{*H}) was recorded.

The above procedure was by replacing sodium 4-methylbenzenesulfinate with:
b) sodium pyridine-2-sulfinate (9.9 mg, 0.060 mmol, 2.0 equiv.)

c) lithium 6-(tert-butyl)pyridine-2-sulfinate (12.2 mg, 0.059 mmol, 2.0 equiv.)

d) Sodium 5-(trifluoromethyl)pyridine-2-sulfinate (4.7 mg, 0.020 mmol, 1.0 equiv.) and
potassium carbonate (2.1 mg, 0.015 mmol, 1.5 equiv.) were introduced into a Young’s NMR
tube. The NMR tube was evacuated (< 0.1 mbar) and back-filled with argon twice. A stock
solution containing 1-bromo-4-fluorobenzene (0.020 M, 0.010 mmol, 1.0 equiv.), palladium
acetate (0.0030 M, 0.0015 mmol, 0.15 equiv.), tricyclohexylphosphine (0.0060 M, 0.0030
mmol, 0.30 equiv.) and 1,3,5-trifluorobenzene (0.005 M, 0.0025 mmol, 0.25 equiv.) in 1,4-
dioxane (500 pL) was added, followed by 100 pL of benzene-des. The NMR tube was sealed,
vigorously shaken, and heated at 150 °C for 14 hours. The NMR tube was allowed to cool to

room temperature, and a set of NMR spectra (*°F, 3!P{*H}) was recorded.

The above procedure was repeated by replacing sodium 5-(trifluoromethyl)pyridine-2-sulfinate

with:
e) sodium pyridine-4-sulfinate 16 (3.3 mg, 0.020 mmol, 2.0 equiv.)

Reference spectra in 1,4-dioxane/benzene-ds 5:1:
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r0) PCyz
r1) Compound 12

r2) Compound 9

e) / Ar-Ar’\\M WAr-Br 2

135 < /
d) trifluorobenzene AF'AI;l
c) Ar-Ar’ 31—~ '/ // \

’ ‘[ 9 1-Fluoro
b) Ar-Ar’3 > 12 naphtalene
! ¥

Ar-Ar’'5 ——p

il

12 in 1,4-dioxane/benzene-dg5:1

r2)
i
9in 1,4-dioxane/benzene-d;5:1
I’l) .
h
‘ ég ‘ 1r01 ‘ 1r03 ‘ 1r05 ‘ 1r07 ‘ 1r09 ‘ lrll ‘ 1r13 ‘ 1r15 ‘ _1r17 ‘ 1’19 ‘ 1'21 ‘ 1’23 ' 1’25 ' 1’27 ! 1’29 ! 1’31 ! —1"'
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e) - - AL |

) ; |

r2) “/ 12 in 1,4-dioxane/benzene-dg 5:1

r1) 9in 1,4-dioxane/benzene-ds5:1 ’

0) __— OPCy, PCY3 —s |

|

T T T T T T T T T T T T T T T
65 60 55 50 45 40 35 30 25 20 15 10 5 0 -5
1 (ppm)

NaOZSQMe Pd(OAC), (15 mol%) "
PCys (30 mol%) F ; e

4 K,CO3 (1.5 equiv.)

2.0 equiv.
or 1,4-dioxane

2 NaO s@ in a standard pwave tube F 7\
2\ = 150 °C -
(1.0 equiv.) 1 N 3
(2.0 equiv.)

a) Sodium 4-methylbenzenesulfinate (81 mg, 0.46 mmol, 2.0 equiv.), 1,3,5-trimethoxybenzene
(19.1 mg, 0.11 mmol, 0.50 equiv.), K2COz3 (47.2 mg, 0.34 mmol, 1.5 equiv.), palladium acetate
(2.6 mg, 0.012 mmol, 0.05 equiv.) and PCys (6.4 mg, 0.023 mmol, 0.10 equiv.) were added to
a microwave vial equipped with a stirrer bar. The vial was sealed with a microwave vial cap,
evacuated (< 0.1 mbar) and back-filled with argon twice, then 1,4-dioxane (4.6 mL) and 1-
bromo-4-fluorobenzene (25 pL, 0.23 mmol, 1.0 equiv.) were added. The microwave tube was

placed in a preheated heating block at 150 °C, and stirred for 120 minutes. It was then cooled
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to room temperature with a water bath, a 500 pL aliquot was taken and mixed with 100 pL of

benzene-ds in a Young’s NMR tube, and a **F NMR spectrum was recorded

b) The above procedure was repeated by replacing sodium 4-methylbenzenesulfinate with

sodium pyridine-2-sulfinate (75 mg, 0.46 mmol, 2.0 equiv.).

Ar-Br 2
1,3,5-

trifluoro
benzene

b) v Ar-Ar’'3 —» ‘x/12/9

«—— Ar-Ar’S

9

a) . . Wl A/

T T T T T T T T T T T T T T T T T T T T T T T T T T T
103 -104 -105 -106 -107 -108 -109 -110 -111 -112 -112 -114 -115 -116 -117 -118 -119 -120 -121 -122 -123 -124 -125 -126 -127 -128 -129
1 (ppm)

7.2.12. Homogeneous vs Heterogeneous Catalysis

7.2.12.1. Mercury Test

e
Pd(OAc),

K,CO3 2 Hg(0)

PCy3
1,4-dioxane, 1,4-dioxane, 1,4-dioxane, 5
NaOQS@Me 150 °C, 10 min 150 °C, 10 min 150 °C, 45 min

4

Sodium 4-methylbenzenesulfinate (81 mg, 0.45 mmol, 2.0 equiv.), potassium carbonate

(47 mg, 0.34 mmol, 1.5equiv.), palladium acetate (2.6 mg, 0.012 mmol, 0.05 equiv.),
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tricyclohexylphosphine (6.4 mg, 0.023 mmol, 0.10 equiv.) and 1,3,5-trimethoxybenzene
(19 mg, 0.11 mmol, 0.50 equiv.) were added to a microwave vial equipped with a stirrer bar.
The vial was sealed with a microwave vial cap, evacuated (< 0.1 mbar) and back-filled with
argon twice, then 1,4-dioxane (4.3 mL) was added. The vial was then placed in a preheated
heating block at 150 °C and stirred for 20 minutes. A stock solution of 1-bromo-4-
fluorobenzene (0.76 M, 0.23 mmol, 1.0 equiv.) in 1,4-dioxane (300 pL) was then injected and
aliquots were taken every two minutes for 10 minutes (#). Then, mercury(0) (4.6 g, 22.9 mmol,
100 equiv.) was added and the reaction was monitored for another 45 minutes (#). The yield

of product 5 was determined by HPLC using 1,3,5-trimethoxybenzene as the internal standard.

The above procedure was also performed without the addition of mercury as a control

experiment (A).

Addition of Hg(0) after t = 10 min No Addition of Hg(0)
Time (min) Conversionto 5 Time (min) Conversionto 5

12 16%

14 16%

16 16%

18 16%

20 16%

25 16%

30 16%

35 16%

40 16%

45 16%

50 16%

55 16%

7.2.12.2. Filtration Test

Pd(OAc),
F@Br PCys
. K,CO3
+
4

Filtration 4, K,CO;4
1,4-dioxane, 1,4-dioxane,
150 °C, 10 min 150 °C, 160 min 5

NaO,S Me
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Sodium 4-methylbenzenesulfinate (81 mg, 0.45 mmol, 2.0 equiv.), potassium carbonate
(47 mg, 0.34 mmol, 1.5equiv.), palladium acetate (2.6 mg, 0.012 mmol, 0.05 equiv.),
tricyclohexylphosphine (6.4 mg, 0.023 mmol, 0.10 equiv.) and 1,3,5-trimethoxybenzene
(19 mg, 0.11 mmol, 0.50 equiv.) were added to a microwave vial equipped with a stirrer bar.
The vial was sealed with a microwave vial cap, evacuated (< 0.1 mbar) and back-filled with
argon twice, then 1,4-dioxane (4.6 mL) and 1-bromo-4-fluorobenzene (25 pL, 0.23 mmol,
1.0 equiv.) were added. The vial was then placed in a preheated heating block at 150 °C and
stirred for 20 minutes. The vial was rapidly cooled to room temperature using a water bath, and
a first sample was taken (t2 = 20 min). 4-methylbenzenesulfinate (81 mg, 0.45 mmol,
2.0 equiv.) and potassium carbonate (47 mg, 0.34 mmol, 1.5 equiv.) were introduced in a
second microwave vial equipped with a stirrer bar. The vial was sealed with a microwave vial
cap, evacuated (< 0.1 mbar) and back-filled with argon twice. The first reaction mixture was
then filtered under an inert atmosphere of argon through a 0.22 um PTFE syringe filter (Gilson
Scientific Ldt, CAT #ANP2522) and the filtrate was immediately injected into the second
microwave vial after which a second HPLC sample was then taken (t2 = 40 min). The vial was
then placed in a preheated heating block at 150 °C, and aliquots were taken at t3 = 60 min, t; =
90 min, and ts = 160 min. The yield of product 5 was determined by HPLC using 1,3,5-

trimethoxybenzene as the internal standard.

Time (min)  Amount of 5 (mmol)
0 0.000
20 0.047
40 0.052
60 0.093
90 0.135
160 0.201
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7.2.13. Initial Rate Studies

7.2.13.1. Influence of the Addition Order of the Reagents on the Initial Rate

Pd(OAc),

K,COs PCys 5

<
2t *

F

. v ts0eciomn 10 zmn  we ) e

Sodium 4-methylbenzenesulfinate (81 mg, 0.46 mmol, 2.0 equiv.), 1,3,5-trimethoxybenzene
(19 mg, 0.11 mmol, 0.50 equiv.), K2COz (47 mg, 0.34 mmol, 1.5 equiv.) were added to a
microwave vial equipped with a stirrer bar. The vial was sealed with a microwave vial cap,
evacuated (< 0.1 mbar) and back-filled with argon twice, then 1,4-dioxane (4.2 mL) and 1-
bromo-4-fluorobenzene (25 pL, 0.23 mmol, 1.0 equiv.) were added. A first aliquot was taken
and the vial was placed in a preheated heating block at 150 °C and stirred for 10 minutes. A
second aliquot was taken, then 400 pL of a solution of palladium acetate (0.029 mM, 0.011
mmol, 0.05 equiv.) and PCyz (0.057 mM, 0.023 mmol, 0.10 equiv.) was injected. Aliquots were
taken every two minutes for 12 minutes and the amounts of product 5 and 4,4’-

dimethylbiphenyl 5b were measured by HPLC against 1,3,5-trimethoxybenzene as the internal

standard.
Time (min) Amount of 5 (10'2 mmol) Amount of 5b (10'2 mmol)
0 0.00 0.00
10 0.00 0.00
12 0.15 0.46
14 0.43 0.67
16 0.81 0.77
18 1.23 0.79
20 1.67 0.82
22 2.12 0.85

180



e )
Pd(OAc),

PCyS K2003 2 5
+ > > +
1,4-dioxane, 1,4-dioxane,
Nao2S@Me 150 °C, 10 min 150 °C, 12 min MeMe
A 5b

Sodium 4-methylbenzenesulfinate (81 mg, 0.46 mmol, 2.0 equiv.), 1,3,5-trimethoxybenzene
(19 mg, 0.11 mmol, 0.50 equiv.), K2COs (47.2 mg, 0.34 mmol, 1.5 equiv.), palladium acetate
(2.6 mg, 0.012 mmol, 0.05 equiv.) and PCys (6.4 mg, 0.023 mmol, 0.10 equiv.) were added to
a microwave vial equipped with a stirrer bar. The vial was sealed with a microwave vial cap,
evacuated (< 0.1 mbar) and back-filled with argon twice, then 1,4-dioxane (4.6 mL) was added
and a first aliquot was taken. The vial was then placed in a preheated heating block at 150 °C
and stirred for 10 minutes, aliquots were taken every two minute during this period. Then, 1-
bromo-4-fluorobenzene (25 pL, 0.23 mmol, 1.0 equiv.) was injected and aliquots were taken
every two minutes for 12 more minutes. The amounts of product 5 and 4,4’-dimethylbiphenyl

5b were measured by HPLC against 1,3,5-trimethoxybenzene as the internal standard.

Time (min) Amount of 5 (10 mmol) Amount of 5b (10 mmol)
0 0.00 0.00
2 0.00 0.71
4 0.00 0.79
6 0.00 0.81
8 0.00 0.84
10 0.00 0.85
12 0.49 0.87
14 0.88 0.89
16 1.22 0.88
18 1.58 0.89
20 1.90 0.92
22 2.21 0.92
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7.2.13.2. Determination of the Reaction Order in [Pd(OAc): + 2 PCys] With Sodium 4-

methylbenzenesulfinate 4

Pd(OAC), (5.0 - 18 mol%)

PCy3 (10 - 35 mol%)
)+ maos— Howe Coossewn) e (Th /N
2 4 1,4-dioxane, 150 °C 5
(1.0 equiv.) (2.0 equiv.)

Sodium 4-methylbenzenesulfinate (81 mg, 0.46 mmol, 2.0 equiv.), 1,3,5-trimethoxybenzene
(19 mg, 0.11 mmol, 0.50 equiv.), KoCOs (47 mg, 0.34 mmol, 1.5 equiv.), palladium acetate (X
mmol) and PCys (2*X mmol) were added to a microwave vial equipped with a stirrer bar. The
vial was sealed with a microwave vial cap, evacuated (< 0.1 mbar) and back-filled with argon
twice, then 1,4-dioxane (4.6 mL) was added. The vial was then placed in a preheated heating
block at 150 °C and stirred for 10 minutes. 1-Bromo-4-fluorobenzene (25 pL, 0.23 mmol, 1.0
equiv.) was injected at t = 0 min. Aliquots were taken every two minutes for 10 minutes. The
yield of product 5 was determined by HPLC using 1,3,5-trimethoxybenzene as the internal

standard.

Initial rates were obtained from the first four points of the plot of product formation against

time with Microsoft® Excel as described in the following figure.

16.0
y=1.4867x
R%=0.9994
y = 1.4559x
R%=0.9995
120
y=1.3161x
R? =0.9995 [Pd] = [8.8 mM]
3 s (Pd] = [7.6 mM]
= RZ=0.9996
£ 80  y=103x [Pd] = [6.3 mM]
= I” i
B | : - 50w
R?=0.9971 . [Pd] = [3.8 mM]
40 ® [Pd]= [2.5mM]
0.0
0 2 4 6 8 10 12

Time (min)

Representative plot for six concentrations of [Pd(OAc)2 + 2 PCys].
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The 1 : 2 ratio palladium/ligand ratio was kept constant, and each concentration was repeated

three times (runs 1, 2 and 3).

Run1 Run 2 Run 3
Reaction time (min)  Product (mM) Product (mM) Product (mM)
0 0.0 0.0 0.0
m(Pd(OAc),) (mg) 2 1.5 1.5 1.6
2.6 4 2.8 2.9 3.2 Average Initial Rate =~ 0.72
m(PCys) (mg) 6 4.1 4.1 4.7 Standard Deviation = 0.05
6.4 8 5.3 5.3 5.4 Relative Error 7%
Concentration [Pd(OAc),] (M) 10 6.3 6.5 6.1
0.0025
Initial Rate (mM/min) 0.70 0.70 0.78
Run1 Run 2 Run 3
Reaction time (min)  Product (mM) Product (mM) Product (mM)
0 0.0 0.0 0.0
m(Pd(OAc)2) (mg) 2 2.1 1.9 2.1
3.9 4 4.3 4.0 4.3 Average Initial Rate = 1.02
m(PCys) (mg) 6 6.1 5.7 6.3 Standard Deviation = 0.04
9.6 8 7.8 7.4 8.1 Relative Error 4%
Concentration [Pd(OAc),] (M) 10 9.2 8.9 9.7
0.0038
Initial Rate (mM/min) 1.02 0.98 1.07
Run1 Run 2 Run 3
Reaction time (min) ~ Product (mM) Product (mM) Product (mM)
0 0.0 0.0 0.0
m(Pd(OAc)2) (mg) 2 2.3 2.1 2.1
5.2 4 4.6 4.3 4.4 Average Initial Rate = 1.10
m(PCy3) (mg) 6 7.1 6.2 6.4 Standard Deviation = 0.07
12.8 8 8.9 8.0 8.1 Relative Error 6%
Concentration [Pd(OAc),] (M) 10 10.9 9.6 9.4
0.0050
Initial Rate (mM/min) 1.17 1.04 1.09
Run1 Run 2 Run 3
Reaction time (min)  Product (mM) Product (mM) Product (mM)
0 0.0 0.0 0.0
m(Pd(OAc)2) (mg) 2 2.7 2.7 2.3
6.5 4 5.3 5.8 4.7 Average Initial Rate = 1.31
m(PCy3) (mg) 6 7.8 8.7 7.1 Standard Deviation | 0.13
16 8 9.6 11.5 9.3 Relative Error 10%
Concentration [Pd(OAc),] (M) 10 11.2 13.8 11.6
0.0063
Initial Rate (mM/min) 1.33 1.43 1.17
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Run1l Run 2 Run3
Reaction time (min)  Product (mM) Product (mM) Product (mM)
0 0.0 0.0 0.0
m(Pd(0ACc)2) (mg) 2 2.8 2.4 2.4
7.8 4 5.8 4.8 4.9 Average Initial Rate 1.29
m(PCys) (mg) 6 8.8 7.1 7.2 Standard Deviation = 0.14
19.2 8 11.4 8.8 8.2 Relative Error 11%
Concentration [Pd(OAc),] (M) 10 13.9 10.5 9.2
0.0076
Initial Rate (mM/min) 1.46 1.20 1.22
Run1 Run 2 Run 3
Reaction time (min)  Product (mM) Product (mM) Product (mM)
0 0.0 0.0 0.0
m(Pd(0ACc)2) (mg) 2 2.9 3.1 2.4
9.1 4 5.9 5.8 4.7 Average Initial Rate ~ 1.38
m(PCys) (mg) 6 9.0 8.7 7.2 Standard Deviation = 0.16
22.4 8 11.9 11.4 9.7 Relative Error 11%
Concentration [Pd(OAc),] (M) 10 14.4 14.1 12.1
0.0088
Initial Rate (mM/min) 1.48 1.46 1.20

[Pd(0AC),]*® (mM)*® Average Initial Rate (mM/min)
0.0 0.00
1.6 0.72
1.9 1.02
2.2 1.10
2.5 1.31
2.7 1.29
3.0 1.38

The following plot shows all data points (#), average values (®) and error bars.

Initial Rate { mM.min)
[

Sulfinate

in [Pd]

. y=0.48x+0.01

R?=0.98

2

[PA(OAC),]%5 (mM)°=
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7.2.13.3. Determination of the Reaction Order in [Pd(OAc)z2 + 2 PCys3] With Sodium

Pyridine-2-sulfinate 1

Pd(OAc), (5.0 - 18 mol%)

PCys (10 - 35 mol%)
N= N=
2 1 1,4-dioxane, 150 °C 3
(1.0 equiv.) (2.0 equiv.)

Sodium pyridine-2-sulfinate (75 mg, 0.46 mmol, 2.0 equiv.), 1,3,5-trimethoxybenzene (19 mg,
0.11 mmol, 0.50 equiv.), K2COz (47.2 mg, 0.34 mmol, 1.5 equiv.), palladium acetate (X mmol)
and PCys (2*X mmol) were added to a microwave vial equipped with a stirrer bar. The vial was
sealed with a microwave vial cap, evacuated (< 0.1 mbar) and back-filled with argon twice,
then 1,4-dioxane (4.6 mL) was added. The vial was then placed in a preheated heating block at
150 °C and stirred for 10 minutes. 1-Bromo-4-fluorobenzene (25 pL, 0.23 mmol, 1.0 equiv.)
was injected at t = 0 min. Aliquots were taken every two minutes for 10 minutes. The yield of

product 3 was determined by HPLC using 1,3,5-trimethoxybenzene as the internal standard.

Initial rates were obtained from the first four points of the plot of product formation against

time with Microsoft® Excel as described in the following figure.

4.0

y=0.3472x

R2 = 0.9997

3.0 | y=0.2722x

R? = 0.9992

y=0.2247x
= R? = 0.9994 [Pd] = [7.6 mM]
% 20 F y=0.1607x [Pd] = [6.3 mM]
_ R?=0.9919 [Pd] = [5.0 mM]
E [Pd] = [3.8 mM]
y =0.0931x S

R?=0.9993
10

0.0

0 2 4 6 8 10 12
Time (min)

Representative plot for five concentrations of [Pd(OAc). + 2 PCyz |.
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The 1 : 2 ratio palladium/ligand ratio was kept constant, and each concentration was repeated

three times (runs 1, 2 and 3).

Run 1 Run 2 Run 3
Reaction time (min)  Product (mM)  Product (mM) Product (mM)
0 0.00 0.00 0.00
m(Pd(OAc),) (mg) 2 0.19 0.21 0.19
2.6 4 0.36 0.39 0.39 Average Initial Rate 0.10
m(PCys) (mg) 6 0.56 0.60 0.60 Standard Deviation 0.003
6.4 8 0.75 0.82 0.80 Relative Error 3%
Concentration [Pd(OAc),] (M) 10 0.96 1.04 1.01
0.0025
Initial Rate (mM/min) 0.09 0.10 0.10
Run1 Run 2 Run 3
Reaction time (min)  Product (mM) Product (mM) Product (mM)
0 0.00 0.00 0.00
m(Pd(OAc),) (mg) 2 0.36 0.31 0.35
3.9 4 0.67 0.60 0.68 Average Initial Rate 0.16
m(PCys) (mg) 6 1.05 0.89 0.93 Standard Deviation 0.013
9.6 8 1.41 1.01 1.16 Relative Error 8%
Concentration [Pd(OAc),] (M) 10 1.79 1.52 1.41
0.0038
Initial Rate (mM/min) 0.17 0.15 0.16
Run 1 Run 2 Run 3
Reaction time (min)  Product (mM)  Product (mM) Product (mM)
0 0.00 0.00 0.00
m(Pd(OAc),) (mg) 2 0.50 0.25 0.43
5.2 4 0.84 0.55 0.89 Average Initial Rate 0.22
m(PCys) (mg) 6 1.13 0.78 1.36 Standard Deviation 0.021
12.8 8 1.44 1.05 1.96 Relative Error 9%
Concentration [Pd(OAc),] (M) 10 1.76 1.33 2.32
0.0050
Initial Rate (mM/min) 0.20 0.24 0.22
Run 1 Run 2 Run 3
Reaction time (min)  Product (mM)  Product (mM) Product (mM)
0 0.00 0.00 0.00
m(Pd(OAc),) (mg) 2 0.52 0.51 0.48
6.5 4 1.08 1.13 1.05 Average Initial Rate 0.27
m(PCys) (mg) 6 1.65 1.68 1.63 Standard Deviation 0.007
16 8 2.23 2.21 2.19 Relative Error 2%
Concentration [Pd(OAc),] (M) 10 2.80 2.68 2.82
0.0063
Initial Rate (mM/min) 0.27 0.28 0.27
Run1 Run 2 Run3
Reaction time (min)  Product (mM) Product (mM) Product (mM)
0 0.00 0.00 0.00
m(Pd(OAc),) (mg) 2 0.45 0.68 0.60
7.8 4 1.03 141 1.21 Average Initial Rate 0.31
m(PCys) (mg) 6 1.66 2.07 1.95 Standard Deviation 0.041
19.2 8 2.25 2.79 2.33 Relative Error 13%
Concentration [Pd(OAc),] (M) 10 2.80 3.48 2.73
0.0076
Initial Rate (mM/min) 0.27 0.35 0.32
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Concentration [Pd(OAc),] (mM)

Average Initial Rate (mM/min)

0.0
2.5
3.8
5.0
6.3
7.6

0.00
0.10
0.16
0.22
0.27
0.31

The following plot shows all data points (#), average values (#) and error bars.
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7.2.13.4. Determination of the Reaction Order

Sulfinate

First Order in [Pd] }
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R2 = 0.996
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i

methylbenzene Sulfinate 4

F@—Br ¥ NaOZS@Me

2 4
(0.5 - 3.0 equiv.)

(2.0 equiv.)

4

[Pd(OAc),] (mM)

in Ar-Br 2 With Sodium 4-

Pd(OAc), (5.0 mol%)

PCys3 (10 mol%)
K,CO3 (1.5 equiv.)

)

5

1,4-dioxane, 150 °C

Sodium 4-methylbenzenesulfinate (81 mg, 0.46 mmol, 2.0 equiv.), 1,3,5-trimethoxybenzene

(19 mg, 0.11 mmol, 0.50 equiv.), KoCOs (47 mg, 0.34 mmol, 1.5 equiv.), palladium acetate

(2.6 mg, 0.012 mmol, 0.05 equiv.) and PCys (6.4 mg, 0.023 mmol, 0.10 equiv.) were added to

a microwave vial equipped with a stirrer bar. The vial was sealed with a microwave vial cap,

evacuated (< 0.1 mbar) and back-filled with argon twice, then 1,4-dioxane (4.6 mL) was added.

The vial was then placed in a preheated heating block at 150 °C and stirred for 10 minutes. 1-
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Bromo-4-fluorobenzene (X mmol) was injected at t = 0 min. Aliquots were taken every two
minutes for 10 minutes. The yield of product 5 was determined by HPLC using 1,3,5-

trimethoxybenzene as the internal standard.

Initial rates were obtained from the first four points of the plot of product formation against

time with Microsoft® Excel as described in the following figure.

10.0
y=0.8212x
g0 | R2=09799
y =0.8139x L
R? = 0.9982 [Ar-Br] = 0.025 M
S 60 | y=0.8013x 3 [Ar-Br] = 0.049 M
2 =
E R*=0.9566 [Ar-Br] = 0.074 M
w40 y =0.8139x [Ar-Br] =0.098 M
— R? = 0.9994
[Ar-Br] =0.12 M
y=0.9373x
2.0 R? = 0.9984 ® [ArBr]=0.15M
y=0.8242x
R?=0.9972
0.0
0 2 4 6 8 10 12
Time (min)

Representative plot for six concentrations of 1-bromo-4-fluorobenzene.

Each concentration was repeated three times (runs 1, 2 and 3).

Run1 Run 2 Run3
Reaction time (min) Product (mM) Product (mM) Product (mM)
0 0.0 0.0 0.0
V(Ar-Br) (uL) 2 1.7 1.3 2.0
13 4 3.7 2.6 3.5 Average Initial Rate 0.78
6 4.6 3.9 4.9 Standard Deviation 0.11
Concentration [Ar-Br] (M) 8 5.9 4.5 5.8 Relative Error 14%
0.026 10 6.9 5.2 6.9
Initial Rate (mM/min) 0.83 0.65 0.85
Run 1 Run 2 Run 3
Reaction time (min) Product (mM) Product (mM) Product (mM)
0 0.0 0.0 0.0
V(Ar-Br) (uL) 2 1.7 1.5 1.8
25 4 3.4 3.0 3.4 Average Initial Rate 0.78
6 4.8 4.4 4.7 Standard Deviation 0.04
Concentration [Ar-Br] (M) 8 6.1 5.5 5.8 Relative Error 5%
0.049 10 7.4 7.0 6.6
Initial Rate (mM/min) 0.80 0.74 0.80
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Reaction time (min)

Run1

Product (mM)

Run 2
Product (mM)

Run 3
Product (mM)

0 0.0 0.0 0.0
V(Ar-Br) (uL) 2 2.0 1.4 1.2
38 4 3.7 3.2 2.6 Average Initial Rate 0.79
6 5.3 4.9 4.0 Standard Deviation 0.13
Concentration [Ar-Br] (M) 8 6.9 6.4 5.2 Relative Error 17%
0.075 10 8.1 7.7 6.1
Initial Rate (mM/min) 0.91 0.80 0.65
Run1 Run 2 Run3
Reaction time (min) Product (mM) Product (mM) Product (mM)
0 0.0 0.0 0.0
V(Ar-Br) (uL) 2 2.0 1.7 1.9
50 4 3.0 3.3 3.2 Average Initial Rate 0.77
6 4.0 4.8 4.5 Standard Deviation 0.05
Concentration [Ar-Br] (M) 8 4.9 6.3 5.6 Relative Error 6%
0.099 10 5.8 7.8 6.7
Initial Rate (mM/min) 0.72 0.80 0.78
Run 1 Run 2 Run 3
Reaction time (min) Product (mM) Product (mM) Product (mM)
0 0.0 0.0 0.0
V(Ar-Br) (uL) 2 2.0 2.0 1.2
63 4 3.8 3.8 2.7 Average Initial Rate 0.86
6 5.5 5.7 4.1 Standard Deviation 0.16
Concentration [Ar-Br] (M) 8 7.0 7.0 5.5 Relative Error 18%
0.12 10 8.3 8.3 6.7
Initial Rate (mM/min) 0.93 0.96 0.67
Run1 Run 2 Run3
Reaction time (min) Product (mM) Product (mM) Product (mM)
0 0.0 0.0 0.0
V(Ar-Br) (uL) 2 1.8 1.3 1.2
75 4 3.4 2.7 2.7 Average Initial Rate 0.72
6 4.8 4.1 3.8 Standard Deviation 0.09
Concentration [Ar-Br] (M) 8 6.3 5.5 4.3 Relative Error 13%
0.15 10 7.4 6.8 4.9
Initial Rate (mM/min) 0.83 0.67 0.65

[Ar-Br] (107 M)

Average Initial Rate (mM/min)

1.2
1.5

0.00
0.26
0.49
0.75
0.99

0.00
0.78
0.78
0.79
0.77
0.86
0.72

The following plot shows all data points (#), average values (¢) and error bars.
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7.2.13.5. Determination of the Reaction Order in Ar-Br 2 With Sodium Pyridine-2-

sulfinate 1

Pd(OAc), (5.0 mol%)
PCy3 (10 mol%)
K2C03 (1 5 eqUiV.)

FOBr + NaOZS@ F 7\
N= 1,4-dioxane, 150 °C N=

2 1 3

0.5 - 3.0 equiv. 2.0 equiv.

Sodium pyridine-2-sulfinate (75 mg, 0.46 mmol, 2.0 equiv.), 1,3,5-trimethoxybenzene (19 mg,
0.11 mmol, 0.50 equiv.), KoCO3 (47 mg, 0.34 mmol, 1.5 equiv.), palladium acetate (2.6 mg,
0.012 mmol, 0.05equiv.) and PCys (6.4 mg, 0.023 mmol, 0.10 equiv.) were added to a
microwave vial equipped with a stirrer bar. The vial was sealed with a microwave vial cap,
evacuated (< 0.1 mbar) and back-filled with argon twice, then 1,4-dioxane (4.6 mL) was added.
The vial was then placed in a preheated heating block at 150 °C and stirred for 10 minutes. 1-
Bromo-4-fluorobenzene (X mmol) was injected at t = 0 min. Aliquots were taken every two
minutes for 10 minutes. The yield of product 3 was determined by HPLC using 1,3,5-

trimethoxybenzene as the internal standard.

Initial rates were obtained from the first four points of the plot of product formation against

time with Microsoft® Excel as described in the following figure.
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2.0

y =0.1587x
R?=0.9935 _
15 | y=01437x ~
R? = 0.9967 [Ar-Br] =0.049 M
s y=01422x " [Ar-Br] =0.074 M
E 10 RrR=009953
— v [Ar-Br] =0.098 M
m, y =0.1368x
R*=0.9921 [Ar-Br]=0.12 M
03 r y =0.1286x
R2=0.994 [Ar-Br]=0.15M
0.0 s .
0 5 10 15
Time (min)

Representative plot for five concentrations of 1-bromo-4-fluorobenzene.

Each concentration was repeated two times (runs 1 and 2).

Run1 Run 2
Reaction time (min)  Product (mM)  Product (mM)
0 0.00 0.00
V(Ar-Br) (uL) 2 0.26 0.29
25 4 0.56 0.61 Average Initial Rate 0.15
6 0.88 0.95 Standard Deviation 0.005
Concentration [Ar-Br] (M) 8 1.2 1.3 Relative Error 3%
0.049 10 1.6 1.6
Initial Rate (mM/min) 0.15 0.15
Run 1 Run 2
Reaction time (min)  Product (mM)  Product (mM)
0 0.00 0.00
V(Ar-Br) (uL) 2 0.25 0.29
38 4 0.51 0.57 Average Initial Rate 0.15
6 0.85 0.93 Standard Deviation 0.009
Concentration [Ar-Br] (M) 8 1.2 1.3 Relative Error 6%
0.075 10 1.5 1.6
Initial Rate (mM/min) 0.15 0.16
Run1 Run 2
Reaction time (min)  Product (mM)  Product (mM)
0 0.00 0.00
V(Ar-Br) (uL) 2 0.22 0.26
50 4 0.51 0.55 Average Initial Rate 0.14
6 0.79 0.87 Standard Deviation 0.009
Concentration [Ar-Br] (M) 8 1.1 1.2 Relative Error 7%
0.099 10 1.4 1.5
Initial Rate (mM/min) 0.13 0.15
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Run1 Run 2
Reaction time (min)  Product (mM)  Product (mM)

0 0.00 0.00
V(Ar-Br) (L) 2 0.25 0.27
63 4 0.55 0.57 Average Initial Rate 0.16
6 0.88 0.93 Standard Deviation 0.005
Concentration [Ar-Br] (M) 8 1.2 1.3 Relative Error 3%
0.12 10 1.6 1.6
Initial Rate (mM/min) 0.15 0.16
Run1 Run 2
Reaction time (min)  Product (mM)  Product (mM)
0 0.00 0.00
V(Ar-Br) (uL) 2 0.27 0.26
75 4 0.62 0.61 Average Initial Rate 0.17
6 1.0 1.1 Standard Deviation 0.002
Concentration [Ar-Br] (M) 8 1.4 1.4 Relative Error 1%
0.15 10 1.7 1.8
Initial Rate (mM/min) 0.17 0.17
-1 ", .
[Ar-Br] (10~ M) Average Initial Rate (mM/min)
0.00 0.00
0.49 0.15
0.75 0.15
0.99 0.14
1.2 0.16
1.5 0.17

The following plot shows all data points (#), average values (@) and error bars.
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7.2.13.6. Determination of the Reaction Order in [Pd(OAc): + 2 PCys] With Sodium 4-

methylbenzenesulfinate 4 and Pd/PCys ratio < 0.10

Pd(OAc), (5.0 - 10 mol%)

PCy; (1.0 equiv.)
F@—Br + NaOzs@Me K,CO3 (1.5 equiv.) F

2 4 1,4-dioxane, 150 °C 5
1.0 equiv. 2.0 equiv.

Sodium 4-methylbenzenesulfinate (81 mg, 0.46 mmol, 2.0 equiv.), 1,3,5-trimethoxybenzene
(19 mg, 0.11 mmol, 0.50 equiv.), KoCOs (47 mg, 0.34 mmol, 1.5 equiv.), palladium acetate (X
mmol) and PCys (64 mg, 0.23 mmol, 1.0 equiv.) were added to a microwave vial equipped with
a stirrer bar. The vial was sealed with a microwave vial cap, evacuated (< 0.1 mbar) and back-
filled with argon twice, then 1,4-dioxane (4.6 mL) was added. The vial was then placed in a
preheated heating block at 150 °C and stirred for 15 minutes. 1-Bromo-4-fluorobenzene
(25 pL, 0.23 mmol, 1.0 equiv.) was injected at t = 0 min. Aliquots were taken every two minutes
for 20 minutes. The yield of product 5 was determined by HPLC using 1,3,5-trimethoxybenzene

as the internal standard.

Initial rates were obtained from the first four points of the plot of product formation against

time with Microsoft® Excel as described in the following figure.

1.2

y=0.1034x
R? = 0.9948
y = 0.0924x
s | R? = 0.9985 [Pd] = 0.0050 M
y = 0.0737x
N b .o0ny [Pd] = 0.0045 M
[Pd] = 0.0038 M
0a | [Pd] = 0.0032 M
y = 0.0661x [Pd] = 0.0025 M
R?=0.999
y = 0.0500x
R? = 0.8654
0.0 *
0 5 10 15
Time (min)

Representative plot for five concentrations of Pd(OAC)..
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The palladium/ligand ratio was kept < 0.1, and each concentration was repeated two times (runs

1and 2).
Run1 Run 2
Reaction time (min)  Product (mM) Product (mM)
0 0.00 0.00
m(Pd(OAc),) (mg) 2 0.17 0.25
2.6 4 0.18 0.22 Average Initial Rate 0.053
m(PCy3) (mg) 6 0.29 0.32 Standard Deviation 0.005
63.8 8 0.36 0.43 Relative Error 9%
Concentration [Pd(OAc),] (M) 10 0.48 0.56
0.0025
Initial Rate (mM/min) 0.050 0.057
Run1 Run 2
Reaction time (min)  Product (mM) Product (mM)
0 0.00 0.00
m(Pd(OAc),) (mg) 2 0.13 0.13
3.3 4 0.26 0.26 Average Initial Rate 0.065
m(PCys) (mg) 6 0.40 0.39 Standard Deviation 0.000
63.8 8 0.59 0.51 Relative Error 0%
Concentration [Pd(OAc),] (M) 10 0.69 0.66
0.0032
Initial Rate (mM/min) 0.065 0.065
Run1 Run 2
Reaction time (min)  Product (mM) Product (mM)
0 0.00 0.00
m(Pd(OAc),) (mg) 2 0.15 0.15
3.9 4 0.29 0.29 Average Initial Rate 0.076
m(PCys) (mg) 6 0.44 0.49 Standard Deviation 0.003
63.8 8 0.59 0.65 Relative Error 4%
Concentration [Pd(OAc),] (M) 10 0.81 0.82
0.0038
Initial Rate (mM/min) 0.074 0.078
Run 1 Run 2
Reaction time (min)  Product (mM) Product (mM)
0 0.00 0.00
m(Pd(OAc),) (mg) 2 0.17 0.19
4.6 4 0.38 0.39 Average Initial Rate 0.093
m(PCys) (mg) 6 0.55 0.54 Standard Deviation 0.000
63.8 8 0.77 0.73 Relative Error 0%
Concentration [Pd(OAc),] (M) 10 0.97 0.97
0.0045
Initial Rate (mM/min) 0.093 0.093
Run1 Run 2
Reaction time (min)  Product (mM) Product (mM)
0 0.00 0.00
m(Pd(OAc),) (mg) 2 0.18 0.18
5.2 4 0.41 0.37 Average Initial Rate 0.101
m(PCys) (mg) 6 0.63 0.60 Standard Deviation 0.005
63.8 8 0.86 0.84 Relative Error 5%
Concentration [Pd(OAc),] (M) 10 1.14 1.04
0.0050
Initial Rate (mM/min) 0.104 0.098
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[Pd(OAC),] (mM) Average Initial Rate (10‘2 mM/min)
0.0 0.0
2.5 5.3
3.2 6.5
3.8 7.6
4.5 9.3
5.0 10.1

The following plot shows all data points (#), average values (m) and error bars.

= 1 Sulfinate
E Excess PCy,
- in[Pd] .40
2 9 L [ ] a
E l'
5 .
- 6 e
3 ,'@
c 35 | .~y =2.031x + 0.062
E R?=0.998
=
£ o ,
0 3 6

[Pd(OACc),] (mM)

7.2.13.7. Determination of the Reaction Order in Ar-Br 2 With Sodium 4-

methylbenzenesulfinate 4 and Pd/PCys ratio < 0.10

Pd(OAc), (7.6 mol%)

PCys; (1.0 equiv.) O Q
F{ >—Br . NaOQS@Me K,000 (1.5 s6uiv) F Me
2 4 ) 5
1,4-dioxane, 150 °C

1.0-3.0 equiv. 2.0 equiv.

Sodium 4-methylbenzenesulfinate (81 mg, 0.46 mmol, 2.0 equiv.), 1,3,5-trimethoxybenzene
(19 mg, 0.11 mmol, 0.50 equiv.), KoCOs (47 mg, 0.34 mmol, 1.5 equiv.), palladium acetate
(3.9 mg, 0.017 mmol, 0.076 equiv.) and PCyz (64 mg, 0.23 mmol, 1.0 equiv.) were added to a
microwave vial equipped with a stirrer bar. The vial was sealed with a microwave vial cap,
evacuated (< 0.1 mbar) and back-filled with argon twice, then 1,4-dioxane (4.6 mL) was added.
The vial was then placed in a preheated heating block at 150 °C and stirred for 15 minutes. 1-

Bromo-4-fluorobenzene (X mmol) was injected at t = 0 min. Aliquots were taken every two
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minutes for 10 minutes. The yield of product 5 was determined by HPLC using 1,3,5-

trimethoxybenzene as the internal standard.

Initial rates were obtained from the first four points of the plot of product formation against

time with Microsoft® Excel as described in the following figure.

1.00
y=0.0816x
R? =0.9993
0.75
—_ y=0.0764x [Ar-Br] = 0.049 M
= R?=0.9985
S [Ar-Br] =0.074 M
= 050
. Ar-Br] = 0.098 M
o, y=0.0744x L I
R*=0.9993 [Ar-Br]=0.12 M
0.25
y =0.0674x [Ar-Br] =0.15 M
R? = 0.8628
0.00 H—i
0 5 10 15
Time (min)

Plot for five concentrations of Ar-Br.

Run1
Reaction time (min) Product (mM)
0 0.00
V(Ar-Br) (L) 2 0.00
25 4 0.28
6 0.44
Concentration [Ar-Br] (M) 8 0.57
0.049 10 0.76
Initial Rate (mM/min) 0.078
Run1
Reaction time (min) Product (mM)
0 0.00
V(Ar-Br) (uL) 2 0.00
38 4 0.30
6 0.48
Concentration [Ar-Br] (M) 8 0.69
0.075 10 0.83
Initial Rate (mM/min) 0.078
Run 1
Reaction time (min) Product (mM)
0 0.00
V(Ar-Br) (uL) 2 0.14
50 4 0.30
6 0.46
Concentration [Ar-Br] (M) 8 0.66
0.099 10 0.84
Initial Rate (mM/min) 0.076
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Run1

Reaction time (min) Product (mM)
0 0.00
V(Ar-Br) (L) 2 0.14
63 4 0.30
6 0.45
Concentration [Ar-Br] (M) 8 0.64
0.12 10 0.84
Initial Rate (mM/min) 0.074
Run1l
Reaction time (min) Product (mM)
0 0.00
V(Ar-Br) (uL) 2 0.16
75 4 0.32
6 0.49
Concentration [Ar-Br] (M) 8 0.67
0.15 10 0.89
Initial Rate (mM/min) 0.083

[Ar-Br] (10'1 M) Average Initial Rate (10'2 mM/min)
0.0 0.0
0.5 7.8
0.8 7.8
1.0 7.6
1.2 7.4
1.5 8.3
The following plot shows all data points ().
= Sulfinate
E 12 FExcess PCy,
s in Ar-Br
£
rﬁo ........................
—
Z 6 |
g
[1+]
o
= y=0.17x+7.61
= R2=0.04
£
0 1
0 1 2

[Ar-Br] 2 (10T mM)
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7.2.14. Role of the Carbonate Base

7.2.14.1. Preparation of the solutions of SOz in 1,4-dioxane

H,SO,

150 °C
—_—
16 hours

150 °C
—_—T
16 hours

microwave microwave
vials vials

Sodium sulfite (441 mg, 3.50 mmol) was introduced in a round bottomed flask equipped with
a stirrer bar. The flask was sealed with a septum, evacuated (< 0.1 mbar) and back-filled with
argon twice, then H>O (1.5 mL) was added. A canula was used to connect this first flask to a
second sealed round bottomed flask containing 70 mL of 1,4-dioxane under argon. Sulfuric acid
was added dropwise to the first flask, and the SO gas generated was bubbled through the 1,4-
dioxane via the canula. When no more gas bubbles were observed, the canula was removed,

and the flask containing SO, and 1,4-dioxane was stirred for 30 minutes.

Preparation of Solvent A

A microwave vial equipped with a stirrer bar was sealed with a microwave vial cap, evacuated
(< 0.1 mbar) and back-filled with argon twice. 6 mL of the ca. 0.05M solution of SO in 1,4-
dioxane (0.3 mmol, 1.0 equiv.) was added to the microwave vial. The solution was stirred at

150 °C for 16 hours in the sealed microwave vial.

Preparation of Solvent B

K2CO3 (62 mg, 0.45 mmol, 1.5 equiv.) was added to a microwave vial equipped with a stirrer
bar. The vial was sealed with a microwave vial cap, evacuated (< 0.1 mbar) and back-filled

with argon twice. 6 mL of the ca. 0.05M solution of SO in 1,4-dioxane (0.3 mmol, 1.0 equiv.)
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was added to the microwave vial. The solution was stirred at 150 °C for 16 hours in the sealed

microwave vial.

7.2.14.2. Cross-Coupling Reactions Using Solvents A and B

E Solvent
Me r})CyI& Mei A or B
o el e SN
NaO,S g PCvs 1 3%  81%
Br 4 (5.0 mol%) E 5
/@ + or K,COs (1.5 equiv.) 5 -
F N P :
solvent .
2 | 150 °C, 16 h N p 3% 45%
NaOQS N ’ 3 ' )
F i HPLC yields

Sodium 4-methylbenzenesulfinate (81 mg, 0.46 mmol, 2.0 equiv.) or sodium pyridine-2-
sulfinate (75.2 mg, 0.46 mmol, 2.0 equiv.), 1,3,5-trimethoxybenzene (19 mg, 0.11 mmol, 0.50
equiv.), KoCOs (47 mg, 0.34 mmol, 1.5 equiv.) and [(PCys)2Pd(4-F-CeHa4)(Br)] (9.6 mg, 0.011
mmol, 0.05 equiv.) were added to a microwave vial equipped with a stirrer bar. The vial was
sealed with a microwave vial cap, evacuated (< 0.1 mbar) and back-filled with argon twice,

then the solvent was added:

Solvent A: 4.6 mL (0.23 mmol of SO, 1.0 equiv. with respect to 2, 20 equiv. with respect to 9)

Solvent B: 4.6 mL were taken carefully after the carbonate base had settled at the bottomed of

the vial (unknown amount of SO, as solvent B was stirred with K2COs for 16 hours).

1-Bromo-4-fluorobenzene 2 (25 pL, 0.23 mmol, 1.0 equiv.) was added last. Then, the sealed
vials were placed in a preheated heating block at 150 °C and stirred for 4 hours after which an
aliquot was taken from each of the four reactions and The yield of product 5 was determined

by HPLC against 1,3,5-trimethoxybenzene as the internal standard giving the following yields:

Solvent A, sulfinate 4: 3%

Solvent B, sulfinate 4: 81%
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Solvent A, sulfinate 1: 3%

Solvent B, sulfinate 1: 45%

7.2.15. Crystallographic and Refinement Data

Preparation of the X-ray samples was done by myself.

The data was acquired either by Dr Alasdair 1. McKay or by myself.

Analysis of the data and refinement of the structures was done by Dr Alasdair 1. McKay.
This section was kindly written by Dr Alasdair 1. McKay.

7.2.15.1. Crystal Structure Determinations

Single crystal X-ray diffraction data for all samples were collected as follows: a typical crystal
was mounted on a MiTeGen micromounts using perfluoropolyether oil and cooled rapidly in a
stream of nitrogen gas using an Oxford Cryosystems unit.??2l Data were collected with an
Agilent SuperNova diffractometer (Cu K, radiation, A = 1.54180 A), a Rigaku XtaLAB Mini Il
diffractometer (Mo K radiation, A = 0.71073 A) or a Rigaku XtaLAB Synergy diffractometer
(Mo K, radiation, A = 0.71073 A). Raw frame data were reduced using CrysAlisPro.[??% The
structures were solved using SHELXTE?4 and refined using full-matrix least squares
refinement on all F? data using the SHELXL-18[2%5-2281 ysing the interface OLEX2.12271 All
hydrogen atoms were placed in calculated positions (riding model). Further comments
regarding individual crystal structures can be found below. Crystallographic data have been
deposited with the Cambridge Crystallographic Data Centre under CCDC 1964568-1964578.
These data can be obtained free of charge from The Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif. Full bond length and bond angle data may be found

in the CIFs.
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7.2.15.2. Further Comments on Individual Crystal Structures

Compound 6: The asymmetric unit contains two independent half molecules. One acetate was
modelled as disordered over two sites. Restraints were applied with the aid of the FragmentDB
module.l??8-22%1 The second acetate is likewise incompletely occupied, however, attempts to

introduce a disorder model were not successful, giving rise to the two Level B Checkcif alerts.

Compound 10: A disordered molecule of CH.Cl> in the lattice was modelled over two sites.

Restraints were applied with the aid of the FragmentDB module.[22-2%°]

Compound 11-CFs: Minor peaks of electron density were observed adjacent to F1 and C31
atom of the aryl. This was modelled as a substitutional disorder of the CF3 and F units. The

occupancies in the final model are 0.77/0.23.

Compound 12: A disordered molecule of hexane lying on a special position in the lattice

modelled over two sites. Restraints were applied with the aid of the FragmentDB module.[??®

229]

Compound 12-OMe: A molecule of dichloromethane lying on a special position in the lattice

was modelled with the aid of the FragmentDB module.[?28-22°]

Compound 13: The sulfinate was modelled as disordered over two sites. A molecule of
chloroform in the lattice was modelled as disordered over three sites with the aid of the

FragmentDB module.[?28-2°]

Compound 14: The sulfinate was found to be incompletely occupied (0.85). This was modelled
as substitutional disorder with the starting bromide (0.15). The bromide was modelled with
isotropic displacement parameters as the refinement became unstable when anisotropic
displacement parameters were employed in the refinement. The data was also modelled as an

inversion twin.
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Compound 11-OMe: The collected crystal was found to be twinned. The twin matrix [-1.000,
0.000, 0.000, 0.000, -1.000, 0.000, -0.351, -0.922, 1.000] was applied with the twin scale factor
refining to 0.16. The sulfinate and aryl groups displayed prolate displacement ellipsoids. These

were modelled over two sites employing restraints to geometries and displacement parameters.
Compound 12-CFs: The asymmetric unit contains two independent molecules.
7.2.15.3. Selected bond length (A) and angles (°)

7: Pd1-P1 2.4084(4), Pd1-P2 2.3982(4), Pd1-O3 2.0838(12), Pd1-S1 2.2755(4), P1-Pd1-Pd2
164.468(15), P1-Pd1-03 87.76(3), P1-Pd1-S1 93.829(15), P2-Pd1-O3 86.29(3), P2-Pd1-S1

93.899(15), 03-Pd1-S1 172.64(4).

10: Pd1-P1 2.2812(5), Pd1-N1 2.1513(15), Pd1-O1 2.0975(13), Pd1-S2 2.2307(5), P1-Pd1-N1
168.27(4), P1-Pd1-O1 89.34(4), P1-Pd1-S2 97.193(17), N1-Pd1-O1 80.45(6), N1-Pd1-S2

93.53(4), 01-Pd1-S2 171.69(4).

11: Pd1-P1 2.3255(7), Pd1-S1 2.3097(8), Pd1-O1' 2.155(2), Pd1-C19 2.001(3), P1-Pd1-S1
178.85(3), P1-Pd1-O1' 87.50(6), P1-Pd1-C19 91.81(8), C19-Pd1-S1 87.06(8), C19-Pd1-O1'

175.24(12), S1-Pd1-O1' 93.65(6).

12: Pd1-P1 2.2608(8), Pd1-N1 2.147(2), Pd1-O1 2.132(2), Pd1-C19 1.979(3), P1-Pd1-N1
174.65(7), P1-Pd1-O1 95.41(6), P1-Pd1-C19 91.20(8), N1-Pd1-O1 80.33(9), N1-Pd1-C19

93.17(10), O1-Pd1-C19 173.16(10).

13: Pd1-P1 2.3219(11), Pd1-S1 2.392(7), Pd1-O1' 2.281(11), Pd1-C19 1.987(5), P1-Pd1-S1
172.1(3), P1-Pd1-O1' 87.1(2), P1-Pd1-C19 91.16(13), C19-Pd1-S1 81.5(3), C19-Pd1-0O1'

177.1(4), S1-Pd1-01' 100.4(3).

202



14: Pd1-P1 2.3633(14), Pd1-P2 2.3708(14), Pd1-O1 2.156(5), Pd1-C37 2.004(5), P1-Pd1-P2
170.48(5), P1-Pd1-O1 94.49(17), P1-Pd1-C37 89.67(16), P2-Pd1-C37 89.75(16), P2-Pd1-01

85.78(17), C37-Pd1-01 175.3(2).

7.2.15.4. Further Crystal Structures

Molecular structure of 6 with displacement ellipsoids at 50% probability. Complete molecule
generated through symmetry operation: 1-X,1-Y,-Z. Hydrogen atoms, lower occupancy
disordered components and the second molecule in the asymmetric unit have been omitted for

clarity. Selected bond lengths (A): Pd1-P1 2.3543(4), Pd1-O1 2.0237(15).

Molecular structure of 11-CFs with displacement ellipsoids at 50% probability. Complete
dimer generated through symmetry operation: 1-X,1-Y,1-Z. All lower occupancy disorder
components and hydrogen atoms have been omitted for clarity. Selected bond lengths (A): Pd1-

P1 2.3160(13), Pd1-S1 2.3052(14), Pd1-O1' 2.137(4), Pd1-C19 1.994(5).

203



Molecular structure of 11-OMe with displacement ellipsoids at 50% probability. Complete
dimer generated through symmetry operation: 1-X,-Y,1-Z. All lower occupancy disorder
components and hydrogen atoms have been omitted for clarity. Selected bond lengths (A): Pd1-

P12.3197(15), Pd1-S1 2.3119(16), Pd1-O1' 2.164(8), Pd1-C19 2.044(15).

Molecular structures of 12-OMe (left) and 12-CFs (right). Displacement ellipsoids shown at
50% probability. Hydrogen atoms, solvent molecules and the second molecule in the
asymmetric unit of 20 have been omitted for clarity. Selected bond lengths (A) for 12-OMe and
20 {in parentheses}: Pd1-P1 2.2611(6) {2.2620(4)}, Pd1-O1 2.1199(19) {2.1544(14)}, Pd1-N1

2.136(2) {2.1246(15)}, Pd1-C19 1.994(3) {1.991(2)}.
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7.2.15.5. Selected Crystallographic and Refinement Data

6 7 10 11 11-CF; 12

Chemical formula CagH7204P;Pd CasH7604P;PdS | CasHa3ClaN;02PPdS; CezHzsF204P2Pd;S; CezHz2Fs0:P2Pd;S; Czz2HagFNO2PPdS
Formula weight 785.31 881.45 756.04 1274.18 1382.13 667.14
Temperature (K) 100(1) 170(1) 170(1) 170(1) 150(1) 170(1)
Radiation (A) 0.71073 0.71073 0.71073 0.71073 1.54184 0.71073
Crystal system triclinic triclinic monoclinic monoclinic monoclinic monoclinic
Space group P-1 P-1 P2./c P2/c P2i/c C2/c
a (:&) 9.5870(2) 10.2937(3) 10.0029(2) 13.3684(4) 13.5764(10) 33.707(2)
b (:&) 13.1727(3) 13.7632(3) 29.0336(8) 24.2919(6) 24.600(2) 9.0995(3)
c {:5\) 16.0211(3) 17.3117(4) 11.5545(3) 9.5064(2) 9.5037(6) 27.7743(18)
o (deg) 91.788(2) 87.089(2) a0 90 90 90
8 (deg) 91.2280(10) 73.891(2) 97.295(2) 99,501(2) 100.444(7) 130.842(11)
v (deg) 91.613(2) 76.606(2) a0 90 90 90
V(,&E) 2020.96(7) 2291.99(10) 3328.53(14) 3044.80(14) 3121.5(4) 6444.7(10)
z 2 2 4 2 2 8
plcaled) (g cm) 1.291 1.277 1.509 1.390 1.471 1.375
u (mm?) 0.575 0.559 0.928 0.762 6.338 0.724
F(000) 840 940 1560 1328 1424 2792
Reflections collected 32404 77121 57892 59366 17104 92978
Unique reflections 8912 10025 7301 6673 6435 7123
Parameters / Restraints 466 / 100 480/ 0 398/ 44 335/0 406 / 323 372/34
Rins 0.0340 0.0419 0.0392 0.0586 0.0537 0.1018
Ry [1 = 20(i)] 0.0260 0.0259 0.0252 0.0408 0.0611 0.0386
wR; [all data] 0.0659 0.0642 0.0559 0.0803 0.1502 0.0885
GooF 1.053 1.053 1.019 1.163 1.071 1.058
Residual electron density (e AS) 1.46 /-0.33 0.80/-0.55 0.37/-0.42 0.82 /-0.58 1.28/-1.12 0.80 /-0.56
CCDC no. 1964568 1964569 1964570 1964572 1964571 1964576

12-OMe 13 14 11-OMe 12-CF;
Chemical formula C3g5HssCIFNOsPPAS | CasHinoClsF2N20sP2Pd.S; | Cez 55Hys 958 Bra1sFNO; 7P2PdSg a5 | CezHaaF20eP2Pd2S: | CagHagF2NO:PPdS
Formula weight 696.54 1599.05 906.21 1306.18 692.06
Temperature (K) 150(1) 150(1) 170(1) 150(1) 150(1)
Radiation (A) 1.54184 1.54184 0.71073 1.54184 1.54184
Crystal system triclinic triclinic orthorhombic triclinic monoclinic
Space group P-1 P-1 P2:2.2, P-1 P2i/c
a(A) 8.8944(3) 12.1932(7) 9.7818(3) 9.5185(6) 10.58590(10)
b(A) 10.3439(3) 13.1620(7) 13.9735(4) 13.3787(6) 20.2148(2)
c(A) 17.8359(7) 13.4651(8) 33.9579(9) 14.2586(8) 28.1308(3)
o (deg) 79.425(3) 64.568(5) 90 62.876(5) 90
8 (deg) §2.298(3) 86.354(5) 90 78.221(5) 95.5300(10)
v (deg) 78.361(2) 77.968(5) 90 78.401(4) 90
Vv (A3 1571.88(10) 1907.9(2) 4641.6(2) 1569.84(17) 5991.75(10)
z 2 1 4 1 8
plcaled) (g cm?) 1.472 1.392 1.297 1.382 1.534
u (mm?) 6.953 7.038 0.675 6.150 6.615
F(000) 722 828 1924 680 2848
Reflections collected 14930 15361 29170 15016 37849
Unique reflections 6464 7882 10201 15016 12423
Parameters / Restraints 371/22 596 /504 511/0 499 / 598 721/0
Ring 0.0321 0.0264 0.0382 0.0393 0.0332
Ry [1>20(1)] 0.0393 0.0463 0.0468 0.0685 0.0275
wR; [all data] 0.0971 0.1324 0.1023 0.2219 0.0688
GooF 1.043 1.034 1.108 1.055 1.051
Residual electron density (e A~ |1.22 /-0.32 1.20/-0.56 1.96 /-1.20 0.73 /-0.97
) 1.16/-1.82
CCDC no. 1964574 1964575 1964577 1964573 1964578
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7.3. Experimental Data and Procedures for Chapter 3

7.3.1. General Procedure for the Screening Reactions

Solid reagents were added in a microwave vial with the indicated stoichiometry. The vial was
sealed with a microwave vial cap, evacuated (< 0.1 mbar) and back-filled with argon twice,
then the solvent was added, followed by any liquid reagent or additive. The reaction was then
heated at the indicated temperature and time. The yields of products were measured by HPLC
against 1,3,5-trimethoxybenzene as the internal standard using the calibration curves described

in Section 7.2.2.

Unless otherwise stated, the reactions were performed with 0.11 mmol of aryl bromide 2 (1.0

equiv.), with 2 mL of solvent, corresponding to a reaction concentration of 0.056 M.

The internal standard was introduced at the beginning of the reaction with the solid reagents

(0.5 equiv. compared to Ar-Br 2).

PCys
F@Pd-Br + Me@*SOMMm _ > FMe
' 1,4-dioxane
9 4

PC
Y T°C, 18h 5
(1.0 equiv) (2.0 equiv)

7.3.2. Stoichiometric Reactions With Oxidative Addition Complex 9
7.3.2.1.  Using Sulfinate 4-TMA
PCy
9 4

PCy, 1,4-dioxane
T°C, 18h 5

(1.0 equiv) (2.0 equiv)

Tetramethylammonium 4-methylbenzenesulfinate (13.6 mg, 0.060 mmol, 2.0 equiv.), 1,3,5-
trimethoxybenzene (10 mg, 0.060 mmol, 2.0 equiv.) and [(PCys3).Pd(4-F-CsH4)(Br)] (25 mg,
0.030 mmol, 1.0 equiv.) were added to a microwave vial equipped with a stirrer bar. The vial

was sealed with a microwave vial cap, evacuated (< 0.1 mbar) and back-filled with argon twice,
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then 1,4-dioxane (5.0 mL) was added. The vial was placed in a preheated heating block at 75 °C
or 100 °C and stirred for 18 hours, after which an aliquot was taken. The yield of product 5 was
determined by HPLC analysis using 1,3,5-trimethoxybenzene as the internal standard. 75 °C :

53%; 100 °C : 85%.

7.3.2.2.  Using Sulfinate 4 and AgNOs as an Additive

AgNO;
PCys (1.5 equiv.)
F@Pd—Br + Me@SOZNa - > F O O Me
FI>Cy3 1,4-dioxane
9 4 75 °C, 18h 5
(1.0 equiv) (2.0 equiv)

Sodium 4-methylbenzenesulfinate (10.6 mg, 0.060 mmol, 2.0 equiv.), 1,3,5-trimethoxybenzene
(10 mg, 0.060 mmol, 2.0 equiv.), [(PCy3)2Pd(4-F-CsH4)(Br)] (25 mg, 30 umol, 1.0 equiv.) and
silver nitrate (7.6 mg, 0.045 mmol, 1.5 equiv.) were added to a microwave vial equipped with
a stirrer bar. The vial was sealed with a microwave vial cap, evacuated (< 0.1 mbar) and back-
filled with argon twice, then 1,4-dioxane (5.0 mL) was added. The vial was placed in a
preheated heating block at 75 °C and stirred for 16 hours, after which an aliquot was taken. The
yield of product 5 was determined to be 70% by HPLC analysis using 1,3,5-trimethoxybenzene

as the internal standard.

7.3.3. Synthetic Procedures and Characterisation Data

7.3.3.1.  Sulfone Products

1-fluoro-4-tosylbenzene (17)

Sodium 4-methylbenzenesulfinate (61 mg, 0.34 mmol, 1.5eqgfuiv.), caesium carbonate

(111 mg, 0.34 mmol, 1.5 equiv.), palladium acetate (5.1 mg, 0.023 mmol, 0.10 equiv.) and

207



Xantphos (14 mg, 0.023 mmol, 0.10 equiv.) were added to a microwave vial equipped with a
stirrer bar. The vial was sealed with a microwave vial cap, evacuated (< 0.1 mbar) and back-
filled with argon twice, then 1,4-dioxane (4.0 mL) and 1-bromo-4-methoxybenzene (25 pL,
0.23 mmol, 1.0 equiv.) were added. The reaction was heated at 100 °C for 18 hours. The
mixture was allowed to cool to room temperature, filtered through a pad of silica and washed
with EtOAc. The solvent was removed under reduced pressure, and purification of the crude
material by flash chromatography (EtOAc 10% in petrol) gave the title compound in 54% yield
(31 mg, 0.12 mmol) as a white solid. The yield was observed to be 90% according to HPLC
and 1H NMR analysis, but only 54% were isolated as pure fractions due to overlap with the

ligand scrambling by-product PhSO,(4-Me-CsHa).

IH NMR (400 MHz, CDCl3) § 8.01 — 7.89 (m, 2H), 7.84 — 7.78 (m, 2H), 7.30 (d, J = 8.0 Hz,
2H), 7.20 — 7.10 (m, 2H), 2.39 (s, 3H); 3C{*H} NMR (101 MHz, CDCls) § 165.5 (d, J = 255.5
Hz), 144.5,138.7, 138.3 (d, J = 3.0 Hz), 130.4 (d, J = 9.5 Hz), 130.1, 127.8, 116.6 (d, J = 22.5
Hz), 21.7; 1*F NMR{'H} (376 MHz, CDCls) & -104.64 (tt, J = 8.3, 5.1 Hz); HRMS: m/z (El)

calculated for (C13H11FO2S) [M+H]": 251.0537, found: 251.0538.
Data consistent with the literature.[23%

1-methoxy-4-tosylbenzene (17-OMe)

Sodium 4-methylbenzenesulfinate (128 mg, 0.72 mmol, 1.5equiv.), caesium carbonate
(234 mg, 0.75 mmol, 1.5 equiv.), palladium acetate (5.4 mg, 0.024 mmol, 0.05 equiv.) and
Xantphos (14 mg, 0.024 mmol, 0.10 equiv.) were added to a microwave vial equipped with a
stirrer bar. The vial was sealed with a microwave vial cap, evacuated (< 0.1 mbar) and back-

filled with argon twice, then 1,4-dioxane (4.0 mL) and 1-bromo-4-methoxybenzene (60 L,
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0.48 mmol, 1.0 equiv.) were added. The reaction was heated at 100 °C for 18 hours. The
mixture was allowed to cool to room temperature, filtered through a pad of silica and washed
with EtOAc. The solvent was removed under reduced pressure, and purification of the crude
material by flash chromatography (Gradient of EtOAc 10% to 15 % in petrol) gave the title

compound in 82% yield (103 mg, 0.39 mmol) as a white solid.

IH NMR (400 MHz, CDCls) 3 7.87 (d, J = 9.0 Hz, 2H), 7.80 (d, J = 8.0 Hz, 2H), 7.28 (d, J =
8.0 Hz, 2H), 6.96 (d, J = 9.0 Hz, 2H), 3.83 (s, 3H), 2.39 (s, 3H); 3C{!H} NMR (101 MHz,
CDCls) § 163.3, 143.8, 139.5, 133.6, 129.9, 129.8, 127.4, 114.5, 55.7, 21.6; HRMS: m/z (EI)

calculated for (C14H1403S) [M+H]": 263.0736, found: 263.0735.
Data consistent with the literature.[231]

2-((4-methoxyphenyl)sulfonyl)pyridine (17-OMe-2-pyr)

Sodium pyridine-2-sulfinate (119 mg, 0.72 mmol, 1.5 equiv.), caesium carbonate (234 mg,
0.75 mmol, 1.5 equiv.), palladium acetate (5.4 mg, 0.024 mmol, 0.05 equiv.) and Xantphos
(14 mg, 0.024 mmol, 0.10 equiv.) were added to a microwave vial equipped with a stirrer bar.
The vial was sealed with a microwave vial cap, evacuated (< 0.1 mbar) and back-filled with
argon twice, then 1,4-dioxane (4.0 mL) and 1-bromo-4-methoxybenzene (60 pL, 0.48 mmol,
1.0 equiv.) were added. The reaction was heated at 100 °C for 18 hours. The mixture was
allowed to cool to room temperature, filtered through a pad of silica and washed with EtOAC.
The solvent was removed under reduced pressure, and purification of the crude material by
flash chromatography (EtOAc 30% in petrol) gave the title compound in 16 % yield (103 mg,

0.0.79 mmol) as a white solid.
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IH NMR (400 MHz, CDCl3) & 8.65 (ddd, J = 4.5, 2.0, 1.0 Hz, 1H), 8.16 (dt, J = 8.0, 1.0 Hz,
1H), 7.98 (d, J = 9.0 Hz, 2H), 7.90 (td, J = 8.0, 2.0 Hz, 1H), 7.42 (ddd, J = 8.0, 4.5, 1.0 Hz,
1H), 6.98 (d, J = 9.0 Hz, 2H), 3.84 (s, 3H); *C{'H} NMR (101 MHz, CDCl3) § 164.0, 159.5,
1505, 138.2, 131.3, 130.4, 126.8, 121.9, 1145 55.8; HRMS: m/z (EI) calculated for

(C12H1:NOsS) [M+H]*: 250.0532, found: 250.0532.
Data consistent with the literature.[232]

7.3.3.2.  Ammonium-based ligand PN*1

Me,N Me,N Me.N @ Me,N
¥\ ©ott o
n-BuLi PPh,CI MeOTf OTf
—_— + @
Et,0, rt 78 °C to PPh2  MeCN, rt PPh, PPh,Me
L1 PN*1 NP*1

Synthesis and characterisation of Ligand PN*1 can be found in a paper from Ooi and co-
workers.[**1 In our hands formation of product NP+1 occurred, showing a resonance peak at

21.97 ppm in 3P{*H} spectrum:
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2147
- 15,64

PN*1

NP*1

T T T T
190 170 150 130

T
110 Ell] 70 30 30 10 -10 -30 -30 70 90 -110 -130 -150 -170

7.3.3.3.  Methylation of Bis-Phosphine Ligands

((Diphenylphosphaneyl)methyl)(methyl)diphenylphosphonium

trifluoromethanesulfonate PP*1

S)

slatie

A solution of 1,2-bis(diphenylphosphino)methane (54 mg, 0.14 mmol, 1.0 equiv.) and methyl
triflate (15 pL, 0.13 mmol, 0.95 equiv.) in CH2Cl2 (1.0 mL) was stirred at room temperature
under a nitrogen atmosphere for 1 hour. After removal of all volatiles under reduced pressure,
the resulting residue was triturated and rinsed with Et2O, giving the title compound as a white

solid.
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mp 150—152 °C (from CH2Cl,); IR (thin film, cm™) 2917, 1588, 1484, 1438, 1257, 1224, 1152,
1119, 1030, 999, 901, 815, 743, 690, 637; *H NMR (400 MHz, CD30D) & 7.82 — 7.69 (m, 6H),
7.61—7.52 (m, 4H), 7.50 — 7.41 (m, 4H), 7.36 — 7.24 (m, 6H), 3.91 (dd, J = 15.5, 1.0 Hz, 2H),
2.54 (dd, J = 14.0, 1.0 Hz, 3H); 3C{'H} NMR (101 MHz, CDsOD) & 136.7 (dd, J = 12.0, 8.5
Hz), 135.8 (d, J = 3.0 Hz), 134.1 (d, J = 22.0 Hz), 133.5 (dd, J = 10.5, 1.5 Hz), 131.0, 131.0 (d,
J=13.0 Hz), 130.0 (d, J = 8.0 Hz), 121.6 (dd, J = 87.0, 2.0 Hz), 22.2 (dd, J = 52.5, 35.0 Hz),
8.0 (dd, J = 58.5, 7.5 Hz); 3'P{*H} NMR (162 MHz, CDs0OD) & 25.33 (d, J = 46.5 Hz), -12.66
(d, J =46.5 Hz); 'F{*H} NMR (377 MHz, CD30D) 6 -79.96; HRMS: m/z (El) calculated for

(C27H25F303P2S) [M-OTf]": 399.1426, found: 399.1424.

(2-(Diphenylphosphaneyl)ethyl)(methyl)diphenylphosphonium

trifluoromethanesulfonate PP*2

o 5.
<Fj/\/ @ ot

A solution of 1,2-bis(diphenylphosphino)ethane (50 mg, 0.13 mmol, 1.0 equiv.) and methyl
triflate (14 pL, 0.12 mmol, 0.95 equiv.) in THF (1.0 mL) was stirred at room temperature under
a nitrogen atmosphere for 1 hour. After removal of all volatiles under reduced pressure, the

resulting residue was triturated and rinsed with Et.O, giving the title compound as a white solid.

mp 55-60 °C (from CH,Cl,); IR (thin film, cm) 2915, 1588, 1483, 1438, 1258, 1224, 1153,
1119, 1030, 999, 903, 744, 722, 691, 637; 'H NMR (400 MHz, CDsOD) 5 7.82 (tt, J = 7.0, 2.0
Hz, 2H), 7.78 — 7.59 (m, 8H), 7.42 — 7.31 (m, 10H), 3.02 — 2.87 (m, 2H), 2.61 (d, J = 14.0 Hz,
3H), 2.33 — 2.14 (m, 2H); ®C{'H} NMR (101 MHz, CDsOD) § 137.9 (d, J = 13.5 Hz), 136.0
(d, J = 3.0 Hz), 133.8 (d, J = 19.5 Hz), 133.5 (d, J = 10.0 Hz), 131.3 (d, J = 12.5 Hz), 130.5,
130.0 (d, J = 7.0 Hz), 120.8 (d, J = 85.5 Hz), 21.0 — 20.1 (m), 6.15 (d, J = 56.0 Hz); 3'P{H}
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NMR (162 MHz, CDs0D) 6 22.74 (d, J = 63.0 Hz), -28.29 (d, J = 63.0 Hz). *F{*H} NMR
(377 MHz, CD30D) 6 -80.00; HRMS: m/z (El) calculated for (C2sH27F303P2S) [M-OTf]*:

413.1583, found: 413.1583.

(1’-(Diphenylphosphaneyl)ferrocenyl)(methyl)diphenylphosphonium

trifluoromethanesulfonate PP*3

©)

< —RMe
Q Fe ©)
. _@ @ oTf

A solution of 1,1'-ferrocenediyl-bis(diphenylphosphine) (50 mg, 0.090 mmol, 1.0 equiv.) and
methyl triflate (10.0 pL, 0.088 mmol, 0.95 equiv.) in THF (1.0 mL) was stirred at room
temperature under a nitrogen atmosphere for 1 hour. After removal of all volatiles under
reduced pressure, the resulting residue was triturated and rinsed with Et2O, giving the title

compound as an orange solid.

mp 75-80 °C (from CH,Cly); IR (thin film, cm™) 3060, 2361, 1482, 1438, 1259, 1224, 1196,
1153, 1117, 1071, 1030, 998, 896, 842, 747, 823, 694, 637; *H NMR (400 MHz, CD30D) &
7.87 —7.79 (m, 2H), 7.76 — 7.64 (m, 8H), 7.40 — 7.23 (m, 10H), 4.72 (q, J = 2.0 Hz, 2H), 4.60
(9, J = 2.0 Hz, 2H), 4.46 (t, J = 2.0 Hz, 2H), 4.18 (q, J = 2.0 Hz, 2H), 2.83 (d, J = 14.0 Hz, 3H);
B3C{*H} NMR (101 MHz, CD30D) & 139.2 (d, J = 9.5 Hz), 135.9 (d, J = 3.0 Hz), 134.5 (d, J =
20.0 Hz), 133.6 (d, J = 11.0 Hz), 131.1 (d, J = 13.0 Hz), 130.2, 129.5 (d, J = 7.0 Hz), 123.2 (d,
J=91.0 Hz), 81.6 (d, J = 11.5 Hz), 77.0 (d, J = 11.0 Hz), 76.2 (d, J = 14.0 Hz), 74.9 (d, J =
13.0 Hz), 74.3 (d, J = 3.5 Hz), 8.6 (dd, J = 61.0, 2.0 Hz); 3'P{*H} NMR (162 MHz, CD30D) &
23.29, -19.20; *F{*H} NMR (377 MHz, CDs0D) & -80.00; HRMS: m/z (EI) calculated for

(CseH31F3FeO3P2S) [M-OTf]": 569.1245, found: 569.1248.
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(2-(Diphenylphosphaneyl)phenyl)(methyl)diphenylphosphonium

trifluoromethanesulfonate PP*4

Me e

-

C[g;@ o

PPh,

A solution of 1,2-bis(diphenylphosphino)benzene (100 mg, 0.22 mmol, 1.0 equiv.) and methyl
triflate (24 pL, 0.21 mmol, 0.95 equiv.) in THF (1.0 mL) was stirred at room temperature under
a nitrogen atmosphere for 1 hour. After removal of all volatiles under reduced pressure, the

resulting residue was triturated and rinsed with Et20, giving the title compound as a white solid.

mp 160-162 °C (from CHzCly); IR (thin film, cm™) 2917, 1587, 1481, 1438, 1259, 1224, 1151,
1114, 1029, 998, 901, 745, 692, 637; 'H NMR (400 MHz, CDsOD) § 7.84 (tdd, J = 7.5, 2.0,
1.5 Hz, 1H), 7. 76 — 7.68 (m, 7H), 7.64 — 7.55 (m, 5H), 7.49 (dddd, J = 15.0, 8.0, 3.5, 1.5 Hz,
1H), 7.40 — 7.34 (m, 2H), 7.29 (ddd, J = 8.5, 6.5, 1.5 Hz, 4H), 7.04 — 6.95 (m, 4H), 3.27 (dd, J
=14.0, 1.5 Hz, 3H); 3C{*H} NMR (101 MHz, CD3;0D) § 144.2 (dd, J = 18.5, 12.0 Hz), 140.3
(d, J = 11.5 Hz), 137.6 (dd, J = 13.0, 9.5 Hz), 136.1 (d, J = 3.0 Hz), 135.8 (d, J = 3.0 Hz), 135.2
(d, J = 6.5 Hz), 134.3 (d, J = 19.0 Hz), 134.2 (d, J = 2.0 Hz), 132.1 (d, J = 13.0 Hz), 131.2 (d,
J = 13.0 Hz), 130.6, 130.0 (d, J = 7.0 Hz), 128.1 (dd, J = 89.5, 35.5 Hz), 122.0 (dd, J = 89.5,
2.5 Hz), 12.4 (dd, J = 59.0, 20.0 Hz); 3'P{'H} NMR (162 MHz, CDs0D) § 22.48 (d, J = 26.0
Hz), -15.49 (d, J = 26.0 Hz); *F{'H} NMR (377 MHz, CDsOD) & -79.98; HRMS: m/z (EI)

calculated for (Cs2H27F303P2S) [M-OTf]": 461.1583, found: 461.1584.

(5-(Diphenylphosphaneyl)-9,9-dimethyl-9H-xanthen-4-yl)(methyl)diphenylphosphonium

trifluoromethanesulfonate PP*5
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Me Me

PPh, ®PPh,Me

)
OTf

A solution of Xantphos (81 mg, 0.14 mmol, 1.0 equiv.) and methyl triflate (15 pL, 0.13 mmol,
0.95 equiv.) in CH2Cl> (1.0 mL) was stirred at room temperature under a nitrogen atmosphere
for 1 hour. After removal of all volatiles under reduced pressure, the resulting residue was

triturated and rinsed with Et2O, giving the title compound as a white solid.

mp 70-75 °C (from CH.Cl,); IR (thin film, cm) 3059, 1586, 1478, 1438, 1405, 1263, 1236,
1152, 1114, 1031, 905, 788, 745, 794, 637; 'H NMR (400 MHz, CD30OD) & 8.12 (dt, J = 8.0,
1.5 Hz, 1H), 7.80 (tq, J = 6.5, 1.5 Hz, 2H), 7.74 — 7.60 (m, 9H), 7.43 — 7.25 (m, 7H), 7.08 (t, J
= 7.5 Hz, 1H), 6.99 — 6.93 (m, 4H), 6.82 (ddd, J = 15.5, 7.5, 1.5 Hz, 1H), 6.57 (ddd, J = 7.5,
4.0, 1.5 Hz, 1H), 2.95 (dd, J = 14.5, 1.5 Hz, 3H), 1.75 (s, 6H); 3C{*H} NMR (101 MHz,
CD30D) § 154.4 (t, J = 2.0 Hz), 152.6 (d, J = 19.5 Hz), 137.3 (d, J = 11.5 Hz), 136.1 - 136.0
(m), 135.6 (d, J = 8.5 Hz), 134.7 — 134.3 (m), 134.2 (d, J = 6.0 Hz), 131.3 (d, J = 13.0 Hz),
131.1 (d, J = 2.5 Hz), 130.1, 129.8 (d, J = 6.5 Hz), 129.2, 126.3, 126.1 (d, J = 13.5 Hz), 125.4
(d, J = 18.0 Hz), 120.9 (dd, J = 91.0, 1.5 Hz), 107.5 (d, J = 89.5 Hz), 35.7 (t, J = 1.5 Hz), 32.6,
8.8 (dd, J = 57.5, 13.0 Hz); 3P{*H} NMR (162 MHz, CD30D) § 23.09, -21.02; *F{'H} NMR
(377 MHz, CD30OD) & -79.88; HRMS: m/z (El) calculated for (CaiHssF304P2S) [M—OTf]*:

593.2158, found: 593.2158.

Di-tert-butyl(5-(di-tert-butylphosphaneyl)-9,9-dimethyl-9H-xanthen-4-

yl)(methyl)phosphonium trifluoromethanesulfonate PP*6

Me Me

PBu, ®PBu,Me
o
OTf
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A solution of t-BuXantphos (70 mg, 0.14 mmol, 1.0 equiv.) and methyl triflate (15 pL, 0.13
mmol, 0.95 equiv.) in CH2Cl> (1.0 mL) was stirred at room temperature under a nitrogen
atmosphere for 1 hour. After removal of all volatiles under reduced pressure, the resulting

residue was triturated and rinsed with Et,O, giving the title compound as a white solid.

mp 105-110 °C (from CH2Cl); IR (thin film, cmt) 2977, 1599, 1473, 1396, 1365, 1264, 1223,
1149, 1031, 905, 868, 796, 752, 737; *H NMR (400 MHz, CDs0D) & 8.02 (d, J = 8.0 Hz, 1H),
7.94 (dd, J = 12.0, 8.0 Hz, 1H), 7.78 (d, J = 7.5 Hz, 1H), 7.67 (d, J = 7.5 Hz, 1H), 7.47 (td, J =
8.0, 2.0 Hz, 1H), 7.29 (t, J = 7.5 Hz, 1H), 3.25 (dd, J = 13.0, 6.5 Hz, 3H), 1.64 (s, 6H), 1.58 (d,
J = 16.0 Hz, 18H), 1.24 (d, J = 12.0 Hz, 18H); ¥C{*H} NMR (101 MHz, CDsOD) & 156.7,
155.9 (d, J = 21.0 Hz), 136.7 — 135.9 (m), 135.3 (d, J = 5.5 Hz), 134.6 (d, J = 6.0 Hz), 133.9
(d, J = 2.5 Hz), 132.2 (d, J = 3.5 Hz), 128.5, 124.9, 124.7, 124.6 (d, J = 11.5 Hz), 105.8 (d, J =
71.0 Hz), 37.4 (d, J = 38.5 Hz), 36.1, 33.7 (d, J = 21.5 Hz), 31.3, 31.0 (d, J = 14.5 Hz), 28.2,
5.3 (dd, J = 45.5, 41.0 Hz); 3'P{*H} NMR (162 MHz, CDs0D) & 44.31 (d, J = 4.5 Hz), 8.76 (d,
J = 45 Hz); “F{tH} NMR (377 MHz, CD30OD) & -79.96; HRMS: m/z (EI) calculated for

(Cs3Hs1F304P2S) [M—OTf]": 513.3410, found: 513.3414.

Dicyclohexyl(2-(2-(dicyclohexylphosphaneyl)phenoxy)phenyl)(methyl)phosphonium

trifluoromethanesulfonate PP*7

el
Cy,P @P
0 ¢
OTf
A solution of DCEphos (79 mg, 0.14 mmol, 1.0 equiv.) and methyl triflate (15 pL, 0.13 mmol,
0.95 equiv.) in CH2Cl> (1.0 mL) was stirred at room temperature under a nitrogen atmosphere

for 1 hour. After removal of all volatiles under reduced pressure, the resulting residue was

triturated and rinsed with Et,O, giving the title compound as a white solid.
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mp 85-90 °C (from CH2Cl,); IR (thin film, cm™) 2925, 2852, 1593, 1567, 1464, 1446, 1432,
1255, 1224, 1152, 1086, 1064, 1030, 1005, 923, 874, 851, 757, 637; *H NMR (400 MHz,
CD30D) & 7.80 — 7.61 (m, 3H), 7.49 (ddd, J = 8.5, 7.5, 1.5 Hz, 1H), 7.46 — 7.33 (m, 2H), 7.09
(ddd, J = 8.0, 4.0, 1.0 Hz, 1H), 7.00 (ddd, J = 9.0, 5.0, 1.0 Hz, 1H), 2.22 (d, J = 12.5 Hz, 3H),
2.15-0.98 (m, br. 44H); *C{*H} NMR (101 MHz, CD30D) & 161.0 (d, J = 2.0 Hz), 159.8 (d,
J =195 Hz), 137.6 (d, J = 2.0 Hz), 136.3 (d, J = 2.5 Hz), 136.0 (d, J = 5.5 Hz), 132.3, 128.6
(d, J = 23.0 Hz), 126.7, 125.4 (d, J = 11.0 Hz), 119.8 (d, J = 2.5 Hz), 118.7 (d, J = 6.5 Hz),
108.3 (d, J = 79.5 Hz), 28.1 — 27.7 (m), 27.5, 27.2 (d, J = 14.0 Hz), 26.4 (d, J = 2.0 Hz), -1.1
(d, J =53.5 Hz); 3P{*H} NMR (162 MHz, CD30D) & 34.90, -20.44; °F{H} NMR (377 MHz,
CDs30D) & -79.98; HRMS: m/z (El) calculated for (CasHssF304P2S) [M-OTf]*: 577.3723,

found: 577.3729.

(2'-(Diphenylphosphaneyl)-[1,1'-binaphthalen]-2-yl)(methyl)diphenylphosphonium

trifluoromethanesulfonate PP*8

CIk

@ ©)
OTf

O o

A solution of rac-BINAP (87 mg, 0.14 mmol, 1.0 equiv.) and methyl triflate (15 pL, 0.13 mmol,
0.95 equiv.) in CH2Cl> (1.0 mL) was stirred at room temperature under a nitrogen atmosphere
for 1 hour. After removal of all volatiles under reduced pressure, the resulting residue was

triturated and rinsed with Et,O, giving the title compound as a white solid.

Mixture of mono- and bis-methylated products in 11:1 ratio as judged by *H NMR spectroscopy
and integration of the CHs-P protons. The reported data corresponds to the major mono-
methylated compound. mp 122-127 °C (from CH,Cly); IR (thin film, cm™) 3058, 1586, 1480,

1438, 1261, 1223, 1152, 1111, 1030, 998, 905, 821, 776, 745, 719, 698, 636; *H NMR (400
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MHz, CDsOD) § 8.29 (dd, J = 8.5, 2.5 Hz, 1H), 8.00 (d, J = 8.0 Hz, 1H), 7.95 (d, J = 8.5 Hz,
1H), 7.90 (d, J = 8.5 Hz, 1H), 7.82 (dd, J = 12.5, 9.0 Hz, 1H), 7.73 — 7.67 (m, 1H), 7.66 — 7.60
(m, 1H), 7.58 — 7.54 (m, 1H), 7.53 — 7.41 (m, 9H), 7.38 (dd, J = 8.5, 3.0 Hz, 1H), 7.35 — 7.24
(m, 3H), 7.23 — 7.14 (m, 2H), 7.04 (ddt, J = 7.5, 5.5, 1.5 Hz, 2H), 6.96 — 6.76 (m, 6H), 6.52 (d,
J =85 Hz, 1H), 2.05 (d, J = 13.5 Hz, 3H); 3C NMR (101 MHz, CD30D) & 148.1 (t, J = 8.5
Hz), 141.3, 140.9 (d, J = 5.0 Hz), 138.5 (d, J = 15.0 Hz), 137.1 (d, J = 10.5 Hz), 136.6 (d, J =
2.5 Hz), 135.9 (d, J = 9.5 Hz), 135.9 — 135.3 (m), 134.8 (d, J = 3.0 Hz), 134.7, 134.5 (d, J = 6.5
Hz), 134.2 (d, J = 2.0 Hz), 134.4 - 134.0 (m), 134.1 (d, J = 2.0 Hz), 134.0 (d, J = 2.0 Hz), 131.4,
131.2 - 130.5 (m), 130.1 — 129.8 (m), 129.8 — 129.4 (m), 129.2, 128.9, 128.8 (d, J = 4.0 Hz),
127.0 (d, J = 2.5 Hz), 122.1 (d, J = 88.5 Hz), 121.0 (d, J = 88.5 Hz), 116.5 (d, J = 2.0 Hz), 115.6
(d, J = 2.5 Hz), 11.4 (dd, J = 57.5, 2.5 Hz); 1%F NMR (377 MHz, CD30D) § -79.97; HRMS:

m/z (EI) calculated for (CasH3sF303P2S) [M-OTf]*: 637.2209, found: 637.2207.

7.3.4. High Throughput Screening Data

7.3.4.1.  General Procedure
Reactions were prepared by Dr Liana Allen at Vertex Boston.
The reactions were set under a nitrogen atmosphere in a glovebox.

Reactants and reagents were dispensed into 48-well plates containing 2.0 mL HPLC-sized vials
in a 6x8 array, or 96-well plates containing 1.0 mL vials in a 8x12 array. https://www.analytical-

sales.com/product-category/photoredox-parallel-synthesis/aluminum-reaction-blocks/

The palladium catalyst (1.0 pmol, 0.10 equiv.) and ligand (if required: 3.0 umol, 30 mol%),
were first added using a Mettler Toledo-Trajan Chronect Solid Handler
(https://www.trajanscimed.com/collections/automation-systems/products/leap-powder-liquid-
automation). The dispensing takes approximately 1 minute per dose. The catalyst/ligand

mixture was then stirred in the reaction solvent for 30 minutes before addition of the other
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reagents. This pre-stirring step was not performed when pre-ligated palladium catalysts were
used. Then, caesium carbonate (9.8 mg, 30 umol, 3.0 equiv.) and tetrabutylammonium chloride
(if required: 4.2 mg, 15 umol, 1.5 equiv.) were solid dosed in this specific order using the
Chronect Solid Handler. Then, 4-bromoanisole (1.3 pL, 10 pmol, 1.0 equiv.) and sodium 4-
methylbenzenesulfinate (2.7 mg, 15 pumol, 1.5 equiv.) or sodium pyridine-2-suflinate (2.5 mg,
15 umol, 1.5 equiv.) were added manually via a single channel pipette using a wide-bore pipette
tip made by Eppendorf in the reaction solvent at the reaction concentration (0.10 M). This step
was performed manually due to the stock solutions being slurries. The vials were then sealed
manually using a plate lid, and were stirred in a V&P Tumble Stirrer at 100 °C. These tumble
stirrers ensure uniform heating and stirring across a rectangular plate http://vp-

sci.com/products/stirrers-mixers/stirring-microplates/vertical-tumble-stirrers/vp-710p5x.html.

The experiments were not replicated.

7.3.4.2.  Work-up

After 20 hours reaction time, 500uL of the reaction solvent were added to each reaction well.
40uL of these diluted solutions were taken and further diluted in 600 pL of solvent. 1 pL of

each solution was injected into a UPLC-MS for analysis.

7.3.4.3. Calculation of the Reaction Yields

In the following calculations, the amount ninj (umol) of product injected in the UPLC is

calculated.

After reaction, x pmol of product were formed and are in 100 pL of solvent:

(0<x <10) pmol

Concentration of product is therefore equal to Co::
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c _ x pmol
7 100 pL

After the first dilution with 500 pL of solvent, the concentration Cy of product is equal to:

x umol

X
C, = = L Lt
1 =100 + 500) uL _ 600 MTOHH

40 pL of this diluted solutions were taken, therefore containing ny pmol of product:

X
n= C;*V= Wumol. nL™! % 40 pL = 0.6667 * x pmol

This amount of product ni in 40 pL of solvent was further diluted with 600 pL of solvent,

resulting in a solution of concentration Co:

ny  0.6667 * x pumol

C, = =
2" Viotwr (600 + 40) pL

= 0.000104 * x pmol.pL™?1
Then, Vinj = 1 pL of this solution of concentration C> was injected into the UPLC-MS,
corresponding to an amount injected Nin;:

Ninj = C; * Vinj = 0.000104 * x umol. pL™1 % 1 pL = 0.000104 * x pmol

If the reaction had reached full conversion to product, a maximum of 10 umol of product

would have been generated: x,,,,, = 10 pmol
This corresponds to a maximum injection: 7, j_mqx = 0.000104 * 10 = 0.00104 pmol

This value 1y, _mq, Was used to determine the yields of products 5--OMe and 17-OMe using

to the calibration curves shown in the next section.
7.3.4.4. Calibration Curves

Stock solutions of known concentrations of each of the products were prepared, and 1uL; 2uL

and 3puL of each of these stock solutions were injected in the UPLC-MS. Each injection was
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done in triplicates. The peak area of the UV-detection at 254 nm was then plotted against the

amount of product injected nin; in pmol.

This gives the linear expression:

Peak Area (UV254) = a *nip; +

Using the value 1, j_mqy gives the maximum value of Peak Area (UV254) 4, corresponding

to 100% yield for each of the products. This value Peak Area (UV254),,4,Was employed to

obtain the yield product in each screening reaction.

Product Yield =

Peak Area (UV254) measurea

1-methoxy-4-tosylbenzene 17-OMe

n substrate injected (umol)

Peak Area (UV254)

8.6E-04
8.6E-04
8.6E-04
1.7E-03
1.7E-03
1.7E-03
3.4E-03
3.4E-03
3.4E-03

2.3E+04
2.3E+04
2.3E+04
3.1E+04
3.1E+04
3.1E+04
5.9E+04
5.9E+04

5.9E+04

2-((4-methoxyphenyl)sulfonyl)pyridine 17-OMe-2-pyr

Peak Area (UV254)

Peak Area (UV254) max

7.0E+04
y=1.43E+07x + 9.24E+03

6.0E+04 R2=0.99 +
5.06404

4.06404

3.0E+04 R

2.0E404

1.0E+04

0.0E400 2.0E-03 4.0E-03

n(substrate) injected (umol)

B)  Peak Area (UV254) pq,= 24112
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y

N
MeO Z

n substrate injected (umol)

Peak Area (UV254)

1.1E-03
1.1E-03
1.1E-03
2.3E-03
2.3E-03
2.3E-03
4.6E-03
4.6E-03
4.6E-03

2.6E+04
2.6E+04
2.6E+04
3.8E+04
3.8E+04
3.7E+04
4.9E+04
4.9E+04
5.6E+04

4-methoxy-4'-methyl-1,1'-biphenyl 5-OMe

Peak Area (UV254)

6.0E+04
-+
y =7.18E+06x + 1.91E+04 _
5.0E+04 095 )
4.0E+04
3.0E+04
+
2.0E+04
0.0E+00 2.0E-03 4.0E-03

n(substrate) injected (umol)

M)  Peak Area (UV254) qy= 26567

n substrate injected (umol)

Peak Area (UV254)

1.4E-03
1.4E-03
1.4E-03
2.8E-03
2.8E-03
2.8E-03
5.6E-03
5.6E-03
5.6E-03

2.5E+04
2.5E+04
2.5E+04
3.1E+04
3.1E+04
3.1E+04
3.8E+04
3.8E+04
3.8E+04

Peak Area (UV254)

4
y = 2.98E+06x + 2.16E+04
R*=0.98
3.3E+04
*
-
2.3E+04
0.0E+00 2.0E-03 4.0E-03 6.0E-03

n(substrate) injected (umol)

M)  Peak Area (UV254) ,q,= 24699
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2-(4-methoxyphenyl)pyridine 5-OMe-2-pyr

MeQO

=z

n substrate injected (umol)

Peak Area (UV254)

1.6E-03
1.6E-03
1.6E-03
3.2E-03
3.2E-03
3.2E-03
6.3E-03
6.3E-03
6.3E-03

1.7E+04
1.7E+04
1.7E+04
3.0E+04
3.0E+04
3.0E+04
5.0E+04
5.0E+04
5.0E+04

Peak Area (UV254)

5.2E+04

4.2E+04

3.2E+04

2.2E404

1.2E+04

y = 6.93E+06x + 6.57E+03
R?*=0.996

0.0E+00 2.0E-03 4.0E-03 6.0E-03

n(substrate) injected (umol)

M)  Peak Area (UV254) qy= 13777
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Screening Data: HTS#1

[Pd] (10 mol%)

SO2Na  ¢s,c0, (3.0 equiv.)

Br

Me

MeO

1,4-dioxane
100 °C, 20h, 250 rpm MeO

Me

17-OMe

5-OMe

(1.5 equiv.)
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7.3.4.5.
MeO
2-OMe
(1.0 equiv.)

O soydareqnd O soydiuvex
€0 gAdd O s0yYdX
€D s0ydiuex-N COS0YdX
£osoydleqiow €O soydiuey
0 YddBJam D soydiuey
€9 s0ydxngiva tosoydleqlon
€9 s0ydareqndl €D 50YdaIXIIL
€0 soydapoer €D soydxndi
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£9 4ddd D soyds
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£osoydareq 5 soydny
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9 soydnaig soydivexz|opd
£0soyduaig wad-1sddid-pd
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€0 soydy Ad12€-10Wu3d|-1Sdd3d
11O JAle pd SoydAddig id| |Sdd3d
€D 50ydnaIgpy Ad1D€1daHI-ISdd3d
aodzipdsoydiv) €9 ddndla
8 8 8 2 8§ © 8 8 828 °
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5-OMe (%)

17-OMe (%)

(AlPhosPd)2COD
AdBrettPhos G3
BippyPhos Pd allyl OTf
Aphos G3
BINAP G3
BrettPhos G3
BrettPhos G4
CataCXium A G3
BrettPhos G2
CPhos G3
CyJohnPhos G3
DavePhos G3

DiMelHeptCIPd(cinnamyl)Cl

DPPF G3
DTBPF G3
JosiPhos G3
JackiePhos G3
tBuDavePhos G3
Me4tBuXPhos G3
MeCgPPh G3
MorDalPhos G3
N-XantPhos G3
PCy3 G3
tBuDavePhos G4
DTBNpP G3
PEPPSI-IHept3CIPy
PEPPSI Ipr
PEPPSI-IPentCI-3CIPy
PEPPSI-IPentCl-2Me Py
Pd-PEPPSI-Ipent
PdClI2XantPhos
P(tBu2)(nBu) G3
QPhos Pd Cl crotyl
RockPhos G3
RuPhos G2
RuPhos G4
tBuXPhos G4
SPhos G4
tBu3P G2
tBuBrettPhos G3
tBuXPhos G3
TrixiePhos G3
MorDalPhos G4
XantPhos G2
XantPhos G3
XPhos G3
XPhos G4
XantPhos G4

717
5.1
5.6
33
42
42
26
16
21
6.4
35
3.1
54
3.6
122
15
26
3.0
26
11
22
4.8
21
1.7
18
8.0
29
6.9
6.6
43
27
1.0
53
1.0
11
27
4.0
19
28
21
18
43
20
23
24
23
18
3.2

0.0
0.9
0.0
38.2
0.0
12
0.0
274
0.0
28
838
4.1
0.0
0.8
29.7
1.7
0.0
0.0
0.0
25
84
52.6
0.0
0.0
114
0.0
0.0
21
1.7
0.0
80.8
27
3.8
0.0
1.6
14
0.0
14
0.7
0.5
0.0
0.0
0.0
86.6
19
0.2
0.0
84.4
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7.3.4.6.  Screening Data: HTS#2

[Pd] (10 mol%)
Ligand (30 mol%)

i Me
Cs,CO3 (3.0 equiv.) 0,0
/©/Br+ /©/802Na Additive (1.5 equiv.) NG
o ® IS B!
MeO MeO Me

Solvent
2-OMe 4 100 °C, 20h, 250 rpm 5-OMe 17-OMe

(1.0 equiv.) (1.5 equiv.)

Well highlighted with the colour of the major product: ’.

1,4-Dioxane Toluene DMF
A

. 000 | ..
. ‘ . . (1.5 equiv.)

F.Q.Q.QQC.Q..
- 000000000000
9000000000000

Structure of catalysts 1-16 are shown in the next figure

v

> No Additive
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100

80

Yield (%)
g

ey
[=]

20

L1 L2 L3 L4

PCys PEt,
Me,N i NMe, i NMe, MeO i OMe
Pd G4 Pd G3 Pd G2 Pd G2
L5 L6 L7 L8

Pd G4 Pd G3 Pd G3 Pd G3
L9 L10 L11 L12
Me, Me O
pCy O O MeO P(Ar),
’ o 0 MeO P(Ar"),
PPh, PPh,
PPh, PPh,
Pd(OAc), Pd(OAc), Pd(OAc), Pd(OAc),
L13 L14 L15 L16
© MeO g P(Ar?), P(A) MeO g P(Ar®),
I .
N._pcy, MeO P(Ar?), s (i-Pr)0 P(Ar®),
v
Pd(OAc), Pd(OAc), Pd(OAc), Pd(OAc),
Ar' = A= ¢ 0 Ar = /é\
t-Bu t-Bu F,C CF

ALA2 ASA4B1B2B3B4C1C2C3C4A4D1D2D3D4E1E2 E3E4F1 F2 F3 F4G1G2G3G4H1IH2H3 H4
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Yield (%)

Yield (%)

100

80
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ey
[=]
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100

80

=]
o

ey
[=]

20

ASABA7A8B5B6B7B8 C5C6C7C8D5D6D7D8ES E6 E7 E8 F5 F6 F7 F8G5G6 G7 G8H5H6H7 HE

B =
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[ 14-dioxane 14-dioxane | toluene toluene | DWMF DMF
Well _ 5-OMe (%) 17-OMe (%)] _Well _ 5-OMe (%) 17-OMe (%) __Well _ 5-OMe (%) 17-OMe (%

A1 4.7 0.0 A5 58 0.0 A9 2.1 0.0
A2 2.7 0.0 A6 3.9 0.0 A10 2.0 0.0
A3 7.8 0.0 A7 8.6 0.0 A1 58 0.0
A4 12.5 0.0 A8 7.8 0.0 A12 55 0.0
B1 5.1 941 B5 3.2 849 B9 4.2 754
B2 4.0 929 B6 29 89.0 B10 19 47.6
B3 34 0.0 B7 6.0 0.0 B11 0.0 0.0
B4 3.1 0.0 B8 4.0 0.0 B12 18 0.0
C1 5.8 0.0 C5 4.3 0.0 C9 15 0.0
Cc2 36 97.9 C6 2.1 92.6 Cc10 45 54.6
C3 2.3 0.0 Cc7 4.6 0.0 C11 34 0.0
Cc4 9.9 0.0 Cc8 7.3 0.0 C12 0.0 0.0
D1 4.0 0.0 D5 6.9 0.0 D9 5.0 0.0
D2 7.8 0.0 D6 29 0.0 D10 25 0.0
D3 49 0.0 D7 8.9 0.0 D11 19 0.0
D4 10.1 0.0 D8 114 0.0 D12 89 0.0
E1 10.6 0.0 E5 85 0.0 E9 16.5 0.0
E2 3.8 0.0 E6 6.7 0.0 E10 4.6 0.0
E3 135 0.0 E7 21.7 0.0 E11 15.7 0.0
E4 14.5 12.7 E8 21.0 0.0 E12 15.2 0.0
F1 54 102.0 F5 16.6 93.0 F9 5.7 68.7
F2 4.6 72.7 F6 3.8 75.7 F10 44 0.0
F3 3.2 0.0 F7 13.7 0.0 F11 57 0.0
F4 2.3 0.0 F8 3.3 0.0 F12 2.1 0.0
G1 4.0 0.0 G5 54 0.0 G9 19 0.0
G2 5.1 87.7 G6 5.6 935 G10 7.0 835
G3 24 0.0 G7 10.3 0.0 G11 16 0.0
G4 25 0.0 G8 34 0.0 G12 25 0.0
H1 0.9 0.0 H5 14.9 0.0 H9 3.2 0.0
H2 15 0.0 H6 4.7 0.0 H10 18 0.0
H3 1.1 0.0 H7 0.0 0.0 H11 2.1 0.0
H4 5.6 0.0 H8 4.6 0.0 H12 4.4 0.0
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Screening Data: HTS#3

7.34.7.
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(1.0 equiv.)

(1.5 equiv.)

O s04daseqngl
€9 €ADd

€9 s504diuex-N
£9504d|eqion
€9 4dd3I8I

£D soydXndira
£9D 504d saeqngl
£D soydanpoer
€D soydsor
£94d491d

£9 4ddd

“JAweuuR)pd|D1daHIaIg

100

=] o
o =

(%) PIRIA

o
™~

o

£0s504daAreq

€9 soyduyori)
€D 50ydD

79 s0ydnaig
€D Y WnixJeie)
¥D soydna.g

€D s504dnaig
€D d¥NId

€0 soydy

J1O 1M[e pd soydAddig
£D5s0ydnaigpy
Qa0dz(pdsoyd|v)

¥9 soydiuey
¥ soydx

€9 soydx

€9 soydiuex

79 soydiuex

9 soydleqion

€9 soydalxL]

€9 soydxngi

£9 soydnaigng

75 dEng

¥9 soyds

¥9 soydxngi

¥ soydny

9 soydny

€9 soydooy

[A41010 |2 pd SOY4D
€9 (nguj{zngid
soydiuexz|opd
wadi-isddid-pd
AdaNZ-1DIvadI-ISdd3d
AdIDg-101uadI-1Sdd3d
u 1d) 1Sdd3d
Ad|1D€1d3HI-1Sdd3d
m €5 ddndld

100

o o
o =r

(%) PI2IA

o

230



5-OMe-2-pyr (%)

17-OMe-2-pyr (%)

(AlPhosPd)2COD
AdBrettPhos G3
BippyPhos Pd allyl OTf
Aphos G3
BINAP G3
BrettPhos G3
BrettPhos G4
CataCXium A G3
BrettPhos G2
CPhos G3
CyJohnPhos G3
DavePhos G3

DiMelHeptCIPd(cinnamyl)Cl

DPPF G3
DTBPF G3
JosiPhos G3
JackiePhos G3
tBuDavePhos G3
Me4tBuXPhos G3
MeCgPPh G3
MorDalPhos G3
N-XantPhos G3
PCy3 G3
tBuDavePhos G4
DTBNpP G3
PEPPSI-IHept3CIPy
PEPPSI Ipr
PEPPSI-IPentCI-3CIPy
PEPPSI-IPentCl-2Me Py
Pd-PEPPSI-Ipent
PdClI2XantPhos
P(tBu2)(nBu) G3
QPhos Pd Cl crotyl
RockPhos G3
RuPhos G2
RuPhos G4
tBuXPhos G4
SPhos G4
tBu3P G2
tBuBrettPhos G3
tBuXPhos G3
TrixiePhos G3
MorDalPhos G4
XantPhos G2
XantPhos G3
XPhos G3
XPhos G4
XantPhos G4

46
22
34
6.8
1.2
58
5.1
4.6
32
52
3.0
20
25
4.0
93
3.0
47
3.6
25
5.9
33
73
1.7
3.8
58
0.0
33
25
0.0
0.0
4.5
10.3
5.1
23
52
54
34
5.1
22
33
3.9
338
13
45
44
238
5.6
52

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
4.8
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
234
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
274
374
0.0
0.0
26.6
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7.3.4.8.  Screening Data: HTS#4

[Pd] (10 mol%)
Ligand (30 mol%)

Cs,CO3 (3.0 equiv.) = 0 0
Br 502N A Gditive (1.5 equiv.) | 'S’
+ |l N N N
MeO Z N~
Solvent MeO MeO
2-OMe 4 100 °C, 20h, 250 rpm 5-OMe-2-pyr 17-OMe-2-pyr

(1.0 equiv.) (1.5 equiv.)

Well highlighted with the colour of the major product: “

1,4-Dioxane Toluene DMF

A A A
4 N7 N7 A

1 2 3 455 6 7 8:9 10 11 12
000000000000
000000000000
‘00D O00000000

‘000000000000
‘000000000000
- 000000000000
000000000000

Structure of catalysts 1-16 are shown in the next figure

("Bu)4NCI
(1.5 equiv.)

~

> No Additive
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L1 L2 L3 L4

PCY3
Me,N i NMe, i NMe, MeO i OMe
Pd G4 Pd G3 Pd G2 Pd G2
L5 L6 L7 L8
Me Me H
N

pCy O O MeO ! P(Ar),
’ o o MeO l P(Ar"),

Pd(OAc), Pd(OAc), Pd(OAc), Pd(OAc),
L13 L14 L15 L16
© MeO g P(Ar?), ) MeO g P(Ar®),
2 P(Aro)s . 3
N PCy, MeO P(Ar4), (i-Pr)O P(Ar®),
r 9 9
Pd(OAc), Pd(OAc), Pd(OAc), Pd(OAc),
Ar' = A= ¢ 0 Ar = /é\
t-Bu t-Bu F3C CFs

233



100

80

Yield (%)
g

ey
[=]

20

100

80

Yield (%)
g

ey
[=]

20

100

80

Yield (%)
g

ey
[=]

20

| |

1

A1A2A3A4B1B2B3B4C1IC2C3C4D1ID2D3D4E1E2 E3E4 F1 F2 F3 F4G1G2G3G4H1IH2 H3 HA

A D T

.

M |

A5 A6 A7A8B5 B6B7 B8 C5 C6 C7 CBD5D6D7D8ES E6 E7 E8 F5 F6 F7 F8 G5G6G7 GBH5 HEH7 H8

A9
Al0
All
Al2

B9
B10
B11

| - - " 1
NN OANDOANDNO AN AN A O o
40 A4 40 dd 48 AL oA~ 0dA-oTod==
o [SEaNE ooo o e bl G [V RG] T T T

234



| 1,4-dioxane 1,4-dioxane | toluene toluene | DMF DMF

Well 5-OMe (%) 17-OMe (%) Well 5-OMe (%) 17-OMe (%) Well 5-OMe (%) 17-OMe (%)
Al 19 0.0 A5 22 0.0 A9 0.0 0.0
A2 1.7 0.0 A6 0.0 0.0 A10 0.0 0.0
A3 21 0.0 A7 16 0.0 A1l 4.8 0.0
A4 23 0.0 A8 27 0.0 A12 1.8 0.0
B1 39 541 B5 3.0 15.1 B9 9.9 335
B2 0.0 41 B6 14 0.0 B10 0.0 22
B3 25 0.0 B7 0.0 0.0 B11 25 0.0
B4 1.3 0.0 B8 1.6 0.0 B12 3.1 0.0
C1 0.8 0.0 C5 0.0 0.0 C9 0.0 0.0
Cc2 0.0 69.2 C6 28 17.8 C10 6.5 54.6
C3 12 0.0 C7 2.7 0.0 C11 3.0 0.0
C4 0.0 0.0 (0] 0.0 0.0 C12 0.0 0.0
D1 0.0 0.0 D5 0.0 0.0 D9 0.0 0.0
D2 0.0 0.0 D6 1.2 0.0 D10 0.0 0.0
D3 3.7 0.0 D7 0.0 0.0 D11 0.0 0.0
D4 3.6 0.0 D8 26 0.0 D12 44 0.0
E1 0.0 0.0 E5 24 0.0 E9 0.0 0.0
E2 48 0.0 E6 26 0.0 E10 0.0 0.0
E3 75 0.0 E7 1.9 0.0 E11 24 0.0
E4 47 0.0 E8 1.2 0.0 E12 1.6 0.0
F1 26 527 E5] 37 1341 F9 5.8 19.8
F2 3.6 5.0 F6 1.9 0.0 F10 3.7 42
F3 6.9 0.0 F7 0.0 0.0 F11 9.9 0.0
F4 0.8 0.0 F8 1.7 0.0 F12 0.0 0.0
G1 0.9 0.0 G5 0.0 0.0 G9 11 0.0
G2 49 63.9 G6 3.3 122 G10 44 39.8
G3 25 0.0 G7 3.1 0.0 G11 54 0.0
G4 22 0.0 G8 0.0 0.0 G12 27 0.0
H1 0.0 0.0 H5 0.0 0.0 H9 0.0 0.0
H2 27 0.0 H6 0.0 0.0 H10 3.0 0.0
H3 0.0 0.0 H7 0.0 0.0 H11 0.0 0.0
H4 4.0 0.0 H8 23 0.0 H12 3.8 0.0
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7.4. Experimental Data and Procedures for Chapter 4

7.4.1. Oxidative Addition Complex 19

Me_ Me
Ar-Br
Cl NaCp @ Xantphos
N 1
<"Pd\ ,Pd") > Pd | = F
Cl THF/Benzene i Benzene rt PhyP—_ /PPh2 : ( ) s
-20°Ctort —~ IPd !

Ar
19

Allyl(cyclopentadienyl)palladium was synthesised from allyl palladium chloride dimer

according to literature procedure. 2%

Allyl(cyclopentadienyl)palladium (500 mg, 2.35 mmol, 1.0 equiv.) and Xantphos (1.50 g, 2.64
mmol, 1.1 equiv.) were added to a round-bottom flask equipped with a stirrer bar. The flask
was sealed with a septum, evacuated (< 0.1 mbar) and back-filled with argon twice, then
benzene (20 mL) was added. The reaction was stirred at room temperature under argon
atmosphere for 18 hours. The workup was carried out under air. The reaction mixture was
filtered through a sintered funnel, and the obtained solid was triturated and rinsed with pentane
(50 mL) then cold Et2O (50 mL) before drying under high vacuum to give the title compound

title compound as a yellow solid in 97% yield (1.96 g, 2.28 mmol).

mp (decomp.) 202-207 °C (from Et,0); IR (thin film, cm™) 2161, 2020, 1474, 1433, 1398,
1212, 1151, 1094, 871, 820, 801, 790, 744, 696 ; 'H NMR (400 MHz, CDCl3) 6 7.62 (dd, J =
7.0, 2.0 Hz, 2H), 7.41 — 7.30 (m, br. 7H), 7.29 — 7.22 (m, 5H), 7.19 — 7.08 (m, 12H), 6.44 (s,
br. 2H), 5.91 (app. t, J = 9.0 Hz, 2H), 1.79 (s, 6H); 3C{*H} NMR (101 MHz, CD2Cl>) 5 156.3,
150.1, 135.9 - 135.6 (m), 135.5-135.3 (m), 132.3, 132.1, 131.9, 131.7, 130.3, 128.4 (app. t, J
=5.0 Hz), 127.8, 124.8 (app. t, J = 3.5 Hz), 122.9 — 122.3 (m), 113.7, 113.5, 36.8, 28.6; 3'P{H}
NMR (162 MHz, CDCl3) & 8.54 (d, J = 4.0 Hz); 1F NMR (376 MHz, CDCl3) § -126.12 (tt, J

=12.0, 4.0 Hz).
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7.4.2. Literature Procedures for the Synthesis of Phosphinic Acids

\\/

o oo

bis(4-methoxyphenyl)phosphinic acid bis(4 (trlfluoromethyl phenyl)phosphinic acid
Q, OHMe 0, OH OMe 0, OH Me
D COD she
OMe
di-o-tolylphosphinic acid bis(2-methoxyphenyl)phosphinic acid phenyl(o-tolyl)phosphinic acid
O\\P OH Q, OH
©/ “Me MeYPYMe
Me Me
methyl(phenyl)phosphinic acid diisopropylphosphinic acid

Bis(4-methoxyphenyl)phosphinic acid was purchased from Sigma Aldrich.
Bis(4-(trifluoromethyl)phenyl)phosphinic acid.[?*4

Di-o-tolylphosphinic acid.[?%!

Bis(2-methoxyphenyl)phosphinic acid.[?*!

Phenyl(o-tolyl)phosphinic acid.[?7]

Methyl(phenyl)phosphinic acid.[?%!

Diisopropylphosphinic acid.?*

7.4.3. Novel Phosphinic Acids

5-Hydroxybenzo[b]phosphindole 5-oxide

¢l 1. H,0, MeCN, 60°C, 2 h 0, PH

' :P: ' 2. NaOH, H,0,, H,0, MeCN, rt, 18 h

5-Chlorobenzo[b]phosphindole was purchased from Sigma Aldrich. The chlorophosphine

(225 mg, 1.03 mmol, 1.0 equiv.) was dissolved in MeCN (5 mL) and H20 (2 mL) and heated
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to 60 °C for two hours. The reaction mixture was cooled to room temperature, then H,O (10
mL), NaOH (1.03 g, 25.7 mmol, 25 equiv.) and H20 (30% w/w in H20, 530 pL, mmol, 5.0
equiv.) were added, and the mixture was stirred at room temperature for 18 hours. The reaction
mixture was concentrated, the resulting solid was triturated and thoroughly washed with H;O,
then dried under high vacuum, giving title compound as a white solid in 57% yield over two

steps (127 mg, 0.6 mmol).

mp 237-242 °C (from H,0); IR (thin film, cm'?) 3060, 2359, 1602, 1472, 1441, 1285, 1168,
1140, 1073, 964, 864, 748, 717, 695, 620; *H NMR (400 MHz, CDCls) § 7.92 (dd, J = 11.0,
7.5 Hz, 2H), 7.77 (dd, J = 8.0, 3.5 Hz, 2H), 7.59 (app. t, J = 7.5 Hz, 2H), 7.45 (td, J = 7.5, 3.5
Hz, 2H), 3.77 (s, 1H); C{*H} NMR (101 MHz, CD3;0D) 5 141.3 (d, J = 28.5 Hz), 134.7 (d, J
= 2.5 Hz), 131.3 (d, J = 138.0 Hz), 130.5 (d, J = 11.5 Hz), 128.8 (d, J = 9.0 Hz), 122.4 (d, J =
12,5 Hz); 3P{*H} NMR (162 MHz, CD30OD) & 40.11; HRMS: m/z (El) calculated for

(C12H9O2P) [M—H]: 215.0267, found: 215.0258.

Bis(2-isopropoxyphenyl)phosphinic acid

@EBF j.\r NaH @EBF
+ R ——
OH Me Me DMF, 0 °C tort, Oi-Pr

8h
1. Mg, I, (cat.) O H Oi-Pr O OH Oi-Pr
D H,0,, NaOH D

©i8r THF, reflux, 1 h B P
Oi-Pr 2. (EtO),POH @[ MeOH, H,0, rt 18 h ©:

THF, 0 °C to reflux, 2 h Qi-Pr Oi-Pr

1-Bromo-2-isopropoxybenzene was synthesised according to literature procedure. 24

Magnesium turnings (452 mg, 18.6 mmol, 3.3 equiv.) and I (5 — 10 mg) were added to a two-
neck round-bottom flask with a stirrer bar and a condenser. The flask was sealed with a septum,
evacuated (< 0.1 mbar) and back-filled with argon twice, then a solution of 1-bromo-2-
isopropoxybenzene (4.00 g, 18.6 mmol, 3.3 equiv.) in THF (20 mL) was slowly added. The
resulted mixture was heated to reflux for 1 hour, then cooled to 0 °C. A solution of diethyl
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phosphite (720 uL, 5.6 mmol, 1.0 equiv.) in THF (10 mL) was slowly added and the resulting
mixture was heated to reflux for 2 hours. The reaction mixture was cooled to 0 °C, and brine
was added followed by conc. HCI until pH = 1 was reached. The two phases were separated
and the aqueous layer was extracted with EtOAc (3 x100 mL). The combined organic extracts
were dried with anhydrous MgSOy, filtered and concentrated under reduced pressure. The crude
product was dissolved in MeOH (75 mL) and H20 (75 mL), then NaOH (5.60 g, 140 mmol, 25
equiv.) and H202 (30% wi/w in H20, 2.9 mL, 28.1 mmol, 5.0 equiv.) were added. The resulting
mixture was stirred for 18 hours at room temperature then concentrated under reduced pressure.
The residue was dissolved in H.O (100 mL), and conc. HCI was added at 0 °C until formation
of a yellow precipitate. The solution was filtered through a sintered funnel, and the precipitate
was thoroughly washed with H20, then dried under high vacuum for 18 hours giving the title

compound as a yellow solid in 53% yield over two steps (988 mg, 3.0 mmol).

mp 173-178 °C (from H,0); IR (thin film, cm™1)1590, 1473, 1443, 1374, 1278, 1243, 1173,
1140, 1113, 1082, 1043, 950, 869, 791, 756, 716, 609; *H NMR (400 MHz, CDClIs) § 10.59 (s,
1H), 8.02 (ddd, J = 14.0, 7.5, 2.0 Hz, 2H), 7.34 (tdd, J = 8.0, 2.0, 1.0 Hz, 2H), 6.92 (tdd, J =
7.5, 2.5, 1.0 Hz, 2H), 6.71 (dd, J = 8.0, 6.0 Hz, 2H), 4.37 (hept, J = 6.0 Hz, 2H), 0.88 (d, J =
6.0 Hz, 12H); 2*C{*H} NMR (101 MHz, CDCl3) & 159.1 (d, J = 5.0 Hz), 134.9 (d, J = 6.5 Hz),
132.9 (d, J = 2.0 Hz), 123.1 (d, J = 145.0 Hz), 119.5 (d, J = 13.0 Hz), 112.1 (d, J = 8.0 H2),
69.5, 21.3; 3P{*H} NMR (162 MHz, CDCl3) & 30.57; HRMS: m/z (El) calculated for

(C18H2304P) [M—H]: 333.1261, found: 333.1258.

(2-1sopropylphenyl)(phenyl)phosphinic acid
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i-Pr O H Ii-Pr
Br 1. Mg, I (cat.) 2. PPh,Cl, 3. HySO,4 \\P/
THF, reflux, 1 h THF, 0°Ctort, 18 h THF, 0°Ctort, 1h ©/
O H I-Pr O OH I-Pr
\ /

\\P/ H202, NaOH p
©/ MeOH, H,0, rt 18 h ©/

Magnesium turnings (269 mg, 11.1 mmol, 1.1 equiv.) and I> (5 — 10 mg) were added to a two-

neck round-bottom flask equipped with a stirrer bar and a condenser. The flask was sealed with
a septum, evacuated (< 0.1 mbar) and back-filled with argon twice, then a solution of 1-bromo-
2-isopropylbenzene (2.00 g, 10.0 mmol, 1.0 equiv.) in THF (10 mL) was slowly added. The
resulted mixture was heated to reflux for 1 hour, then cooled to 0 °C. A solution of
dichlorophenylphosphine (1.4 mL, 10.3 mmol, 1.0 equiv.) in THF (10 mL) was slowly added
and the resulting mixture was stirred at room temperature for 18 h. The reaction mixture was
cooled to 0 °C and 100 mL of a 10% v/v solution of H2SO4 was added. After 10 min, the ice
bath was removed and the reaction mixture was allowed to warm to room temperature. The two
phases were separated and the aqueous layer was extracted with EtOAc (3 x 100 mL). The
combined organic extracts were dried with anhydrous MgSOs, filtered and concentrated under
reduced pressure. The crude product was dissolved in MeOH (75 mL) and H20O (75 mL), then
NaOH (10.0 g, 250 mmol, 25 equiv.) and H202 (30% w/w in H20, 5.2 mL, 50 mmol, 5.0 equiv.)
were added. The resulting mixture was stirred for 18 hours at room temperature then
concentrated under reduced pressure. The residue was dissolved in H.O (100 mL), and conc.
HCl was added at 0 °C until formation of a yellow precipitate. The solution was filtered through
a sintered funnel, and the precipitate was thoroughly washed with H>O, then dried under high
vacuum for 18 hours giving title compound as a yellow solid in 75% yield over two steps (1.96

g, 7.5 mmol).

mp 118-123 °C (from H0); IR (thin film, cm™) 2969, 1590, 1565, 1475, 1436, 1387, 1362,
1193, 1164, 1128, 1084, 1309, 1024, 980, 955, 770, 764, 752, 716, 695, 680; *H NMR (400
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MHz, CDCls) § 12.27 (s, 1H), 7.94 (dd, J = 13.0, 7.5 Hz, 1H), 7.65 (dd, J = 13.0, 7.5 Hz, 2H),
7.51 — 7.40 (m, 2H), 7.38 — 7.29 (m, 3H), 7.24 — 7.17 (m, 1H), 3.47 (p, J = 6.5 Hz, 1H), 0.96
(d, J = 6.5 Hz, 6H); 3C{*H} NMR (101 MHz, CDCl3) & 153.1 (d, J = 12.0 Hz), 134.2 (d, J =
138.5 Hz), 133.1 (d, J = 9.5 Hz), 132.7, 131.7, 131.1 (d, J = 11.0 Hz), 129.4 (d, J = 139.0 Hz),
128.3 (d, J = 13.0 Hz), 126.7 (d, J = 12.5 Hz), 125.5 (d, J = 12.5 Hz), 31.3 (d, J = 4.0 Hz), 23.9;
31P{1H} NMR (162 MHz, CDCls3) & 34.61; HRMS: m/z (El) calculated for (CisH1702P)

[M+H]": 261.1039, found: 261.1039.
[1,1'-Biphenyl]-2-yl(phenyl)phosphinic acid
Br T Mg, I, (cat.) 2. PPh,CI, H,SO, O\\P/H s
THF, reflux, Th  THF, 0°Ctort, 18h THF, 0°Ctort, 1h ©/
O\\P/H Ph Hzoz, NaOH O\\P/OH Ph
©/ MeOH, H,0, rt 18 h ©/

Magnesium turnings (310 mg, 12.8 mmol, 1.1 equiv.) and I (5 — 10 mg) were added to a two-

neck round-bottom flask equipped with a stirrer bar and a condenser. The flask was sealed with
a septum, evacuated (< 0.1 mbar) and back-filled with argon twice, then a solution of 2-bromo-
1,1'-biphenyl (2.0 mL, 11.6 mmol, 1.0 equiv.) in THF (10 mL) was slowly added. The resulted
mixture was heated to reflux for 1 hour, then cooled to O °C. A solution of
dichlorophenylphosphine (1.8 mL, 13.3 mmol, 1.1 equiv.) in THF (10 mL) was slowly added
and the resulting mixture was stirred at room temperature for 18 h. The reaction mixture was
cooled to 0 °C and 100 mL of a 10% v/v solution of H.SO4 was added. After 10 min, the ice
bath was removed and the reaction mixture was allowed to warm to room temperature. The two
phases were separated and the aqueous layer was extracted with EtOAc (3 x 100 mL). The
combined organic extracts were dried with anhydrous MgSOQ, filtered and concentrated under

reduced pressure. The crude product was dissolved in MeOH (75 mL) and H20 (75 mL), then
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NaOH (11.6 g, 290 mmol, 25 equiv.) and H202 (30% w/w in H20, 6.0 mL, 50 mmol, 5.0 equiv.)
were added. The resulting mixture was stirred for 18 hours at room temperature then
concentrated under reduced pressure. The residue was dissolved in H.O (100 mL), and conc.
HCl was added at 0 °C until formation of a white precipitate. The solution was filtered through
a sintered funnel, and the precipitate was thoroughly washed with H20O, then dried under high
vacuum for 18 hours giving the title compound as a white solid in 30% yield over two steps

(1.02 g, 3.5 mmol).

mp 167-172 °C (from H,0); IR (thin film, cm™) 3053, 1586, 1563, 1468, 1434, 1401, 1361,
1285, 1237, 1189, 1136, 1095, 1068, 1027, 937, 909, 884, 780, 766, 744, 718, 695, 618; 'H
NMR (400 MHz, CDCl3) & 12.18 (s, 1H), 8.19 (dd, J = 13.0, 7.5 Hz, 1H), 7.53 — 7.47 (m, 1H),
7.44 - 7.37 (M, 1H), 7.28 — 7.21 (m, 1H), 7.20 — 7.02 (m, 8H), 7.01 — 6.95 (m, 2H); C{*H}
NMR (101 MHz, CDCls) § 146.4 (d, J = 12.0 Hz), 140.5 (d, J = 3.4 Hz), 133.1 (d, J = 141.5
Hz), 133.0 (d, J = 8.5 Hz), 131.7 — 131.0 (m), 131.2 (d, J = 135.1 Hz), 131.2 (d, J = 12.0 H2),
130.0, 127.6 (d, J = 13.5 Hz), 127.2, 127.1, 126.8 (d, J = 12.0 Hz); 3'P{*H} NMR (162 MHz,
CDCl) & 32.63; HRMS: m/z (EI) calculated for (CigHis02P) [M—H]": 293.0737, found:

293.0731.
7.4.4. (5-lodo-9,9-dimethyl-9H-xanthen-4-yl)diphenylphosphane

1. n-BuLi, TMEDA,
Me Me Et,O 40 °C Me_ Me 1. n-BuLi, THF, -78 °C Me Me

O O 2.1,,-40°Ctort O O 2. PPh,Cl, -78 °C to rt O O
O (6) 57% O
| I

61 %Iil.
H H PPh, i

4,5-Diiodo-9,9-dimethyl-9H-xanthene was synthesised from 9,9-dimethyl-9H-xanthene

according to literature procedure. 24l

4,5-Diiodo-9,9-dimethyl-9H-xanthene (6.40 g, 14.0 mmol, 1.0 equiv.) was added to a round-

bottom flask with a stirrer bar. The flask was sealed with a septum, evacuated (< 0.1 mbar) and
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back-filled with argon twice, then THF (100 mL) was added. After dissolution of the solid, the
flask was cooled to -78 °C and n-BuLi (2.54 M in hexanes, 5.5 mL, 14.0 mmol, 1.0 equiv.)
was added over 2 minutes. Lithium-iodide exchange was found to be complete within 1 minute
according to HPLC analysis of the reaction mixture. Diphenylchlorophosphine (3.4 mL, 18.9
mmol, 1.4 equiv.) was then added over 2 minutes and the reaction was stirred at -78 °C for 10
minutes. The dry ice bath was then removed and the reaction was stirred for another 18 hours.
The reaction flask was then opened to air, sat. aq. NH4ClI (5 mL) was slowly added followed by
brine (100 mL). The two phases were separated and the aqueous layer was extracted with
EtOAc (3 x 50 mL). The combined organic extracts were dried with anhydrous MgSOa, filtered
and concentrated under reduced pressure. The crude product was purified by flash column
chromatography (gradient of CH2Cl2 0% to 30% in petrol), giving the title compound as a white

solid in 57% vyield (4.12 g, 7.92 mmol).

mp 174-179 °C (from CH2Clz/petrol); IR (thin film, cm™) 3068, 2970, 1585, 1557, 1477, 1434,
1408, 1284, 1247, 1206, 1194, 1140, 1097, 1067, 1027, 907, 884, 834, 814, 777, 730, 695, 665,
648 ; 1H NMR (400 MHz, CDCl3) § 7.60 (dd, J = 8.0, 1.5 Hz, 1H), 7.42 (ddd, J = 8.0, 1.5, 1.0
Hz, 1H), 7.39 — 7.32 (m, 11H), 7.01 (td, J = 7.5, 1.0 Hz, 1H), 6.79 (t, J = 8.0 Hz, 1H), 6.57
(ddd, J = 7.5, 4.0, 1.5 Hz, 1H), 1.64 (s, 6H); 3C{*H} NMR (101 MHz, CDCls) § 152.2 (d, J =
16.5 Hz), 149.7 (d, J = 2.0 Hz), 137.8, 136.6 (d, J = 10.5 Hz), 134.4 (d, J = 20.0 Hz), 131.9,
131.2, 129.7 (d, J = 1.5 Hz), 128.8, 128.7 — 128.3 (m), 126.7, 126.0, 125.5 (d, J = 17.0 Hz),
124.8, 123.9, 35.0 (d, J = 1.5 Hz), 32.4; 31P{*H} NMR (162 MHz, CDCls) & -14.25; HRMS:

m/z (El) calculated for (C27H2210P) [M+H]*: 521.0526, found: 521.0518.
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7.4.5. General Procedures for the Synthesis of Ligands L1-L13

0, OH SOCl, o, ClI
\P/ \\P/
R "R2 Toluene, 80 °C R'" “R2
Phoshinic Phoshinic
Acid Chloride
Me Me 1. n-BulLi, THF, -78 °C Me Me HSICls Me_ Me
O O 2. R'R2POCI, -78 °C to rt ‘ ‘ NEt; O O
(0} ) Toluene, 110 °C 0
12 or 12
PPh, | PPh, O/,PR R Mesitylene 130 °C PPh, PR'R

(5-lodo-9,9-dimethyl-9H-
xanthen-4- L1°9%.L13°% L1-L13
yl)diphenylphosphane

General Procedure B-1: Preparation of the Phosphinic Chloride Fragment

The phosphinic acid (1.0 equiv.) was added to a 50 mL round-bottom flask equipped with a
stirrer bar. The flask was sealed with a septum, evacuated (< 0.1 mbar) and back-filled with
argon twice, then toluene was added (obtained concentration of phosphinic acid in toluene:
0.25M), followed by SOCI, (10 equiv.). The reaction mixture was heated to 80 °C until
complete conversion was observed by 3P{*H} NMR spectroscopy (ca. 30 min — 2 h), after
which the reaction was cooled to room temperature and concentrated under reduced pressure
on a rotavapor, minimising the time during which the flask was opened to air. The residue was
further dried under high vacuum for 10 min at room temperature with stirring, after which THF

was added, giving a ca. 0.1 M solution of phosphinic chloride in THF.
General Procedure B-2: Preparation of L1°*-L13%

(5-10do-9,9-dimethyl-9H-xanthen-4-yl)diphenylphosphane (1.0 equiv.) was added to a 50 mL
round-bottom flask equipped with a stirrer bar. The flask was sealed with a septum, evacuated
(< 0.1 mbar) and back-filled with argon twice, then THF was added (concentration of substrate:
0.06 M). After dissolution of the solid, the flask was cooled to -78 °C and n-BuLi (2.50 M in

hexanes, 1.1 equiv.) was added over 30 seconds. Lithium-iodide exchange was found to be
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complete within 1 minute according to HPLC analysis of the reaction mixture. The phosphinic
chloride (1.3 equiv.) prepared according to the procedure described above was then added over
30 seconds. The reaction mixture was stirred for 10 minutes after which the cooling bath was
removed, allowing the flask to warm to room temperature and stir for 18 hours. Sat. ag.NH4Cl
(1-5mL) and brine (20 mL) were sequentially added to the reaction mixture, then the two phases
were separated and the aqueous layer was extracted with EtOAc (3 x 25 mL). The combined
organic extracts were dried with anhydrous MgSOsa, filtered and concentrated under reduced
pressure. The crude product was purified by flash column chromatography (gradient of EtOAc
in petrol), giving ligands L1°%-L.13°%, These ligands were not pure at this stage as phosphine

oxide related compounds always co-eluted during the flash column chromatography.

General Procedure B-3: Reduction of L1°%-.13%

Ligands L1°%-L.13°¢ were added to a high pressure reaction tube equipped with a stirrer bar.
The flask was sealed with a septum, evacuated (< 0.1 mbar) and back-filled with argon twice,
then toluene or mesitylene was added (concentration of substrate: 0.05 — 0.2 M), followed by
NEts (5.5 equiv.) and HSIiCls (5.0 equiv.). The septum was then removed and the pressure tube
was sealed and heated to 110 °C (toluene) or 130 °C (mesitylene) for 18 hours. High pressure
tubes were required due to the low boiling points of NEtz (bp = 89 °C) and HSiCls (bp =32 °C).
The reaction flask was cooled to room temperature and the mixture was slowly added to a
round-bottom flask containing a solution of ag. NaOH (1.0 M, 10 equiv. compared to HSiClz3)
at 0 °C. CH2Cl, was added, then the two phases were separated and the aqueous layer was
extracted with DCM (3 x 25 mL). The combined organic extracts were dried with anhydrous
MgSOsu, filtered and concentrated under reduced pressure. The crude product was purified by

flash column chromatography (gradient of CH2Clz in petrol), giving ligands L1-L.13.

Yields were calculated against the amount of (5-lodo-9,9-dimethyl-9H-xanthen-4-

yl)diphenylphosphane used.
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General Procedure C: Alternative Preparation of L1°*-L13°%

Me Me 1. n-BuLi THF, Me_Me 1. n-BuLi THF, Me, Me

‘ ‘ -78 °C, 15 min O ‘ -78 °C, 15 min ‘ ‘
o) 0 o
| |

2. PPh,ClI, THF, 2. R'R?POCI, THF,
-78 °C, 15 min PPh, | 78 °C to rt, 15 min PPh, O//PR1R2

4,5-diiodo-9,9-
dimethyl-9H-xanthene L1°%-L13°

4,5-Diiodo-9,9-dimethyl-9H-xanthene (1.0 equiv.) was added to a 50 mL round-bottom flask
equipped with a stirrer bar. The flask was sealed with a septum, evacuated (< 0.1 mbar) and
back-filled with argon twice, then THF was added (concentration of substrate: 0.09 M). After
dissolution of the solid, the flask was cooled to -78 °C and n-BuLi (2.50 M in hexanes, 1.0
equiv.), PPh.Cl (1.1 equiv.), n-BuLi (2.50 M in hexanes, 2.0 equiv.) and R'R?2POCI (2.5 equiv.)
were added sequentially every 15 minutes at — 78°C. The cooling bath was then removed,
allowing the flask to warm to room temperature and stir for 15 minutes. Sat. ag.NH4Cl (1 mL)
and brine (20 mL) were sequentially added to the reaction mixture, then the two phases were
separated and the aqueous layer was extracted with EtOAc (3 x 25 mL). The combined organic
extracts were dried with anhydrous MgSQOyg, filtered and concentrated under reduced pressure.
The crude product was purified by flash column chromatography (gradient of EtOAc in petrol),
giving ligands L1°%-L.13%. These ligands were not pure at this stage as phosphine oxide related

compounds always co-eluted during the flash column chromatography.
7.4.6. Characterisation Data for Ligands L1-L13

(5-(Bis(4-methoxyphenyl)phosphaneyl)-9,9-dimethyl-9H-xanthen-4-

yl)diphenylphosphane L1

Me Me

Phy,P : P- :
MeO OMe

246



Isolated in 11% vyield (62 mg, 0.097 mmol) from 4,5-diiodo-9,9-dimethyl-9H-xanthene (400

mg, 0.87 mmol, 1.0 equiv.) using General Procedures B-1 and C and B-2.

mp 132-137 °C (from CDCls); IR (thin film, cm™®) 2961, 1593, 1567, 1497, 1461, 1434, 1401,
1284, 1239, 1177, 1094, 1029, 907, 882, 825, 789, 729, 696, 648; *H NMR (400 MHz, CDCls)
§7.46 — 7.37 (m, 2H), 7.31 — 7.09 (m, 14H), 7.04 — 6.94 (m, 2H), 6.81 — 6.74 (m, 4H), 6.64 —
6.53 (m, 2H), 3.80 (s, 6H), 1.67 (s, 6H); 1*C{*H} NMR (101 MHz, CDCl3) § 159.9, 153.1 —
152.7 (m), 152.6 — 152.2 (m), 137.7 (d, J = 14.0 Hz), 135.4 (d, J = 21.5 Hz), 134.0 (d, J = 20.0
Hz), 132.3, 131.9, 130.2 — 129.9 (m), 128.5 — 128.1 (M), 126.5, 126.2, 125.8 (d, J = 19.0 Hz),
123.4 (d, J = 3.5 Hz), 114.0 (d, J = 8.0 Hz), 55.2, 34.6 — 34.3 (m), 31.9; 3P{H} NMR (162
MHz, CDCl») 6 -18.24 (d, J = 32.0 Hz), -20.17 (d, J = 32.0 Hz); HRMS: m/z (El) calculated

for (CaiHssOsP2) [M+H]*: 639.2212, found: 639.2210.

(5-(Bis(4-(trifluoromethyl)phenyl)phosphaneyl)-9,9-dimethyl-9H-xanthen-4-

yldiphenylphosphane L2

Me Me

PhyP : P. :
FsC CF

Isolated in 10% yield (64 mg, 0.097 mmol) from 4,5-diiodo-9,9-dimethyl-9H-xanthene (400

3

mg, 0.90 mmol, 1.0 equiv.) using General Procedures B-1 and C and B-2.

mp 141-146 °C (from CDCls); IR (thin film, cm™) 2361, 1604, 1433, 1404, 1322, 1239, 1168,
1125, 1106, 1059, 1016, 882, 839, 829, 789, 768, 743, 696; LH NMR (400 MHz, CDCls) 5 7.53
—7.47 (m, 5H), 7.45 (dd, J = 7.5, 1.5 Hz, 1H), 7.33 — 7.11 (m, 14H), 7.07 — 6.96 (m, 2H), 6.52
(ddg, J = 16.0, 7.5, 1.5 Hz, 2H), 1.70 (s, 6H); 3C{*H} NMR (101 MHz, CDCl3) § 153.0 — 152.6

(m), 152.6 — 152.2 (m), 142.0 — 141.5 (m), 137.1 — 136.8 (m), 133.9 (ddd, J = 24.5, 12.0, 9.0
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Hz), 132.2, 131.8, 130.6, 130.5 (g, J = 32.5 Hz), 129.9, 128.5, 128.2 (t, J = 3.5 Hz), 127.2,
126.4, 125.6 (d, J = 9.5 Hz), 124.1 (g, J = 272.0 Hz), 125.0 (q, J = 3.5 Hz), 123.8 (d, J = 4.5
Hz), 123.7 — 123.3 (), 35.0 — 34.3 (M), 31.7; 3'P{'H} NMR (162 MHz, CDCls) & -17.4 (app.
s); F{*H} NMR (377 MHz, CDCls) 6 -62.66; HRMS: m/z (El) calculated for (C41H30FsOP>)

[M+H]*: 715.1749, found: 715.1740.
(5-(Di(furan-2-yl)phosphaneyl)-9,9-dimethyl-9H-xanthen-4-yl)diphenylphosphane L3

Me Me

Ph,P P<_0O
IO
Isolated in 3.5% vyield (6.5 mg, 0.012 mmol) from (5-iodo-9,9-dimethyl-9H-xanthen-4-

yl)diphenylphosphane (175 mg, 0.34 mmol, 1.0 equiv.) using General Procedures B-1, B-2 and

B-3.

mp 203-208 °C (from CH2Cla/petrol); IR (thin film, cm™) 2924, 1459, 1434, 1403, 1364, 1284,
1262, 1239, 1211, 1151, 1111, 1067, 1026, 1006, 902, 883, 789, 740, 696, 654; *H NMR (400
MHz, CDCl3) § 7.57 (dd, J = 2.0, 1.0 Hz, 2H), 7.42 — 7.38 (m, 2H), 7.33 — 7.29 (m, 10H), 7.05
—6.92 (m, 3H), 6.56 (ddd, J = 7.5, 4.0, 1.5 Hz, 1H), 6.52 (dt, J = 3.5, 1.0 Hz, 2H), 6.29 (dt, J =
3.5, 1.5 Hz, 2H), 1.62 (s, 6H); 33C{*H} NMR (126 MHz, CDCl3) § 207.1, 152.5 (dd, J = 17.5,
1.5 Hz), 152.4 — 152.1 (m), 150.7 (d, J = 13.0 Hz), 147.1 (d, J = 2.5 Hz), 137.3 (d, J = 12.5 Hz),
134.2 (d, J = 20.0 Hz), 132.2, 130.1 (dd, J = 14.5, 2.0 Hz), 128.6 — 128.3 (m), 127.0, 126.7,
125.7 (d, J = 18.0 Hz), 123.5 (d, J = 9.0 Hz), 123.0 (d, J = 8.5 Hz), 121.1 (dd, J = 23.5, 15 Hz),
110.7 (d, J = 5.5 Hz), 34.5 (t, J = 2.0 Hz), 32.0; 3!P{'H} NMR (162 MHz, CDCl3) § -17.17 (d,
J =32.0 Hz), -62.73 (d, J = 32.0 Hz); HRMS: m/z (EI) calculated for (C3sH2s03P2) [M+H]":

559.1586, found: 559.1586.
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5-(5-(Diphenylphosphaneyl)-9,9-dimethyl-9H-xanthen-4-yl)-5H-benzo[b]phosphindole

L4

Isolated in 35% vyield (68 mg, 0.12 mmol) from (5-iodo-9,9-dimethyl-9H-xanthen-4-
yl)diphenylphosphane (175 mg, 0.34 mmol, 1.0 equiv.) using General Procedures B-1, B-2 and

B-3.

mp 227-232 °C (from CH2Cla/petrol); IR (thin film, cm™) 2972, 1563, 1477, 1434, 1403, 1284,
1239, 1197, 1107, 1068, 1028, 907, 882, 787, 745, 725, 696, 648; *H NMR (400 MHz, CDCls)
§7.98—7.88 (m, 2H), 7.52 (ddd, J = 8.0, 1.5, 1.0 Hz, 1H), 7.48 — 7.30 (m, 15H), 7.17 (tdd, J =
7.5,3.0,1.0 Hz, 2H), 7.11 (t, J = 7.5 Hz, 1H), 6.81 — 6.71 (m, 2H), 6.49 (ddd, J = 7.5, 4.0, 1.5
Hz, 1H), 1.67 (s, 6H); 3.C{*H} NMR (101 MHz, CDCls) § 153.6 (dd, J = 19.0, 1.5 Hz), 153.1
—152.7 (m), 143.8 (d, J = 3.0 Hz), 142.8 (d, J = 6.5 Hz), 137.0 (d, J = 12.0 Hz), 134.4 (d, J =
20.0 Hz), 132.2, 131.3 (dd, J = 21.5, 2.0 Hz), 130.6 (dd, J = 14.0, 2.0 Hz), 129.0 (d, J = 3.0
Hz), 128.8, 128.7, 128.6, 128.3, 127.3 (d, J = 7.0 Hz), 126.6, 126.6, 125.8 (d, J = 17.0 Hz),
124.9 (d, J = 26.0 Hz), 123.8, 123.7, 121.2, 34.9 — 34.6 (m), 31.7; 3P{H} NMR (162 MHz,
CDClI3) 6 -17.54 (d, J = 34.5 Hz), -24.33 (d, J = 34.5 Hz); HRMS: m/z (EI) calculated for

(C39H300P2) [M+H]*: 577.1845, found: 577.1844.
(5-(Di-o-tolylphosphaneyl)-9,9-dimethyl-9H-xanthen-4-yl)diphenylphosphane L5

Me Me

! (0) ! Me
Phy,P i :P\ i
Me
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Isolated in 7% vyield (23 mg, 0.038 mmol) from (5-iodo-9,9-dimethyl-9H-xanthen-4-
yl)diphenylphosphane (300 mg, 0.58 mmol, 1.0 equiv.) using General Procedures B-1, B-2 and

B-3.

mp 142-147 °C (from CH2Cl/petrol); IR (thin film, cm™) 3055, 2923, 2854, 1588, 1564, 1467,
1452, 1434, 1402, 1283, 1240, 1200, 1120, 1028, 882, 788, 745, 718, 695; *H NMR (400 MHz,
CDCl3) 5 7.48 — 7.36 (m, 2H), 7.25 — 7.10 (m, 14H), 7.03 — 6.89 (m, 4H), 6.67 (ddd, J = 7.5,
4.0, 1.5 Hz, 2H), 6.57 — 6.45 (m, 2H), 2.31 (s, 6H), 1.66 (s, 6H); 3C{*H} NMR (101 MHz,
CDCls) & 153.9 — 151.9 (m), 142.9 (d, J = 27.5 Hz), 137.8 (d, J = 14.5 Hz), 135.6 (d, J = 14.5
Hz), 134.0 (d, J = 20.0 Hz), 132.9, 132.4 — 131.5 (m), 130.1 — 129.6 (m), 128.6 — 128.0 (m),
126.4 (d, J = 5.5 Hz), 126.1 — 125.8 (m), 124.6 — 124.0 (m), 123.5 (d, J = 16.5 Hz), 34.6, 31.9,
21.6 — 21.2 (m); 3'P{*H} NMR (162 MHz, CDCls) § -17.62 (d, J = 29.5 Hz), -32.99 (d, J =

29.5 Hz); HRMS: m/z (EI) calculated for (C41H3sOP2) [M+H]*: 607.2314, found: 607.2310.

(5-(Bis(2-methoxyphenyl)phosphaneyl)-9,9-dimethyl-9H-xanthen-4-

yl)diphenylphosphane L6

Me Me

! (0] ! OMe
Ph,P : :P\ i
OMe

Isolated in 4% vyield (7.2 mg, 0.011 mmol) from (5-iodo-9,9-dimethyl-9H-xanthen-4-
yl)diphenylphosphane (140 mg, 0.27 mmol, 1.0 equiv.) using General Procedures B-1, B-2 and

B-3.

mp 221-226 °C (from CH,Cl2/petrol); IR (thin film, cm™) 2959, 2919, 2851, 1586, 1572, 1474,
1460, 1431, 1403, 1275, 1241, 1180, 1162, 1124, 1095, 1080, 1025, 908, 880, 793, 748, 726,

694, 644; 'H NMR (400 MHz, CDCls3)  7.42 (ddd, J = 15.5, 7.8, 1.5 Hz, 2H), 7.32 — 7.24 (m,
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3H), 7.23 — 7.10 (m, 9H), 6.97 (dt, J = 12.5, 7.5 Hz, 2H), 6.83 (dd, J = 8.5, 5.0 Hz, 2H), 6.74
(t, J = 7.5 Hz, 2H), 6.65 — 6.56 (m, 3H), 6.54 (ddd, J = 7.5, 3.5, 1.5 Hz, 1H), 3.74 (s, 6H), 1.66
(s, 6H); 13C{*H} NMR No *C data available for this compound; 3P{*H} NMR (162 MHz,
CDCl3) & -18.80, -19.03; HRMS: m/z (EI) calculated for (CsiHssOsP2) [M+H]*: 639.2212,

found: 639.2211.

(5-(Bis(2-isopropoxyphenyl)phosphaneyl)-9,9-dimethyl-9H-xanthen-4-

yl)diphenylphosphane L7

Me Me

Oi-Pr

Ph,P P

Oi-Pr

Isolated in 32% vyield (130 mg, 0.19 mmol) from (5-iodo-9,9-dimethyl-9H-xanthen-4-
yl)diphenylphosphane (300 mg, 0.58 mmol, 1.0 equiv.) using General Procedures B-1, B-2 and

B-3.

mp 57-62 °C (from CH2Clz/petrol); IR (thin film, cm™) 3057, 2975, 2828, 1582, 1468, 1436,
1402, 1384, 1372, 1275, 1236, 1179, 1133, 1109, 1067, 1041, 1027, 955, 908, 884, 797, 731,
696, 648; 1H NMR (400 MHz, CDCl3) & 7.40 (dd, J = 8.0, 1.5 Hz, 2H), 7.31— 7.1 (m, br. 12H),
6.96 (app. t, J = 7.5 Hz, 2H), 6.90 — 6.68 (m, br. 7H), 6.57 (ddd, J = 7.5, 3.5, 1.5 Hz, 1H), 4.58
—4.43 (m, 2H), 1.66 (s, 6H), 1.16 — 1.01 (m, 12H); 3C{H} NMR (126 MHz, CDCl3) 6 159.9,
159.8, 153.2 — 152.9 (m), 137.7 — 137.2 (m), 134.4 (d, J = 5.5 Hz), 134.1 (d, J = 20.5 Hz),
133.4, 131.8, 129.9, 128.2 (d, J = 14.5 Hz), 126.4, 123.4 (t, J = 21.5 Hz), 120.9 — 120.4 (m),
71.1 — 70.2 (m), 34.6, 32.1, 22.0, 21.9; 3'P{*H} NMR (162 MHz, CDCls3) & -18.55, -18.75;

HRMS: m/z (EI) calculated for (CasH4403P2) [M+H]*: 695.2838, found: 695.2831.

(9,9-Dimethyl-5-(phenyl(o-tolyl)phosphaneyl)-9H-xanthen-4-yl)diphenylphosphane L8
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Me Me

Me
Mene

Isolated in 58% vyield (198 mg, 0.33 mmol) from (5-iodo-9,9-dimethyl-9H-xanthen-4-
yl)diphenylphosphane (300 mg, 0.58 mmol, 1.0 equiv.) using General Procedures B-1, B-2 and

B-3.

mp 193-198 °C (from CH2Cla/petrol); IR (thin film, cm™) 3052, 2972, 2359, 1586, 1563, 1476,
1433, 1402, 1284, 1240, 1199, 1109, 1067, 1027, 908, 882, 788, 744, 730, 696, 649; *H NMR
(400 MHz, CDCl3) 8 7.42 (dd, J = 7.5, 1.5 Hz, 2H), 7.35 — 7.07 (m, 17H), 7.00 — 6.93 (m, 3H),
6.69 (ddd, J = 7.5, 4.0, 1.5 Hz, 1H), 6.56 (ddd, J = 7.5, 3.5, 1.5 Hz, 1H), 6.51 (ddd, J = 7.5, 3.5,
1.5 Hz, 1H), 2.33 (d, J = 1.5 Hz, 3H), 1.69 (s, 3H), 1.66 (s, 3H); 3C{H} NMR (101 MHz,
CDCls) & 153.0 — 152.5 (m), 142.5, 142.2, 138.0 — 137.0 (m), 136.7 — 136.0 (m), 134.9 — 133.4
(m), 132.6 — 131.8 (m), 130.0 (d, J = 4.5 Hz), 129.1 — 127.8 (m), 126.4 (d, J = 6.5 Hz), 126.0
(d, J = 19.5 Hz), 125.8, 125.3 (d, J = 18.5 Hz), 123.5 (d, J = 8.5 Hz), 34.6 (d, J = 1.5 Hz), 32.0,
31.8, 21.7 - 21.2 (m); 3'P{*H} NMR (162 MHz, CDCl3) & -17.81 (d, J = 30.0 Hz), -24.97 (d, J

=30.0 Hz); HRMS: m/z (El) calculated for (C4oH34OP2) [[M+H]*: 593.2158, found: 593.2152.

(5-(Diphenylphosphaneyl)-9,9-dimethyl-9H-xanthen-4-yl)(2-

isopropylphenyl)(phenyl)phosphane L9

Me Me

Ph,P : P, i
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Isolated in 35% vyield (126 mg, 0.20 mmol) from (5-iodo-9,9-dimethyl-9H-xanthen-4-
yl)diphenylphosphane (300 mg, 0.58 mmol, 1.0 equiv.) using General Procedures B-1, B-2 and

B-3.

mp 87-92 °C (from CH:Cla/petrol); IR (thin film, cm™) 3052, 1586, 1563, 1471, 1433, 1402,
1361, 1285, 1238, 1146, 1109, 1067, 1027, 999, 882, 844, 787, 741, 695; 'H NMR (400 MHz,
CDCls) § 7.41 (dd, J = 7.5, 1.5 Hz, 2H), 7.37 — 7.14 (m, 17H), 7.01 — 6.93 (m, 3H), 6.77 (ddd,
J=175, 4.0, 1.5 Hz, 1H), 6.60 (ddd, J = 7.5, 3.5, 1.5 Hz, 1H), 6.51 (ddd, J = 7.5, 3.5, 1.5 Hz,
1H), 3.78 — 3.61 (m, 1H), 1.68 (s, 3H), 1.65 (s, 3H), 1.20 (d, J = 7.0 Hz, 3H), 1.02 (d, J = 7.0
Hz, 3H); 3C{*H} NMR (101 MHz, CDCl3) & 153.6, 152.9 — 152.3 (m), 138.1 — 137.4 (m),
135.1 (d, J = 14.0 Hz), 134.5 (d, J = 21.0 Hz), 134.3, 134.1, 133.9 133.3, 132.7, 132.2, 130.0
(dd, J = 5.5, 1.5 Hz), 129.0, 128.4, 128.3 — 128.2 (m), 126.4 (d, J = 13.5 Hz), 126.1 (dd, J =
20.0, 4.0 Hz), 125.9, 125.4 (d, J = 4.5 Hz), 123.4, 34.6, 32.2, 31.7, 31.1 (d, J = 26.0 Hz), 24.3,
24.1 (d, J = 3.0 Hz); 3'P{*H} NMR (162 MHz, CDCls) & -18.83 (d, J = 26.0 Hz), -26.87 (d, J

= 26.0 Hz); HRMS: m/z (EI) calculated for (C42H3sOP2) [M+H]": 621.2471, found: 621.2463.

[1,1'-Biphenyl]-2-yl(5-(diphenylphosphaneyl)-9,9-dimethyl-9H-xanthen-4-

yl)(phenyl)phosphane L10

Isolated in 13% vyield (50 mg, 0.076 mmol) from (5-iodo-9,9-dimethyl-9H-xanthen-4-
yl)diphenylphosphane (300 mg, 0.58 mmol, 1.0 equiv.) using General Procedures B-1, B-2 and

B-3.

mp 85-90 °C (CH:Cl/petrol); IR (thin film, cm™) 3052, 1584, 1478, 1433, 1402, 1305, 1237,

1150, 1107, 1068, 1027, 998, 910, 878, 845, 787, 770, 740, 694, 667, 617; *H NMR (400 MHz,
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CDCls) & 7.46 — 7.35 (m, 4H), 7.32 — 7.03 (m, 21H), 7.02 — 6.91 (m, 3H), 6.63 (ddd, J = 7.5,
3.5, 1.5 Hz, 1H), 6.55 (ddd, J = 7.5, 3.5, 1.5 Hz, 1H), 1.67 (s, 3H), 1.64 (s, 3H); 3C{*H} NMR
(101 MHz, CDCls) § 153.0 — 152.3 (m), 147.1 (d, J = 25.0 Hz), 138.1 — 137.0 (m), 136.5, 136.3,
135.1 (d, J = 22.0 Hz), 134.1 (d, J = 20.0 Hz), 133.9 (d, J = 20.0 Hz), 132.9, 132.6, 132.3, 130.3
~129.7 (M), 128.6 — 127.9 (m), 127.4, 127.0, 126.7, 126.5, 126.3, 126.1 (d, J = 4.0 Hz), 125.9
(d,J=3.0Hz), 123.4 (d, J = 4.5 Hz), 34.6 (t, J = 1.5 Hz), 32.5, 31.6 — 31.1 (m); 3'P{H} NMR
(162 MHz, CDCl3) 5 -19.83 (d, J = 26.0 Hz), -20.95 (d, J = 26.0 Hz); HRMS: m/z (El)

calculated for (CssH3sOP2) [M+H]*: 655.2314, found: 655.2306.
(9,9-Dimethyl-5-(methyl(phenyl)phosphaneyl)-9H-xanthen-4-yl)diphenylphosphane L11

Me Me

Ph,P P<
Sy

mp 114-119 °C (from CH2Clz/petrol); IR (thin film, cm?) 2920, 2850, 1564, 1478, 1433, 1401,
1283, 1237, 1197, 1147, 1109, 1093, 1068, 1027, 999, 907, 881, 844, 786, 743, 728, 695, 647;
IH NMR (400 MHz, CDCl3) § 7.47 — 7.27 (m, 17H), 7.01 (t, J = 7.5 Hz, 1H), 6.92 (t, J= 7.5
Hz, 1H), 6.66 (ddd, J = 7.5, 4.0, 1.5 Hz, 1H), 6.59 (ddd, J = 7.5, 4.0, 1.5 Hz, 1H), 1.68 (s, 3H),
1.63 (s, 3H), 1.24 (d, J = 4.0 Hz, 3H); 3C{*H} NMR (126 MHz, CDCls) & 152.5 (d, J = 17.0
Hz), 152.0 (d, J = 17.0 Hz), 138.4 (d, J = 12.0 Hz), 137.3 (d, J = 12.0 Hz), 137.0 (d, J = 12.0
Hz), 134.5 (d, J = 20.5 Hz), 133.9 (d, J = 20.0 Hz), 132.9 (d, J = 19.0 Hz), 132.2, 130.2, 130.0,
129.7,129.2 — 128.1 (m), 126.7, 126.1, 125.4, 125.3, 123.5, 123.4, 34.5, 33.0, 31.5, 11.2 — 10.6
(m); 3LP{*H} NMR (162 MHz, CDCl3) & -17.22 (d, J = 33.0 Hz), -37.45 (d, J = 33.0 Hz);

HRMS: m/z (El) calculated for (C32H300P2) [M+H]": 517.1845, found: 517.1843.

(5-(Dimethylphosphaneyl)-9,9-dimethyl-9H-xanthen-4-yl)diphenylphosphane L12
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Me Me

489

Ph,P P.
2 Me~ "Me

Isolated in 13% vyield (19 mg, 0.042 mmol) from (5-iodo-9,9-dimethyl-9H-xanthen-4-
yl)diphenylphosphane (165 mg, 0.32 mmol, 1.0 equiv.) using General Procedures B-1, B-2 and

B-3.

mp 112117 °C (from CH:Cla/petrol); IR (thin film, cm't) 2965, 1563, 1477, 1433, 1401, 1284,
1235, 1197, 1111, 1068, 1027, 940, 907, 785, 730, 695, 646; 'H NMR (400 MHz, CDCls) &
7.43 (dd, J = 8.0, 1.5 Hz, 1H), 7.40 — 7.29 (m, 11H), 7.20 — 7.05 (m, 2H), 6.99 (t, J = 7.5 Hz,
1H), 6.55 (ddd, J = 7.5, 4.0, 1.5 Hz, 1H), 1.64 (s, 6H), 1.04 (s, br. 6H); ¥C{iH} NMR (101
MHz, CDCl3) & 152.0 (d, J = 14.5 Hz), 137.5 — 137.0 (m), 134.3 (d, J = 20.0 Hz), 132.0, 130.0,
129.7,128.7, 1285 (d, J = 7.0 Hz), 127.4, 126.7, 125.5, 123.5 (d, J = 5.5 Hz), 34.5, 32.1, 13.3
(d, J = 14.0 Hz); 3P{*H} NMR (162 MHz, CDCl3) § -16.88 (d, J = 37.0 Hz), -55.33 (d, J =

37.0 Hz); HRMS: m/z (El) calculated for (C20H280P2) [M+H]": 455.1688, found: 455.1685.
(5-(Diisopropylphosphaneyl)-9,9-dimethyl-9H-xanthen-4-yl)diphenylphosphane L13

Me Me

Isolated in 27% yield (53 mg, 0.12 mmol) from 4,5-diiodo-9,9-dimethyl-9H-xanthene (200 mg,

0.43 mmol, 1.0 equiv.) using General Procedures B-1 and C and B-2.

mp 102-107 °C (from CH.Cl2/petrol); IR (thin film, cm™) 3064, 1565, 1477, 1459, 1432, 1397,
1362, 1306, 1224, 1196, 1148, 1106, 1071, 1027, 874, 843, 786, 770, 741, 696, 657, 607; 'H
NMR (400 MHz, CDCl3) 6 7.49 — 7.40 (m, 2H), 7.38 — 7.27 (m, 11H), 7.04 (t, J = 7.5 Hz, 1H),
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6.99 (t, J = 7.5 Hz, 1H), 6.62 (ddd, J = 7.5, 4.0, 1.5 Hz, 1H), 2.52 (s, br. 2H), 1.64 (s, 6H), 1.05
(dd, J = 15.0, 7.0 Hz, 6H), 0.69 (dd, J = 12.5, 7.0 Hz, 6H); 3C{*H} NMR (101 MHz, CDCl3)
§153.5 - 152.8 (m), 137.5 (d, J = 13.0 Hz), 134.2 (d, J = 20.0 Hz), 132.6, 130.1 (d, J = 2.0 Hz),
129.9, 128.6 — 128.3 (M), 126.9 — 126.7 (M), 125.2 — 124.8 (m), 123.4, 122.6 (d, J = 7.5 Hz),
34.5,32.2, 23.1 (dd, J = 12.5, 5.0 Hz), 20.9 (d, J = 21.0 Hz), 20.4 (d, J = 12.0 Hz); 3P{*H}
NMR (162 MHz, CDCl3) 6 -16.7, -16.8; HRMS: m/z (El) calculated for (C33H3sOP2) [M+H]*:

511.2314, found: 511.23009.
7.4.7. Other Novel Phosphine Ligands

(5-(Diphenylphosphaneyl)-9,9-dimethyl-9H-xanthen-4-yl)diphenylphosphine oxide

Ox-Xantphos

Me Me

PPhy PPN,

Isolated in 10% yield (49 mg, 0.082 mmol) from 4,5-diiodo-9,9-dimethyl-9H-xanthene (400
mg, 0.87 mmol, 1.0 equiv.) using General Procedures B-1 and B-2. After flash column
chromatography, the product containing fractions were recrystallised from MeOH to give the

title compound as a white solid.

mp 218-223 °C (from MeOH); IR (thin film, cm%) 3056, 2219, 1585, 1478, 1435, 1401, 1228,
1182, 1122, 1098, 1069, 1027, 908, 879, 851, 778, 727, 693, 643; *H NMR (400 MHz, CDCls)
87.90 — 7.75 (m, 4H), 7.73 — 7.63 (M, 2H), 7.46 (dd, J = 7.5, 1.5 Hz, 1H), 7.42 — 7.37 (m, 2H),
7.35 - 7.19 (m, 11H), 7.06 — 6.95 (m, 5H), 6.64 (ddd, J = 7.5, 3.5, 1.5 Hz, 1H), 1.69 (s, 6H);
13C{H} NMR (101 MHz, CDCls) § 152.9 — 152.1 (m), 138.3 (d, J = 17.0 Hz), 134.2 — 133.9
(m), 133.6 (d, J = 1.5 Hz), 133.6 (d, J = 20.0 Hz), 132.5, 132.3 (d, J = 3.0 Hz), 132.2 (d, J = 3.0

Hz), 131.6 (d, J = 3.0 Hz), 131.1 (d, J = 6.0 Hz), 130.8, 129.8, 128.5 — 128.0 (m), 127.0, 125.5
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(d,J=23.0Hz),123.9,123.4 (d, J=12.0 Hz), 119.4 (d, J = 99.5 Hz), 34.4, 32.5; 3'P{*H} NMR
(162 MHz, CDCls) & 27.8, -21.7; HRMS: m/z (EIl) calculated for (CsoH3202P2) [M+H]*:

595.1950, found: 595.1948.

21,21,22,22-Tetramethyl-10,20-diphenyl-10H,20H-4,6:14,16-

dimethanotetrabenzo[b,e,h,k][1,7]dioxa[4,10]diphosphacyclododecine BisXantphos

Me Me

O O 1. n-BuLi, TMEDA 2. PCI,Ph, @ O @
P P
0 Et,0, 0 - 40 °C, 4h Et,O, rt, 18 h o
H H O

Me Me

9,9-Dimethyl-9H-xanthene (2.0 g, 9.5 mmol, 1.0 equiv.) was added to a two-neck round-bottom
flask with a stirrer bar and a condenser. The flask was sealed with a septum, evacuated (< 0.1
mbar) and back-filled with argon twice, then Et,O (20 mL) and TMEDA (2.9 mL, 19.0 mmol,
2.0 equiv.) were added. After dissolution of the solid, the flask was cooled to 0 °C and n-BuL.i
(2.42 M in hexanes, 8.6 mL, 2.2 equiv.) was added over 5 minutes. The reaction mixture was
stirred for 5 minutes, then the cooling bath was removed, allowing the flask to warm to room
temperature. The flask was then heated to 40 °C for 4 hours, then was allowed to cool to room
temperature. Both the reaction mixture and a solution of PCI2Ph (1.3 mL, 9.5 mmol, 1.0 equiv.)
in Et2O were added at approximately the same rate over 20 minutes using cannulas to a round-
bottom flask equipped with a stirrer bar and containing 100 mL of EtO under an argon
atmosphere, and the obtained reaction mixture was stirred for 18 hours. Sat. ag. NH4ClI (10 mL)
and brine (100 mL) were sequentially added to the flask, then the two phases were separated
and the aqueous layer was extracted with EtOAc (3 x 100 mL). The combined organic extracts
were dried with anhydrous MgSOsa, filtered and concentrated under reduced pressure. The crude

product was purified by flash column chromatography (gradient of CH>Cl; 5% to 30% in
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PETROL), and the product containing fractions were concentrated then recrystallised from

CH.Cl2/MeOH giving the title compound in 8% yield (75 mg, 0.12 mmol).

mp >300 °C (from CH.Clz/petrol); IR (thin film, cm™) 2954, 1584, 1480, 1468, 1432, 1403,
1266, 1233, 1198, 1147, 1106, 1065, 1027, 908, 876, 839, 820, 797, 768, 747, 736, 704, 666,
617; 'H NMR (400 MHz, CDCls) 6 7.56 — 7.43 (m, 8H), 7.42 — 7.23 (m, 10H), 7.06 (t, J= 7.5
Hz, 4H), 1.67 (s, 6H), 1.56 (s, 6H); 2C{*H} NMR (126 MHz, CDCls) 5 154.6 (t, J = 12.0 Hz),
138.1 (t, J = 5.0 Hz), 132.9 — 132.7 (m), 131.2 (t, J = 2.0 Hz), 128.0 — 127.8 (m), 127.0, 126.8,
126.8 — 126.6 (m), 123.9, 33.8, 28.4; 31P{*H} NMR (162 MHz, CDCl3) & -39.6; HRMS: m/z

(EI) calculated for (C42H3402P2) [M+H]": 633.2107, found: 633.2106.

(Sulfonylbis(2,1-phenylene))bis(diphenylphosphane) SulfPhos

N
PhP o Yo PPh,

Diphenyl sulfone (500 mg, 2.3 mmol, 1.0 equiv.) was added to a two-neck round-bottom flask
with a stirrer bar and a condenser. The flask was sealed with a septum, evacuated (< 0.1 mbar)
and back-filled with argon twice, then THF (20 mL) was added. After dissolution of the solid,
the flask was cooled to -78 °C and s-BuLi (1.24 M in hexanes, 5.5 mL, 3.0 equiv.) was added
over 5 minutes. The reaction mixture was stirred for 30 minutes, at -78 °C, then a solution of
PPh.CI (1.6 mL, 9.1 mmol, 4.0 equiv.) in THF (10 mL) was added over 5 minutes. The reaction
mixture was stirred for 15 minutes, then the cooling bath was removed, allowing the flask to
warm to room temperature, and the reaction mixture was stirred for 18 hours. Sat. ag. NH4Cl
(2 mL) was slowly added to the flask at 0 °C followed by brine (50 mL), then the two phases
were separated and the aqueous layer was extracted with EtOAc (3 x 50 mL). The combined
organic extracts were dried with anhydrous MgSQsa, filtered and concentrated under reduced

pressure. The crude product was purified by flash column chromatography (gradient of EtOAC
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0% to 10% in PETROL), and the product containing fractions were concentrated then triturated
in CH2CI>/PE, giving the title compound in 20% yield (271 mg, 0.46 mmol) as a light yellow

solid.

mp 218-223 °C (from CH,Cl2/petrol); IR (thin film, cm™) 3052, 1586, 1478, 1433, 1402, 1306,
1238, 1150, 1106, 1068, 1027, 998, 909, 879, 846, 787, 740, 694, 667; 'H NMR (400 MHz,
CDCl3) § 8.74 — 8.65 (m, 2H), 7.51 (td, J = 7.7, 1.4 Hz, 2H), 7.41 (td, J = 7.5, 1.5 Hz, 2H), 7.33
—7.18 (m, 13H), 7.11 (ddd, J = 7.5, 3.0, 1.4 Hz, 2H), 7.06 — 6.99 (m, 7H); 3C{H} NMR (101
MHz, CDCl3) § 146.7 (d, J = 26.0 Hz), 137.3 (d, J = 29.0 Hz), 137.2 (d, J = 38.0 Hz), 136.8 (d,
J =135 Hz), 136.7, 134.0 (d, J = 3.0 Hz), 133.8 (d, J = 4.0 Hz), 133.6, 133.4, 133.1, 132.5 (d,
J=45Hz),132.3(d,J = 4.5 Hz), 129.0, 128.7 — 128.2 (m); *1P{*H} NMR (162 MHz, CDCl5)

6 -15.0; HRMS: m/z (EI) calculated for (C3sH2802P2S) [M+H]*: 587.1358, found: 587.1359.
(9,9-Dimethyl-9H-xanthen-4-yl)diphenylphosphane PPh2-Xanthene

Me_ Me 1. s-BuLi, TMEDA Me, Me Me_Me

‘ O Heptane, rt, 18 h ‘ ‘ HSiCl3, NEt3 ‘ ‘
(o) Toluene 120 °C,

2. OPPh2C| THF,

9,9-Dimethyl-9H-xanthene (2.50 g, 11.9 mmol, 1.0 equiv.) was added to a two-neck round-
bottom flask with a stirrer bar and a condenser. The flask was sealed with a septum, evacuated
(< 0.1 mbar) and back-filled with argon twice, then heptane (75 mL) and TMEDA (1.8 mL,
11.9 mmol, 1.0 equiv) were added. After dissolution of the solid, the flask was cooled to 0 °C
and s-BuL.i (1.26 M in hexanes, 8.5 mL, 0.9 equiv.) was added over 5 minutes. The reaction
mixture was stirred for 10 minutes, then the cooling bath was removed, allowing the flask to
warm to room temperature, and the reaction mixture was stirred for 18 hours. The flask was
then cooled to -78 °C and a solution of diphenylphosphinic chloride (3.0 mL, 15.5 mmol, 1.3

equiv.) in THF (25 mL) was added over 10 minutes. The reaction mixture was stirred for 10
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minutes, then the cooling bath was removed, allowing the flask to warm to room temperature,
and the reaction mixture was stirred for 2 hours. Sat. ag. NH4Cl (5 mL) was slowly added to
the flask at 0 °C followed by brine (50 mL), then the two phases were separated and the aqueous
layer was extracted with EtOAc (3 x 100 mL). The combined organic extracts were dried with
anhydrous MgSOsg, filtered and concentrated under reduced pressure. The crude product was
purified by flash column chromatography (gradient of EtOAc 50% to 75% in PETROL), and
the product containing fractions were concentrated then recrystallised from EtOAc/hexane to
give (9,9-dimethyl-9H-xanthen-4-yl)diphenylphosphine oxide in 26% yield (1.13 g, 2.8 mmol)

as a white solid.

IR (thin film, cm™?) 3057, 2971, 1596, 1572, 1489, 1423, 1307, 1267, 1243, 1186, 1158, 1119,
1107, 1097, 885, 812, 795, 749, 738, 723, 695; *H NMR (400 MHz, CDCl3) § 7.89 — 7.79 (m,
4H), 7.76 (ddd, J = 13.0, 7.5, 1.5 Hz, 1H), 7.68 — 7.62 (m, 1H), 7.56 — 7.49 (m, 2H), 7.47 - 7.41
(m, 4H), 7.35 (dd, J = 7.5, 2.0 Hz, 1H), 7.22 (td, J = 7.5, 2.0 Hz, 1H), 7.03 (td, J = 7.5, 1.5 Hz,
1H), 6.98 (td, J = 7.5, 2.0 Hz, 1H), 6.10 (dd, J = 8.0, 1.5 Hz, 1H), 1.60 (s, 6H); 3C{*H} NMR
(101 MHz, CDCl3) § 152.0 (d, J = 3.0 Hz), 149.7, 133.3 (d, J = 107.5 Hz), 133.0 (d, J = 7.0
Hz), 131.9 (d, J = 10.5 Hz), 131.8 (d, J = 3.0 Hz), 131.5 (d, J = 6.0 Hz), 130.7 (d, J = 2.0 H2),
130.3, 1285 (d, J = 12.5 Hz), 127.4, 1255, 123.8, 123.4 (d, J = 12.0 Hz), 119.7 (d, J = 102
Hz), 116.1, 34.5 (d, J = 1.5 Hz), 31.6; 3'P{!H} NMR (162 MHz, CDCls) & 26.36; HRMS: m/z

(E) calculated for (C27H230P) [M+H]": 411.1508, found: 411.1502.

9,9-Dimethyl-9H-xanthen-4-yl)diphenylphosphine oxide was reduced according to General
Procedure B-3 in toluene at 120 °C, giving the title compound as a white solid in 96% yield

(1.03 g, 2.61 mmol).

mp 97-102 °C (from CH.Cla/petrol); IR (thin film, cm™) 3053, 2971, 2586, 1568, 1489, 1458,
1434, 1416, 1386, 1362, 1307, 1243, 1204, 1155, 1125, 1096, 1069, 1027, 885, 809, 787, 744,

696, 631; 'H NMR (400 MHz, CDCls) § 7.50 — 7.31 (m, 12H), 7.10 — 6.97 (m, 3H), 6.67 (ddd,
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J=175,50, 1.5 Hz, 1H), 6.63 — 6.58 (m, 1H), 1.64 (s, 6H); 3C{*H} NMR (101 MHz, CDCl5)
5 152.4 (d, J = 14.0 Hz), 150.6, 136.3 (d, J = 8.5 Hz), 134.2 (d, J = 20.5 Hz), 131.5 (d, J = 3.0
Hz), 130.5, 130.5, 129.0, 128.6 (d, J = 7.5 Hz), 127.3, 126.8, 125.4, 124.8 (d, J = 12.5 Hz),
123.4, 123.3 (d, J = 2.0 Hz), 116.6, 34.5, 31.6; 3'P{'H} NMR (162 MHz, CDCls) & -14.8;

HRMS: m/z (El) calculated for (C27H230P) [M+H]": 395.1559, found: 395.1557.
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7.5. Experimental Data and Procedures for Chapter 5

7.5.1. General Procedure for the Screening Reactions
All sulfinamide derivatives were kindly prepared and characterised by Charles Bell.

Unless otherwise stated, the reactions were performed with 0.11 mmol of aryl bromide 2 (1.0

equiv.), in 2.0 mL of solvent, corresponding to a reaction concentration of 0.056 M.

The internal standard was introduced at the beginning of the reaction with the solid reagents

(0.5 equiv. compared to Ar-Br 2).

Stock solutions were employed to minimise weighing errors. For example, when the ligand was
screened, a stock solution of Ar-Br 2 (0.056 M, 1.0 equiv.), sulfinamide 20 (1.5 equiv./Ar-Br),
Pd(OAc)2 (0.05 equiv./ArBr), and 1,3,5-trimethoxybenzene (0.5 equiv./Ar-Br) was prepared in
1,4-dioxane. Cs2COs (1.5 equiv./Ar-Br) and the ligand (0.05 or 0.10 equiv./Ar-Br) were added
in a microwave, then the vial was sealed with a microwave vial cap, evacuated (< 0.1 mbar)
and back-filled with argon twice. Then, the stock solution was added (2.0 mL). The reaction
was then heated at the indicated temperature and time. The yields of products were measured
by HPLC against 1,3,5-trimethoxybenzene as the internal standard using the calibration curves
described in Section 7.2.2. As another example, when the palladium source was screened, the
ligand of choice was added with the stock solution, and the precatalyst was weighed and added

with the vial with Cs,COs.

A control reaction was reproduced with each new screening to ensure the reproducibility of the

experimental procedure and the quality of the stock solutions.

If liquids reagents were required, they were introduced last in the reaction vial, after addition

of the solvent or stock solution.
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The screening of solvents was performed on a 0.23 mmol scale as stock solutions could not be

prepared.

7.5.2. Additional Ligand Screening Data
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7.5.3. Additional Bar Charts
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Pd(OAc), (5.0 mol%)

. 0 P('Bu),Me+HBF, (10 mol%) O Me
/@/ . S\, Cs,CO; (1.5 equiv.)
F Me 1,4-dioxane (0.11 M)
100 °C (16 hours) F
2 20 Variations from these 5
(1.0 equiv.) (1.5 equiv.)
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100%
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0% % % o 9% 8%

7.5.4. Preparative Scale and Isolation of the Product 5

4-Methylbenzenesulfinamide (61 mg, 0.39 mmol, 1.3 equiv.), caesium carbonate (255 mg,
0.78 mmol, 1.6 equiv.), palladium acetate (3.4 mg, 0.015 mmol, 0.05equiv.), di-tert-
butyl(methyl)phosphonium tetrafluoroborate (7.4 mg, 0.030 mmol, 0.10 equiv.) and 1,3,5-
trimethoxybenzene (25 mg, 0.15 mmol, 0.5 equiv.) were added to a microwave vial equipped
with a stirrer bar. The vial was sealed with a microwave vial cap, evacuated (< 0.1 mbar) and
back-filled with argon twice, then 1,4-dioxane (1.0 mL) and 1-bromo-4-fluorobenzene (33 pL,
0.30 mmol, 1.0 equiv.) were added. The reaction was heated at the indicated temperature for 16
hours. The mixture was allowed to cool to room temperature, then filtered through a pad of
silica using EtOAc. The solvents were removed under reduced pressure, and the crude material
was purified by column chromatography (gradient of CH2Cl2 0% to 2% in petrol) to yield

compound 5 white solid. Analytical data matched the one reported in Section 7.2.1.2.

100 °C : 41% yield (23 mg, 0.12 mmol); 110 °C : 61% vyield (34 mg, 0.18 mmol)
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9.1. Compounds of Chapter 2

9.1.1. Biaryl Products

2-(4-fluorophenyl)pyridine (3)
1H NMR (400 MHz, CDCl3)
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4-fluoro-4'-methyl-1,1'-biphenyl (5)
1H NMR (400 MHz, CDCl,)
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4-fluoro-4'-methyl-1,1'-biphenyl (5)
19F NMR (377 MHz, CDCl,)
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1H NMR (400 MHz, CDCl,)
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4,4'-dimethyl-1,1'-biphenyl (5b)
13C{1H} NMR (101 MHz, CDCl,)
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4-Fluoro-4'-methoxy-1,1'-biphenyl (5-OMe)
13C{1H} NMR (101 MHz, CDCl,)
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9.1.2. Palladium Complexes

[Pd(OACc)(PCy;),)(ks-4-CH3-C.H,-S0,)] (7)
1H NMR (400 MHz, C,D;)
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[Pd(OACc)(PCys;),)(ks-4-CH3-CH,-S0,)] (7)
31P{*H} NMR (162 MHz, C,D)
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[(4-Me-CsH,)Pd(PCy;),(OAc)] (8)
1H NMR (400 MHz, C;Dy)
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[(4-Me-C.H,)Pd(PCy;),(0Ac)] (8)
13C{'H} NMR (126 MHz, C;Dy)
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[(4-Me-CgH,)Pd(PCy;),(Br)] (8b)
1H NMR (400 MHz, C,D;)
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[(4-Me-C¢H,)Pd(PCys;),(Br)] (8b)
31p{1H} NMR (162 MHz, C.D;)
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[(PCy;),Pd(4-F-CH,)(Br)] (9)
13C{1H} NMR (126 MHz, CDCL,)
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[(PCy;),Pd(4-F-C¢H,)(Br)] (9)
19F{1H} NMR (377 MHz, CDCl,)
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[(PiPr5),Pd(4-F-C,H,)(Br)] (9-i-Pr)
1H NMR (400 MHz, C¢Dy)
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[(PiPr,),Pd(4-F-CH,)(Br)] (9-i-Pr)
31p{1H} NMR (162 MHz, C,D)
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[(ks-2-pyridyl-SO,)Pd(PCys;))(k? o-pyridine-2-SO,)] (10)
H NMR (400 MHz, Toluene-dg)
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[(ks-2-pyridyl-SO,)Pd(PCy;))(k? o-pyridine-2-SO,)] (10)
31p{1H} NMR (162 MHz, Toluene-dy)
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[(PCys)Pd(4-F-CoH,)(Ks-Ko-4-Me-CH,y-S0,)], (11)
H NMR (500 MHz, C,D¢)
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[(PCys)Pd(4-F-CoH,)(Ks-Ko-4-Me-CH,y-S0,)], (11)
B3C{*H} NMR (126 MHz, C,D)
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[(PCy;3)Pd(4-F-C4H,)(Ks-K-4-Me-C;H,-S0,)], (11)
19F NMR (377 MHz, C,Dy)
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[(Pcy3) Pd(4' F'CG H4)(KS'K01'4'MEO'C6H4'SOZ)]2 (17)

13¢{'H} NMR (101 MHz, CDCl,)
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[(PCy;)Pd(4-F-C4H,) (K2 o-pyridine-2-S0,)] (12)
1H NMR (400 MHz, CDCl,)
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[(PCy;)Pd(4-F-CgH,)(k?y o-pyridine-2-SO,)] (12)
31p{1H} NMR (162 MHz, CDCl,)
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[(PCy;)Pd(4-F-C;H,) (k% o-5-MeO-pyridine-2-50,)] (12-OMe)
!H NMR (400 MHz, CDCl;)
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[(PCy;)Pd(4-F-C4H,) (k% o-5-MeO-pyridine-2-S0,)] (12-OMe)
31p{1H} NMR (162 MHz, CDCl,)
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[(PCY3)Pd(4'F'C6H4)(KZN’0'5'CF3'pyridinE'Z'SOZ)] (12'CF3)
1H NMR (500 MHz, CDCl,)
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[(Pcys)Pd(4'F'c6H4)(KZNjo'S'cF3'pyridinE'Z'SOZ)] (12'CF3)
31p{1H} NMR (162 MHz, CDCl,)
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[(PCy;)Pd(4-F-CH,)(Ks-Ko-6-tBu-pyridine-2-50,)], (13)
1H NMR (400 MHz, CDCl,)
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[(PCy;)Pd(4-F-CH,)(Ks-Ko-6-tBu-pyridine-2-S0,)], (13)
19F{1H} NMR (377 MHz, CDCl,)
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[Pd(4-F-C¢H,) (PCy3),(Ko-4-Me-CoH,-S0,)] (14)

13C{1H} NMR (126 MHz, C,D¢)
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[Pd(4-F-C¢H,) (PCy;),(ko-4-Me-C;H,-S0,)] (14)
F{*H} NMR (377 MHz, C;D¢)
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9.1.3. Sulfinate Salts

Lithium 4-methylbenzenesulfinate (4-Li)
IH NMR (400 MHz, CD,0D)
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Lithium 4-methylbenzenesulfinate (4-Li)
13C{'H} NMR (101 MHz, CD;0D)
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Potassium 4-methylbenzenesulfinate (4-K)
13C{1H} NMR (101 MHz, CD;0D)
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Caesium 4-methylbenzenesulfinate (4-Cs)
13C{'H} NMR (101 MHz, CD,0D)
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Tetrabutylammonium 4-methylbenzenesulfinate (4-TBA)
1H NMR (400 MHz, CD,0D)
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Tetrabutylammonium 4-methylbenzenesulfinate (4-TBA)
13C{1H} NMR (101 MHz, CD;0D)
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!H NMR (400 MHz, CD,0D)
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Tetramethylammonium 4-methylbenzenesulfinate (4-TMA)
13C{'H} NMR (101 MHz, CD,0D)
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Lithium 4-methoxybenzenesulfinate (4-OMe)

1H NMR (400 MHz, CD,0D)
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3-((4-methoxyphenyl)sulfonyl)propanoate
13C{*H} NMR (101 MHz, CDCl,)
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Sodium 4-methoxybenzenesulfinate (4-OMe-Na)
'H NMR (400 MHz, CD,0D)
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Sodium 4-methoxybenzenesulfinate (4-OMe-Na)
13C{'H} NMR (101 MHz, CD,0D)
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Sodium 4-(trifluoromethyl)benzenesulfinate (4-CF,)
13¢{'H} NMR (126 MHz, CD,0D)
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Potassium pyridine-2-sulfinate (1-K)
1HNMR (200 MHz, CD,0D)
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Lithium 6-(tert-butyl)pyridine-2-sulfinate (1-t-Bu)
!H NMR (400 MHz, CD;0D)
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Lithium 6-(tert-butyl)pyridine-2-sulfinate (1-t-Bu)
13¢{'H} NMR (101 MHz, CD,0D)
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methyl 3-((5-methoxypyridin-2-yl)sulfonyl)propanoate
'H NMR (400 MHz, CDCl,)
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Sodium 5-methoxypyridine-2-sulfinate
1H NMR (400 MHz, CD;0D)
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Sodium 5-(trifluoromethyl)pyridine-2-sulfinate
H NMR (400 MHz, CD,0D)
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Sodium 5-(trifluoromethyl)pyridine-2-sulfinate
15F NMR (377 MHz, CD,0D)
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Sodium pyridine-4-sulfinate
13¢{'H} NMR (126 MHz, CD,0D)
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9.2.  Compounds of Chapter 3

9.2.1. Sulfone Products

1-fluoro-4-tosylbenzene (17)
1H NMR (400 MHz, CDCl;)
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1-fluoro-4-tosylbenzene (17)
13C{'H} NMR (101 MHz, CDCL,)
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1-fluoro-4-tosylbenzene (17)
19F NMR{*H} (376 MHz, CDCl,)
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1-methoxy-4-tosylbenzene (17-OMe)
1H NMR (400 MHz, CDCl,)
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2-((4-methoxyphenyl)sulfonyl)pyridine (17-OMe-2-pyr)

1H NMR (400 MHz, CDCl)
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9.2.2. Cationic Phosphine Ligands

((Diphenylphosphaneyl)methyl)(methyl)diphenylphosphonium
trifluoromethanesulfonate PP*1
1H NMR (400 MHz, CD,0D)
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((Diphenylphosphaneyl)methyl)(methyl)diphenylphosphonium
trifluoromethanesulfonate PP*1
31p{'H} NMR (162 MHz, CD,0D)

-
05 EE
I8 ik
v %
Me 9
P. PZ oTf
o)
A e e B e e e e B A B e e B B A e e B L e e o B e B e
190 170 150 130 110 90 70 50 30 10 -10 -30 -50 -70 -90 -110 -130 -150 -170 -190
f1 (ppm)

((Diphenylphosphaneyl)methyl)(methyl)diphenylphosphonium
trifluoromethanesulfonate PP*1
19F{1H} NMR (377 MHz, CD,0D)
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(2-(Diphenylphosphaneyl)ethyl)(methyl)diphenylphosphonium
trifluoromethanesulfonate PP*2
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(2-(Diphenylphosphaneyl)ethyl)(methyl)diphenylphosphonium
trifluoromethanesulfonate PP*2

13C{1H} NMR (101 MHz, CD;0D)
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(2-(Diphenylphosphaneyl)ethyl)(methyl)diphenylphosphonium
trifluoromethanesulfonate PP*2
31p{1H} NMR (162 MHz, CD,0D)
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(2-(Diphenylphosphaneyl)ethyl)(methyl)diphenylphosphonium
trifluoromethanesulfonate PP*2
19F{1H} NMR (377 MHz, CD,0D)
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(1’-(Diphenylphosphaneyl)ferrocenyl)(methyl)diphenylphosphonium

trifluoromethanesulfonate PP*3
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(1’-(Diphenylphosphaneyl)ferrocenyl)(methyl)diphenylphosphonium
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(1’-(Diphenylphosphaneyl)ferrocenyl)(methyl)diphenylphosphonium
trifluoromethanesulfonate PP*3
31p{1H} NMR (162 MHz, CD,0D)
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(1’-(Diphenylphosphaneyl)ferrocenyl)(methyl)diphenylphosphonium
trifluoromethanesulfonate PP*3
19F{1H} NMR (377 MHz, CD,0D)
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(2-(Diphenylphosphaneyl)phenyl)(methyl)diphenylphosphonium
trifluoromethanesulfonate PP*4
1H NMR (400 MHz, CD,0D)
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(2-(Diphenylphosphaneyl)phenyl)(methyl)diphenylphosphonium
trifluoromethanesulfonate PP*4
31p{'H} NMR (162 MHz, CD,0D)
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(2-(Diphenylphosphaneyl)phenyl)(methyl)diphenylphosphonium
trifluoromethanesulfonate PP*4
BF{1H} NMR (377 MHz, CD;0D)
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(5-(Diphenylphosphaneyl)-9,9-dimethyl-9H-xanthen-4-
yl)(methyl)diphenylphosphonium trifluoromethanesulfonate PP*5
IH NMR (400 MHz, CD,0D
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(5-(Diphenylphosphaneyl)-9,9-dimethyl-9H-xanthen-4-
yl)(methyl)diphenylphosphonium trifluoromethanesulfonate PP*5
13¢{*H} NMR (101 MHz, CD,0D)
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(5-(Diphenylphosphaneyl)-9,9-dimethyl-9H-xanthen-4-
yl)(methyl)diphenylphosphonium trifluoromethanesulfonate PP*5
31p{1H} NMR (162 MHz, CD,0D)
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(5-(Diphenylphosphaneyl)-9,9-dimethyl-9H-xanthen-4-
yl)(methyl)diphenylphosphonium trifluoromethanesulfonate PP*5
19E{1H} NMR (377 MHz, CD,0D)

-79.88

Me Me

PPhy  @PPhyMe

Q
OTf

T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
90 80 70 €0 50 40 30 20 10 0 -10 -20 -30 -40 -50 -60 -70 -80 -90 -100 -110 -120 -130 -140 -150 -160 -170 -180 -190 -200 -210 -220 -230 -240

f1 (ppm)

334



Di-tert-butyl(5-(di-tert-butylphosphaneyl)-9,9-dimethyl-9H-xanthen-4-
yl)(methyl)phosphonium trifluoromethanesulfonate PP*6
1H NMR (400 MHz, CD3OD)
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Di-tert-butyl(5-(di-tert-butylphosphaneyl)-9,9-dimethyl-9H-xanthen-4-
yl)(methyl)phosphonium trifluoromethanesulfonate PP*6
3C{H} NMR (101 MH
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Di-tert-butyl(5-(di-tert-butylphosphaneyl)-9,9-dimethyl-9H-xanthen-4-

yl)(methyl)phosphonium trifluoromethanesulfonate PP*6

31p{1H} NMR (162 MHz, CD,0D
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Di-tert-butyl(5-(di-tert-butylphosphaneyl)-9,9-dimethyl-9H-xanthen-4-
yl)(methyl)phosphonium trifluoromethanesulfonate PP*6
19F{1H} NMR (377 MHz, CD;0D)
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Dicyclohexyl(2-(2-(dicyclohexylphosphaneyl)phenoxy)phenyl)
( methyl)phosphonium trifluoromethanesulfonate PP*7
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Dicyclohexyl(2-(2-(dicyclohexylphosphaneyl)phenoxy)phenyl)

(methyl)phosphonium trifluoromethanesulfonate PP*7
BC{'H}NMR (101 IVIHz CD,0D)
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Dicyclohexyl(2-(2-(dicyclohexylphosphaneyl)phenoxy)phenyl)
(methyl)phosphonium trifluoromethanesulfonate PP*7
31p{'H} NMR (162 MHz, CD,0D)
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Dicyclohexyl(2-(2-(dicyclohexylphosphaneyl)phenoxy)phenyl)
(methyl)phosphonium trifluoromethanesulfonate PP*7
19F{IH} NMR (377 MHz, CD,0D)
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(2'-(Diphenylphosphaneyl)-[1,1'-binaphthalen]-2-yl)(methyl)
diphenylphosphonium trifluoromethanesulfonate PP*8
1H NMR (400 IVIHz CD3OD)
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(2'-(Diphenylphosphaneyl)-[1,1'-binaphthalen]-2-yl)(methyl)
diphenylphosphonium trifluoromethanesulfonate PP*8
BBC{*H} NMR (101 MHz, CDSOD)
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(2'-(Diphenylphosphaneyl)-[1,1'-binaphthalen]-2-yl)(methyl)
diphenylphosphonium trifluoromethanesulfonate PP*8

31p{1H} NMR (162 MHz, CD,0D)
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(2'-(Diphenylphosphaneyl)-[1,1'-binaphthalen]-2-yl)(methyl)
diphenylphosphonium trifluoromethanesulfonate PP*8

19F{1H} NMR (377 MHz, CD,0D)
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9.3. Compounds of Chapter 4

9.3.1. Oxidative Addition Complex 19

[(Xantphos)Pd(4-F-C,H,)(Br)] 19
1H NMR (400 MHz, CDCl;)
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[(Xantphos)Pd(4-F-C.,H,)(Br)] 19
13C{*H} NMR (101 MHz, CD,Cl,)
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[(Xantphos)Pd(4-F-C;H,)(Br)] 19
31p{'H} NMR (162 MHz, CDCl,)
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9.3.2. Novel Phosphinic Acids

5-Hydroxybenzo[b]phosphindole 5-oxide
1H NMR (400 MHz, CDCl,)
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5-Hydroxybenzo[b]phosphindole 5-oxide
31p{1H} NMR (162 MHz, CD,0D)
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Bis(2-isopropoxyphenyl)phosphinic acid
13C{1H} NMR (101 MHz, CDCl,)
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(2-1sopropylphenyl)(phenyl)phosphinicacid
1H NMR (400 MHz, CDCl,)
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(2-1sopropylphenyl)(phenyl)phosphinic acid
13C{1H} NMR (101 MHz, CDCl,)
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(2-1sopropylphenyl)(phenyl)phosphinic acid
31p{1H} NMR (162 MHz, CDCl,)
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[1,1'-Biphenyl]-2-yl(phenyl)phosphinic acid
13C{1H} NMR (101 MHz, CDCl,)
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9.3.3. (5-l0do-9,9-dimethyl-9H-xanthen-4-yl)diphenylphosphane

(5-lodo-9,9-dimethyl-9H-xanthen-4-yl)diphenylphosphane
1H NMR (400 MHz, CDCl,)
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(5-lodo-9,9-dimethyl-9H-xanthen-4-yl)diphenylphosphane
13C{*H} NMR (101 MHz, CDCl,)
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(5-lodo-9,9-dimethyl-9H-xanthen-4-yl)diphenylphosphane
31p{1H} NMR (162 MHz, CDCl,)
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(5-(Bis(4-methoxyphenyl)phosphaneyl)-9,9-dimethyl-9H-xanthen-4-
yl)diphenylphosphane L1
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(5-(Bis(4-methoxyphenyl)phosphaneyl)-9,9-dimethyl-9H-xanthen-4-
yl)diphenylphosphane L1
13C{IH} NMR (101 MHz, CDCl,)
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(5-(Bis(4-methoxyphenyl)phosphaneyl)-9,9-dimethyl-9H-xanthen-4-
yl)diphenylphosphane L1
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(5-(Bis(4-(trifluoromethyl)phenyl)phosphaneyl)-9,9-dimethyl-9H-
xanthen-4-yl)diphenylphosphane L2
1H NMR (400 MHz, CDCl,)
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(5-(Bis(4-(trifluoromethyl)phenyl)phosphaneyl)-9,9-dimethyl-9H-
xanthen-4-yl)diphenylphosphane L2
13C{1H} NMR (101 MHz, CDCl;)
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(5-(Bis(4-(trifluoromethyl)phenyl)phosphaneyl)-9,9-dimethyl-9H-
xanthen-4-yl)diphenylphosphane L2
31p{1H} NMR (162 MHz, CDCl;)
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(5-(Bis(4-(trifluoromethyl)phenyl)phosphaneyl)-9,9-dimethyl-9H-
xanthen-4-yl)diphenylphosphane L2
19F{'H} NMR (377 MHz, CDCl;)
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(5-(Di(furan-2-yl)phosphaneyl)-9,9-dimethyl-9H-xanthen-4-
yl)diphenylphosphane L3
'H NMR (400 MHz, CDCl,)
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(5-(Di(furan-2-yl)phosphaneyl)-9,9-dimethyl-9H-xanthen-4-
yl)diphenylphosphane L3
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(5-(Di(furan-2-yl)phosphaneyl)-9,9-dimethyl-9H-xanthen-4-
yl)diphenylphosphane L3

31p{*'H} NMR (162 MHz, CDCl,) e
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5-(5-(Diphenylphosphaneyl)-9,9-dimethyl-9H-xanthen-4-yl)-5H-
benzo[b]phosphindole L4
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benzo[b]phosphindole L4
31p{tH} NMR (162 MHz, CDCl,)
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(5-(Di-o-tolylphosphaneyl)-9,9-dimethyl-9H-xanthen-4-
yl)diphenylphosphane L5
*H NMR (400 MHz, CDCly)
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(5-(Di-o-tolylphosphaneyl)-9,9-dimethyl-9H-xanthen-4-
yl)diphenylphosphane L5
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(5-(Di-o-tolylphosphaneyl)-9,9-dimethyl-9H-xanthen-4-
yl)diphenylphosphane L5
31p{1H} NMR (162 MHz, CDCl,)
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(5-(Bis(2-methoxyphenyl)phosphaneyl)-9,9-dimethyl-9H-xanthen-4-
yl)diphenylphosphane L6
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(5-(Bis(2-methoxyphenyl)phosphaneyl)-9,9-dimethyl-9H-xanthen-4-
yl)diphenylphosphane L6
31p{1H} NMR (162 MHz, CDCl,)
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(5-(Bis(2-isopropoxyphenyl)phosphaneyl)-9,9-dimethyl-9H-xanthen-4-
yl)diphenylphosphane L7
1H NMR (400 MHz CDC|§
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(5-(Bis(2-isopropoxyphenyl)phosphaneyl)-9,9-dimethyl-9H-xanthen-4-
yl)diphenylphosphane L7

BBC{*H} NMR (126 MHz, CDCIa)
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(5-(Bis(2-isopropoxyphenyl)phosphaneyl)-9,9-dimethyl-9H-xanthen-4-
yl)diphenylphosphane L7
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(9,9-Dimethyl-5-(phenyl(o-tolyl)phosphaneyl)-9H-xanthen-4-
yl)diphenylphosphane L8
1H NMR (400 MHz, CDCl,
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yl)diphenylphosphane L8
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(9,9-Dimethyl-5-(phenyl(o-tolyl)phosphaneyl)-9H-xanthen-4-
yl)diphenylphosphane L8
31p{1H} NMR (162 MHz, CDCl,)
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(5-(Diphenylphosphaneyl)-9,9-dimethyl-9H-xanthen-4-yl)(2-
isopropylphenyl)(phenyl)phosphane L9
3C{*H} NMR (101 MHz, CDCl,)
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(5-(Diphenylphosphaneyl)-9,9-dimethyl-9H-xanthen-4-yl)(2-
isopropylphenyl)(phenyl)phosphane L9
31p{1H} NMR (162 MHz, CDCl,)
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[1,1'-Biphenyl]-2-yl(5-(diphenylphosphaneyl)-9,9-dimethyl-9H-xanthen-
4-yl)(phenyl)phosphane L10
-HNMR (400 MHz, CDCl3) eenressuanseesansuene
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[1,1'-Biphenyl]-2-yl(5-(diphenylphosphaneyl)-9,9-dimethyl-9H-
xanthen-4-yl)(phenyl)phosphane L10
13C{'H} NMR (101 MHz, CDCl;)
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[1,1'-Biphenyl]-2-yl(5-(diphenylphosphaneyl)-9,9-dimethyl-9H-
xanthen-4-yl)(phenyl)phosphane L10
31P{H} NMR (162 MHz, CDCl,)

penm
RakE
pri i i
EREEN
k_\//
Me_ Me
'!i[ij:l!Il Ph
PhyP :: P. ii
U i
T R e e e e e AL B s o e e LU W
190 170 150 130 110 0 70 50 30 10 -10 -30 -50 -70 -90 -110 -130 -150 -170

f1 (ppm)

(9,9-Dimethyl-5-(methyl(phenyl)phosphaneyl)-9H-xanthen-4-
yl)diphenylphosphane L11
H NMR (400 MHz, CDCl,)
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(9,9-Dimethyl-5-(methyl(phenyl)phosphaneyl)-9H-xanthen-4-

yl)diphenylphosphane L11
B3C{'H} NMR (126 MHz, CDCl;)
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(9,9-Dimethyl-5-(methyl(phenyl)phosphaneyl)-9H-xanthen-4-
yl)diphenylphosphane L11
31p{1H} NMR (162 MHz, CDCl,)
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(5-(Dimethylphosphaneyl)-9,9-dimethyl-9H-xanthen-4-
yl)diphenylphosphane L12
H NMR (400 MHz, CDCl,)

f1 (ppm)
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(5-(Dimethylphosphaneyl)-9,9-dimethyl-9H-xanthen-4-
yl)diphenylphosphane L12
31p{IH} NMR (162 MHz, CDCl,)
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(5-(Diisopropylphosphaneyl)-9,9-dimethyl-9H-xanthen-4-
yl)diphenylphosphane L13
1H NMR (400 MHz, CDCl,)
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(5-(Diisopropylphosphaneyl)-9,9-dimethyl-9H-xanthen-4-
yl)diphenylphosphane L13
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(5-(Diisopropylphosphaneyl)-9,9-dimethyl-9H-xanthen-4-
yl)diphenylphosphane L13
31p{1H} NMR (162 MHz, CDCl,) 3
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9.3.5. Other Novel Phosphine Ligands

(5-(Diphenylphosphaneyl)-9,9-dimethyl-9H-xanthen-4-

yl)diphenylphosphine oxide Ox-Xantphos
)
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(5-(Diphenylphosphaneyl)-9,9-dimethyl-9H-xanthen-4-
yl)diphenylphosphine oxide Ox-Xantphos
BC{IH}NMR (101 MHz,CDCl,)
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(5-(Diphenylphosphaneyl)-9,9-dimethyl-9H-xanthen-4-
yl)diphenylphosphine oxide Ox-Xantphos
31p{1H} NMR (162 MHz, CDCl,)
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BisXantphos 'H NMR (400 MHz, CDCl;) )
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21,21,22,22-Tetramethyl-10,20-diphenyl-10H,20H-4,6:14,16-
dimethanotetrabenzo[b,e,h,k][1,7]dioxa[4,10]diphosphacyclododecine
BisXantphos 13C{*H} NMR (126 MHz, CDCl,)
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BisXantphos 31p{'H} NMR (162 MHz, CDCl;)
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(Sulfonylbis(2,1-phenylene))bis(diphenylphosphane) SulfPhos
1H NMR (400 MHz, CDCl,)
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(Sulfonylbis(2,1-phenylene))bis(diphenylphosphane) SulfPhos
13C{IH} NMR (101 MHz, CDCl,)
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(Sulfonylbis(2,1-phenylene))bis(diphenylphosphane) SulfPhos
31p{1H} NMR (162 MHz, CDCl,)
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(9,9-Dimethyl-9H-xanthen-4-yl)diphenylphosphane PPh,-Xanthene
H NMR (400 MHz, CDCly)
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(9,9-Dimethyl-9H-xanthen-4-yl)diphenylphosphane PPh,-Xanthene
13C{1H} NMR (101 MHz, CDCl,)
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(9,9-Dimethyl-9H-xanthen-4-yl)diphenylphosphane PPh,-Xanthene
31p{1H} NMR (162 MHz, CDCl,)
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