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Abstract

Palladium and gold-N-heterocyclic carbene (NHC) complexes have been studied in detail, with

focus on their synthesis and applications.

Palladium(ll)-NHC complexes are known to be highly catalytically active complexes for numerous
organic reactions, specifically [PdCI(n3-R-allyl)(NHC)] complexes are widely used in cross-
coupling chemistry. Based on this, an optimised, more facile and most importantly air-stable
synthesis was developed (Chapter 2). The preparation of a new class of Pd(II)-NHC complexes,
[NHC-H][Pd(n3-R-allyl)Cl;], was optimised and applied to a wide range of NHC ligands (Chapter
2). Furthermore, the catalytic activity of [NHC-H][Pd(n3-R-allyl)Cl;] was intensely studied in cross-

coupling chemistry (Chapter 3-6).

An environmentally friendly protocol was established for the Suzuki-Miyaura reaction using
[NHC-H][Pd(n3-R-allyl)Cl;] in low catalyst loading. Both, the synthesis of the pre-catalysts as well
as the catalysis can be carried out under air and the mild conditions and enabled a diverse

substrate scope (Chapter 3).

The formation of C-N bonds is widely studied and of importance due to their appearance in a
wide range of molecules, particular in pharmaceutical reagents and natural products.
[IPr*-H][Pd(n3-cin)Cl,] was found to be a highly catalytically active pre-catalyst in the Buchwald-
Hartwig amination as well as in ketone arylation (Chapter 4). Low catalyst loading, the use of a

green solvent and high yields created an efficient protocol.

An extensive study of the effect of different R-allyl ligands was performed for the Mizoroki-Heck
reaction (Chapter 5). Different [NHC-H][Pd(n3-R-allyl)Cl,] pre-catalysts were tested and the
catalysis was optimised resulting in very low catalyst loading (0.1 mol%). Biologically interesting

heteroatom-containing aryl bromides were successfully coupled with styrene.

The catalytic activity of [NHC-H][Pd(n3-R-allyl)Cl,] was further extended to the C-H activation of
terminal alkynes with aryl bromides (Chapter 6). The catalysis tolerated substrates containing
electron donating and withdrawing substituents. Furthermore the dimerization of terminal

alkynes to 1,3-enynes was investigated resulting in excellent yields.

Transition-Novel Au(l)-NHC complexes, namely [Au(Bpin)(NHC)] were synthesised and fully
characterised. In total, four complexes bearing different NHCs were synthesised and their

reactivity studied, revealing unique characteristics (Chapter 7).

Vi



%Veur

Vco

Vav

acac
Amphos
Bzpina
BDE

BSE
2-Br-pyr
BrettPhos

cin
cod
CPME
C

DavePhos

DABCO
dba
DMA
DMI
DME
DMF
DMS
DMSO
dppe
EDA
AEeistat
HBpin

Abbreviations

Percent Buried Volume

CO stretching frequency

average stretching frequency
acetylacetone
4-di-tert-butylphosphino-N,N’-dimethylaniline
bis(pinacolato)diboron

bond dissociation enthalpy

bond snapping energy
2-bromopyridine
2-di(cyclohexylphosphino)3,6-dimethoxy-2’,4’,6’-
triisopropyl-1-1'-biphenyl
cinnamyl

1,5-cyclooctadiene
cyclopentylmethyl ether

speed of light
2-dicyclohexylphosphine-2’-(N, N-
dimethylamino)biphenyl
1,4-diazabicyclo(2,2,2)octane
dibenzylideneacetone
dimethylacetamide
1,3-dimethyl-2-imidazolidinone
1,2-dimethoxyethane
dimethylformamide

dimethyl sulfide

dimethyl sulfoxide
1,2-bis(diphenylphosphino)ethane
energy decomposition analysis

electrostatic interaction term

4,4,5,5-tetramethyl-1,3,2-dioxaborolane

vii



HOMO
IAd
IBiox
I'Bu
IHept
IHept®
IHeptOMe
IMes
INon
IPent

IPent®

IPr
IPrc

IPr*

|Pr*2Np

|Pr*OMe

|ndtBu

LUMO

MAO

highest occupied molecular orbital
N,N’-bis-(adamantyl)imidazol-2-ylidene
bioxazoline-derived carbene
N,N’-(di-tert-butyl)imidazol-2-ylidene
N,N-bis-[2,6-bis(di-iso-heptylyl)phenyl]imidazol-2-
ylidene

N,N-bis-[2,6-bis(di-iso-heptylyl)phenyl-4,5-
dichloro]imidazol-2-ylidene
N,N’-bis(2,6-di-4-heptyl-4-methoxyphenyl)imidazol-2-
ylidene

N,N’-dimethylimidazol-2-ylidene
N,N*bis-[2,4,6-(trimethyl)phenyl]imidazol-2-ylidene
N, N-bis-[2,6-bis(di-iso-nonyl)phenyl]imidazol-2-ylidene
N,N-bis-[2,6-bis(di-iso-pentylyl)phenyl]imidazol-2-
ylidene

N,N-bis-[2,6-bis(di-iso-pentylyl)phenyl-4,5-
dichloro]imidazol-2-ylidene
N,N‘-bis-[2,6-(di-iso-propyl)phenyl]imidazol-2-ylidene
N,N-bis-[2,6-(di-iso-propyl)phenyl-4,5-
dichloro]imidazol-2-ylidene
N,N-bis-[2,6-bis(diphenylmethyl)-4-
methylphenyl]imidazol-2-ylidene
N,N-bis-[2,6-bis(dinapthtalene)-4-
methylphenyllimidazol-2-ylidene
N,N-bis-[2,6-bis(diphenyl)-4-methoxyphenyl]imidazol-
2-ylidene

Id est

1-tert-butyl-1H-indene

lowest unoccupied molecular orbital

ligand

monoamine oxidase

viii



PEPPSI

ppm
pyr
AEpauii
RuPhos
SI'Bu
SIPr

SIMes
SPhos
AEo
TEP
TEA
THF
TON
TOF
TBA

t-BuBrettPhos

Tol-BINAP
TBAE

corrected mass

non-relativistic mass

metal

norbornadiene

N-heterocyclic carbene

N-methyl-2-pyrrolidinone

bis-(trifluoromethane suflonyl)imidate

orbital interaction

trifluoromethanesulfonate

Pyridine-Enhanced Precatalyst Preparation,
Stabilisation and Initiation

parts per million

pyridine

Pauli repulsion term
2-dicyclohexylphosphino-2’,6’-diisopropoxybiphenyl
N,N’-(di-tert-butyl)imidazolidin-2-ylidene
N,N-bis-[2,6-(di-iso-propyl)phenyl]imidazolidin-2-
ylidene
N,N-bis-(2,4,6-trimethylphenyl)imidazolidin-2-ylidene
2-dicyclohexylphosphino-2’-6’-dimethoxybiphenyl
steric interaction

Tolman electronic parameter

triethylamine

tetrahydrofuran

turnover number

turnover frequency

tetra-butylammonium
2-(di-tert-butylphosphino)-2’,4’,6’-triisopropyl-3,6-
dimethoxy-1,1’-biphenyl

2,2’-bis (di-p-tolyl)phosphinol-1,1’-binaphthyl

2-(tert-butylamino)ethanol



TBAB
TBAOAc
™
TMEDA
v
WOLEDs
XPhos
Xantphos
VA

tetrabutylammonium bromide

tetrabutylammonium acetate

Transition metal
N,N,N’,N’-tetramethylethylenediamine

velocity

white organic light-emitting devices
2-dicyclohexylphosphino,2’,4’,6’-triisopropylbiphenyl
4,5-bis(diphenyl)phosphiol-9,9-dimethylxanthene

atomic number



Table of Content

DT ] T T T i
AcCKNOWIEdZEMENLS ......ciivueiiiiiiiiiiiiiiiireierree e rresaisrseassssasasssssesnsssstennsssssenassssaanens iv
Authors contribution ..o v
Y < o Y iv
Chapter 1: INtrodUCLiON .........ciiiieeiiiiiiecerreieecrreeecerre e s eennseseennsssseenssssseennssssesnsssssssnssssnenns 1
1.1, N-HeteroCyClic Carb@NES ......cciiciieei ittt ettt e e e ebee e e s sabe e e e e sabeee s esnbeeesenanees 1
1.1.1. Electronic and SteriC FEATUIES......cooiii ettt ettt st sar e sbe e e sare e 4
O O Yo o =T 1SRRIt 8
1.2. Palladium-NHC COMPIEXES.....cceiecuiiieeeitiieeectiee e ettt e e ectee e e etae e e e tae e e e sate e e seasaeeessnsseeesansaneens 12
1.2.1. Introduction and General SYNTNESIS ........c.ueiieciiiiiecee e 12
1.2.2. Applications of PA-NHC COMPIEXES....cccccuiiiiiiiiieeieiiieeceieeeeeitee e svtee e svee e e s ssnreee s sneaeeesans 16
1.3, REIEIENCES . ettt ettt e st et e bt e bt e e s be e e abe e s beeenteesbeeeneean 26
Chapter 2: A straightforward synthesis of [PdCI(n3-R-allyl)(NHC)] complexes..........cccuureree.. 31
2.1. Introduction to [PACI(n3-R-allyl)(NHC)] COMPIEXES......ccoivrieruiiriiieriireete sttt 31
2.2. General Synthesis of [PACI(n3-R-allyl)(NHC)] COMPIEXES ......ccevevveveeeeereereereereereerererenene 32
2.2 Optimisation of the Synthesis of [PdCl(n3-R-allyl)(NHC)] COmMPpIexes .........ccceeeerevvevvervenenne. 35
2.3 Synthesis of [NHC-H][Pd(n3-allyl)Cl2] COMPIEXES ....cveuvereeriereereereirerereeeeee et ereere et eenes 41
2.8 CONCIUSION 1ttt ettt b e b e s bt s at e et e e be e sbeesae e satesabeeabeebeenbeenneas 46
2.5 RETEIENCES. .. ettt ettt b e b e s ae e sttt e bt e s bt e s ae e st sab e e be e b e e nbeenaeas 47
Chapter 3: Investigation into the catalytic activity of [NHC-H][Pd(R)Cl.] complexes in the

SUZUKI-MIYaUra rEaCHION c..eeueiieeireeereeittnerteneetenterneserenssrenserensssrasssenssessssssensessnssssnsesensnsnns 50
3.1 The Suzuki-Miyaura REACTION .......cccuiieeeciiie ettt e e tee e et ee e e e bee e e eabae e e e ases 50
3.2 Initial catalytic tests using [NHC-H][Pd(R)Cl2] COMPIEXES. ..ccccvrereeeirieeeeieee et 59

3.3 Optimisation of the Suzuki-Miyaura reaction using [IPr-H][Pd(n3-cin)Cl,] as pre-catalyst ... 64

3.4 CONCIUSION ettt ettt s st ettt e s b e e s be e sanesare s b e e beenneennees 71
3.5 RETEIENCES. ...ttt et b e b e s he e sttt et e e bt e s ae e st e et e be e beenaeeaaeas 72
Chapter 4: Highly catalytically active Pd-NHC pre-catalyst for the formation of C-N and C-C

DONAS ... 74
4.1 The Buchwald-Hartwig reaction..........ceeicciieiiciiie ettt e 74
4.2 Optimisation of the Buchwald-Hartwig Reaction using [IPr*-H][Pd(n3-cin)Cla] ..covvvvrrvvennenee. 81
4.3 Using [IPr*-H][Pd(n3-cin)Cl] in the a-Ketone Arylation Reaction.........ccvveveeviveeveeiveenenne. 91

4.3.1. RESUILS N DISCUSSION «.ceiiveiiteiieieeiiiitiee e e e e et ettt e e e e e et eabb e e s eeeeeesbabasesssseesssanasseessessssns 94



N 0o o Vol LY o] o NPT 95

4.5 REFEIEINCES ...eeeiie ettt ettt ettt s bt e e st e s bt e e s nb e e sabeeesabeesbeeesnteesaneeesnneenns 96
Chapter 5: Study of different throw-away ligands of [NHC-H][Pd(L)CI;] complexes and its

effect in the Mizoroki-Heck reaction .........ccccvviviiiiiiiiiiiiiiiiii, 100
5.1 The Mizoroki-Heck REACTION ....c...eiiiiiiiiiiiie et 100
5.2 ReSUIS aNd DiSCUSSION ...uviiiiiieiiiieiiee ettt ettt ettt e et e st e sbe e e st e sbeessneeesaneeesaneenas 109
5.3 CONCIUSION eneiiiiieie ettt ettt b e st e s ab e et e et e e sbeesbeesanesane e 122
58 RETEIENCES. ... ettt b e sttt et nb e s ae e saee s 123
Chapter 6: Palladium catalysed C-H activation of alkynes with aryl halides........................ 126
6.1 The SON0gashira REACLION .......uuiii i e e e ere e e e enrees 126
6.2. ReSUItS aNd DiSCUSSION ...eeiiiiiiiiiieiiee sttt ettt ettt e st e st e s bee e sabeesbeessateesaseeesareenas 135
6.3. Catalytic Dimerisation of Terminal AIKYNES ........ccoveiiiiiiiiiiciiee e e 144
6.4, CONCIUSION .ttt ettt h e bt sttt et b e b e s bt e s bt e sae e sabeenbeesbeesaeesaeesareeane 147
6.5 REFEIENCES .ottt ettt st e s bt e e st e e e bt e e sabeesabeeesareanas 148
Chapter 7: Synthesis and application of [Au(NHC)(Bpin)] complexes ........cccceeerrreennerrennn. 150
7.1 Introduction to Gold CheMISLIY ...ccueiiiieiiie et bae e e 150
7.1.1 Reactivity of GOld COMPIEXES.......uuiiiieiiiee ittt e e bee e e e ebee e e e e baee e eeares 150
7.2 Introduction to Au(l)- NHC COMPIEXES ....ueeieiiiieeeciiee ettt et e vee e et e e e e e 153
7.2.1 Synthesis of Cationic Au(I)-NHC COMPIEXES......ccueeiiieicieiecieeeieeetteeeree e esreeereeesaree s 153
7.2.2 Synthesis of Neutral AU(1)-NHC COMPIEXES.......cccueeiieeeiriieiieeeieeectteeereeeetee e sreeeveeesvee s 154
7.2.3. Catalytic Applications of Au(I)-NHC COMPIEXES .....cccccvieiieicriieeeeiiee ettt e 155
7.3 Introduction to Transition Metal-Boron CoOmplexes.........ccceecueeeeeeciieeeeciiieeeeeiee et e 161
7.4 Synthesis of [AU(NHC)(BPin)] COMPIEXES ......evveeeeiiieeectiee ettt e e e 165
7.5 Initial reactivity studies of [AU(NHC)(BPIN)]..ccovveiieiiieeeeireeeeereee et 168
7.6 Computational Studies of [AU(IPF)(BPRIN)] c.cueeeecreeiiieeeiee ettt et 170
7.7 Investigation into the reactivity of [AU(IPF)(BPin)]....cccoocierioeiiie e 174
7.7.1. Reactivity with Lewis bases and Hz activation .........cccceeeeiieccciieec e, 174
7.7.2. Reactivity With LEWIS aCidS.....cccuuiiiiieeieeciiieee ettt e e e e e e e e e e s e e snrraae s 175
7.7.3 Reactivity with alky/aryl iodide. ........cccoieiiiiieciiccreeceeeeceecee et 180
7.8 CONCIUSION ettt ettt b e st st st e et e sbeesreesanesanesane 183
7.9 REFEIENCES ...ttt ettt ettt b e b e b e s h e e eat e st e e be e sbe e sheesatesare e 184
Chapter 8: Conclusion and FUtUre Work ........cccciiiiiiiiiiiiiiiininncnincrencieeeneeesesenssenenenenes 190
Chapter 9: Experimental SECiON .......ccceuciiieeeiiiiicicrrecr e e rene e s s ene s s e enasesssenanas 193
9.1 General INfOrmMatioN........eiiieiiiiieee ettt s st 193

1S 0 @ o T-Y o =T o TP PUPUSR 194



1S 2@ o =Y o =T . T PP PRPPURR 214

1S @ o =Y o =T o PRSI 238
1o IR 3 @ o F=Y ] (=T o T PR UUS 266
1o B3 @ o F=Y o =T o TS 284
1o B @ o T=Y o =T o TR PUS 302

LRSI =] =1 0] A Lol C TR 318



Chapter 1: Introduction

Chapter 1

Introduction
1.1 N-heterocyclic carbenes

Since their discovery N-heterocyclic carbenes (NHCs) have been evolved an important role in
modern chemistry.! Their unique characteristics enabled them to become widely used ligands
in organometallic chemistry? as well as organocatalysts® on their own. The many applications of
NHCs have led to increasing interest throughout the chemistry community, resulting in NHCs
being extensively studied.*® The next subchapter will introduce the history of NHCs followed by
their unique steric and electronic features. The general synthesis of imidazolylidene and

imidazolidinylidene will be discussed.

The pioneering work from Wanzlick”® and Ofele®*! started in the 1960s with their reports of
breakthroughs in carbene chemistry. Wanzlick studied the formation of a free carbene using
chloroform and subsequently its dimer formation, concluding the nucleophilic character of
NHCs.” This was followed by the study of the synthesis of NHC-metal complexes. By treating 1,3-
diphenylimidazolium perchlorate with mercury (ll) acetate in dimethyl sulfoxide (DMSO),

Wanzlick prepared the first reported NHC-Hg complex (Scheme 1.1).2

‘_‘
o +Hg(OAc), Me~NN-pe
//\ CIO; 2 ACOH 9 e o
2 Me~NzN-Mme g ClO4
® +H,S
2 Me~N"N-Me
-HgS

Scheme 1.1: Synthesis of the first NHC-Hg complex.®

In parallel, Ofele reported the formation of a surprisingly air stable [Cr(IMe)(CO)s] (IMe = N,N’-
dimethylimidazol-2-ylidene) complex by heating a chromium imidazolium salt, [IMe][HCr(CO)s]
(Scheme 1.2).° After the report of the similar [Fe(IMe)(CO)s] complex and further investigation
into these complexes, it was concluded that the stability and characteristics of these NHC-M

complexes originate from their aromatic character.®

1|Page



Chapter 1: Introduction

/\® © . _NN-
120°C_ Me Me H
Me-NNoye [HCHCO)]  120°Cy + o
Cr(CO)s
Me~N N‘Me S Me’NN‘Me
Cr(CO)s O¢r(coys

Scheme 1.2: Synthesis and proposed aromaticity of [Cr(IMe)(CO)s].>*°

Arduengo reported the first crystalline carbene: IAd (IAd = N,N’-bis-(adamantyl)imidazol-2-
ylidene) (Scheme 1.3). This tremendous breakthrough was thoroughly studied, showing the

stability in the absence of oxygen and moisture as well as X-Ray structures which were studied

|12

in detail.
_THE NN
\f cat e + H, + NaCl
N DMSO

Scheme 1.3: Synthesis of 1Ad.*2

Further studies were conducted focusing on the halogenation of the backbone of the NHC, this
resulted in a change of electronic and steric characteristics.®® Arduengo later reported the
synthesis of imidazolylidenes and imidazolidinylidene, which will be discussed in section 1.1.3.1
Since then many different NHCs have been synthesised and reported. Figure 1.1 summarises the

diversity of NHCs.?®

7-membered NHCs 6-membered NHCs

H Rl
(Y (e L AR
N<_-N. N _N.
R ~ R H’Nj R "R R’N\J/

5-membered NHCs

=\ =N =\ =\
RNGNR N N-R RNy S RANGO

functionalised NHCs 4-membered NHCs
N - N zP\
CE\__/ E) R_N\../N R

Figure 1.1: Different NHCs ligands found in literature.’®

The most common NHCs used as ligands in organometallic chemistry are 5-memebered NHCs.
Early research as well as the amount published about 5-membered NHC reflects on their role
and importance in organometallic chemistry. Imidazolylidene and Imidazolidinylidene are

common ligands used in many different organometallic complexes and catalysis. This

2|Page



Chapter 1: Introduction

introduction will focus mainly on symmetrical imidazole and imidazolidine as these are used in

the following chapters (Figure 1.2).%°
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Figure 1.2: Most common 5-membered NHCs ligands used.

The stability of NHCs was studied intensively soon after the first stable carbene was isolated.®®
The general description of a carbene is a neutral compound bearing six valence electrons, in
which two of the electrons are not involved in bonding.® Early reports suggested the steric bulk
of the IAd ligand to be responsible for its stability.!? After the isolation of smaller NHCs it was
clear that steric bulk can play a role but it is not the sole feature of its stability. The ground state
spin multiplicity for a S = 1 system can either split into a singlet or a triplet state (Figure 1.3)."
In a singlet state the two non-bonding electrons are in the same orbital (o2 p,°, A?).2® Fischer
and co-worker reported and characterised the singlet carbene in 1964. In a triplet state the two
non-bonding electrons are in two different orbitals with parallel spin (o p!, ®B1).28 The first high
oxidation state metal alkylidene complex bearing a triplet state carbene was reported by
Schrock and co-workers soon after.!* The HOMO-LUMO gap (HOMO = highest occupied
molecular orbital; LUMO = lowest unoccupied molecular orbital), or singlet-triplet gap, defines
the ground state spin multiplicity. The singlet state is favoured if the singlet-triplet gap is larger
than 2 eV, while if the gap is smaller than 2 eV the triplet state will be favoured. Most NHCs
adapt the singlet state.’ The HOMO-LUMO gap can be manipulated by the substituents on the

carbene.
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Figure 1.3: Molecular orbital diagram of Fischer and Schrock carbene.1¢18

The inductive effect for example through the use of electronegative substituents, i.e. nitrogen
atoms, can lower the energy of the o orbital without influencing the pr orbital and thus increase
the HOMO-LUMO gap. The mesomeric effect using m-donor substituent can strongly bend the

carbene and raise the p, orbital, which also increases the HOMO-LUMO gap.

This remarkable stability of NHCs is used to synthesise stable organometallic complexes in
catalysis. The singlet state of the carbene ligand can form an exceptional strong NHC-metal bond
resulting in unique organometallic complexes. The next section will go into detail of the

electronic and steric features of NHC and subsequently their behaviour as ligands.

1.1.1. Electronic and steric features

The electronic features can be defined as o-basic/ t* acidic.'®2 The lone pair in the o orbital on
the carbene gives the o-basic characteristic, as the n* acidity arises from the possibility for the

NHC to accept electron density from the metal into the n* orbital (Figure 1.4).

R

N\O"Q 500
[ 'C_OM‘D_CEO

N

N0 g2 90

Figure 1.4: The back-donation of the metal to the NHC.%®
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The ability of the NHC to donate electron density to the metal increases the strength of the NHC-
metal bond, resulting in more stable complexes. Due to the electronic features playing such an
important role in the characteristics and properties of NHCs different ways have been developed
to measure them. The Tolman electronic parameter (TEP) was widely used to measure the

electronic of different ligands such as phosphine and NHC ligands.?3

The IR stretching frequency of the C-O bond (vco) in [Ni(NHC)(CO)s] is measured in order to
determine the electronic characteristics of the NHC. In theory the more electron density
donated to the metal centre by the NHC, the stronger the metal-carbon bond (rt* back-donation)
of M-CO. This results in a weaker C-O bond (more nt* back-donation) and a lower IR stretching
frequency for C=0. Therefore more electron donating NHCs have a smaller vco value. This
method is widely used to measure the electron-donating abilities of NHCs but it does have
several drawbacks, such as difficulties in the synthesis of these complexes and sever toxicity
issues of the Ni complex. In order to prevent these drawbacks a new complex was synthesised:
[Ir(NHC)(CO).Cl] which was found to be a less toxic alternative.?* The change to the electronic
features of the NHC ligand can change the characteristics of the corresponding complex and
ideally can improve the catalytic activity. There are three different ways to achieve this. Firstly
by altering the substituents of the backbone of the NHC i.e. on C* and C°. Bielawski and co-
workers later reported the change of the IR stretching frequency of the C-O bond in
[Rh(NHC)(CO).Cl] when the substituents of the C* and C° position of the NHC were changed

(Figure 1.5).% A clear difference can be seen going from hydrogen to cyanide.

R R Complex | Vay (cm™)
= R=H 2046
~N_ _N—
\( R =Cl 2051
CI-Rh-CO  R=NO, 2053
co R =CN 2058

Figure 1.5: [Rh(NHC)(CO)Cl] and the v., values for different NHCs.?®

Secondly changes to the skeleton of the NHC (saturated/unsaturated backbone) were
investigated. The difference in electronic properties between IMes/SIMes (IMes = N,N-bis-[2,4,6-
(trimethyl)phenyllimidazol-2-ylidene, SIMes = N,N-bis-(2,4,6-trimethylphenyl)imidazolidin-2-ylidene)
and IPr/SIPr (IPr = N,N“bis-[2,6-(di-iso-propyl)phenyllimidazol-2-ylidene, SIPr = N,N-bis-[2,6-(di-iso-
propyl)phenyl]imidazolidin-2-ylidene) was investigated but it was concluded that only minimal
change in the electronic parameter can be seen?® and that the change in the skeleton is most

likely to influence the steric rather than the electronic properties of the complex. Lastly changing
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the substituents on the nitrogens has shown a significant change. The v,, value increases when
an alkyl substituent is replaced by an aryl substituent (Figure 1.6).1>2% Therefore NHCs bearing

alkyl substituents have better donating character.

[\

Iren,
~ e
ocC co

2024 cm™  2023cm™  2023cm™ 2022 cm™!
Figure 1.6: Comparison of aryl and alkyl substituents of the nitrogen in NHCs.>2®

These unique electronic properties result in the ability of the NHC to have different bonding
modes with a metal (Figure 1.7). The lone pair of electrons in the o orbital of the carbene can
form a bond with an empty d orbital of the metal, i.e. 0 -> d bonding mode. The NHC can also
accept electron density from the metal’s filled d orbital into its empty n* orbital. Furthermore
in the case of an electron deficient metal, the NHC can donate electron density from a

combination of filled and empty it orbitals into an empty d orbital from the metal.
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i)o-->d i) d =--> * iii) 7 ---> d
Figure 1.7: 0 -> d bonding (i), d -> t* bonding mode (ii) and 1 -> d boning mode (iii).*®
The electronic and steric features define the characteristics and main advantages of NHCs. The
steric bulk of the NHC as well can influence its character as a ligand on an organometallic

complex as their electronic properties and so the measurement of steric parameters is of

immense importance.

The Tolman Cone Angle is widely used to measure the sterics of different phosphine ligands.?

However, due to the difference in symmetry of phosphine ligands (C* symmetry) and NHC
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ligands (C? symmetry), the Tolman Cone Angle cannot be applied to NHCs. The importance of
NHCs as ligands in organometallic chemistry has led to the introduction of a new model that can
be applied to NHCs. The Percent Buried Volume (%Vs.r) is the measurement of the volume of
the first coordination sphere of the metal occupied by the ligand (Figure 1.8).?’ This model can
be used for most common ligands used in organometallic chemistry, such as phosphine based
ligands, cyclopentadienyl based ligands and NHCs.?”

[\
N

@ V. ®

Figure 1.8: lllustration of %Vs,r of NHCs.*®

The %V3gyur can be obtained by using the free web application SambVca and crystallographic data
(Figure 1.8).2” SambVca was tested against the binding energy of NHC ligands in [RuCICp*(NHC)]
complexes in terms of sterics and electronics, this resulting in an almost linear correlation
between the %Vs.r and the bond dissociation energy. This concluded that the binding character
of NHC ligands develop mainly from its steric parameter. Comparing the steric parameter of
saturated NHCs to unsaturated NHCs a slight but significant difference can be found. In saturated
NHCs the %V, is slightly bigger, this is due to the different N-C-N angle of the NHC skeleton.?®
The N-C-N angle is 4-5° greater in saturated NHCs, resulting in the N-substituents being bent
towards the metal centre (Figure 1.9). This steric change can affect the reactivity and catalytic
activity of the organometallic complex significantly.?® Therefore it can be reasoned that changing
the substituents on C* and C° can influence the steric parameter and hence the catalytic
reactivity. Recent developments have refined the model by introducing the dihedral angles ¢

and ¢, (Figure 1.9).%°
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Figure 1.9: Example of dihedral angles ¢; and ¢,.2°

The angles ¢:1 and ¢, were investigated for the [PdCIy(NHC){P(OR)s}] complexes.?
Computational modelling showed the bulkiness of the NHC can change depending on the
bulkiness of its co-ligand. For example [PdCl;(IPr){P(OMe)s}] has a %Vs,r of 36.3, but changing
the phosphite ligand to P(OPh)s, [PdCIz(NHC){P(OPh)s}], the %Vs. changes to 32.4. This highlights

the immense flexibility of NHC ligands.3°

1.1.2. Synthesis

In this section the synthesis of imidazolylidene and imidazolidinylidenes will be described and
the general synthesis of NHC-M complexes will be discussed. Firstly the syntheses of

symmetrically and unsymmetrically N-substituted imidazolylidene are described.

There are two main routes; Route A starts from the imidazole which is reacted with a base and
two RX to form the corresponding imidazolium salt. Alternatively (Route B) glyoxal is condensed
with two equivalents of amine to form the a-diimine or diazobutadiene, followed by a cyclisation
with formaldehyde in the presence of a Brgnsted acid to form the corresponding imidazolium
salt. For the synthesis of unsymmetrically N-substituted imidazolylidenes, the imidazole has to
be functionalised, this can be achieved via two routes. Following Route C, glyoxal is reacted with
a primary amine, an ammonium salt and formaldehyde. Route D stares from the imidazole,
which is deprotonated by sodium or potassium followed by RX. The N-functionalised imidazole
then can be alkylated or arylated to the corresponding imidazolium salt. The synthesis of
symmetrically N-substituted imidazolidinylidenes starts from the a-diimine (condensation of the
amine with glyoxal) which is reduced using NaBH, followed by a cyclisation using triethyl

orthoformate and ammonium salt (Route F).
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Scheme 1.4: General Synthesis of imidazolium salts.*

In the case of the unsymmetrically N-substituted imidazolidinylidene the synthesis starts from

ethyl-2-chloro-2-oxoacetate, which is reacted with two different primary amines to form the

corresponding oxalamide. Next the oxalamide is reduced using LiAlH4 to the diamine which then

undergoes cyclisation to the corresponding imidazolidinium salt (Route F).

N
R'/ng*R
F | NH4X, CH(OEt),
2R\ E 7\
R-N" N-R — > R'—NH HN—R
NaBH, A
T LiAIH,
o O
7 N\
g %

P
RHN
TNEt3

NHR

o O

R'NH; + RNH, +

Cl OEt

Scheme 1.5: General Synthesis of imidazolidinium salts.®

Different syntheses of more challenging NHCs have also been developed. In 2008, Glorius and

co-workers introduced the tricyclic IBiox ligand (bioxazoline-derived carbene) (Scheme 1.6

The synthesis differs at the cyclisation step from the

)'31

previous discussed routes. Silver triflate

and butyl chloromethyl were used to install the C2 of the imidazolium instead of the

formaldehyde.
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oH o O S_ﬁ—
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HoN RO N NTR? 2

A 2) SOCl,
R 3) NaOH IBiox HOTf

Scheme 1.6: Synthesis of I1Biox-HOTf.3!

In 2006, Lehmann and co-workers reported the synthesis of imidazolium salts with substituted
backbones.3? The synthesis begins with oxazolinium acetals which are reacted with primary
amines resulting in imidazolidinium salts (Scheme 1.7). After the elimination of water, the

imidazolium salt is obtained.

AcO R'R? o HO R'R? o R R? o
4
oo KRN e X7 _HX, =g X
O\?N\R3 R4'N\¢N~R3 ea R4—N\7N~R3

Scheme 1.7: Synthesis of NHC salts with substituted backbones.3?

1.1.2.1 Synthesis of metal-NHC complexes

The most common and widely used to synthesis M-NHC complexes is the free carbene route
(Scheme 1.8, G). The free carbene is most commonly generated by deprotonation of the
corresponding salt. It can also be generated by desulfurisation, by thermal a-elimination or by
decarboxylation. The free carbene then can coordinate to a metal centre (Route G). Alternatively
a metal precursor can be used containing a base as a ligand, which then can deprotonate the
NHC salt (Route H). The transmetallation route (Route I) has a carbene transfer reagent
delivering the NHC to the second metal centre. Route J proceeds through C-H activation via
oxidative addition, which is less often used than the other routes discussed above. Route K starts
from the dimerised imidazolidinylidene which, via C=C activation, will result in the

corresponding M-NHC complex.

10| Page



Chapter 1: Introduction
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Scheme 1.8: Main synthesis of NHC-M complexes.®

Overall NHCs are highly stable ligands, with diverse steric and electronic properties. The
syntheses of NHC are facile and straight forward. The procedure for the formation of NHC-metal

complexes is widely studied in the literature resulting in a simple and fast outcome.
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1.2 Palladium-NHC complexes

1.2.1. Introduction and general synthesis

Palladium is one of the most versatile metals, with a wide array of applications. There are many
advantages of using palladium in organometallic chemistry such as its tolerance to many
different functional groups in catalysis.3* Most palladium reagents are air and moisture stable,
which eases the handling and storage.> Toxicity has not been a serious problem as well, allowing
many different industries to use palladium reagents. Palladium can form stable complexes with
many different ligands, such as mono and bidentate phosphines or NHC ligands.3*3°
The most common oxidation state for Pd-NHC complexes is Il, but oxidation states of 0 and | are
also known (Figure 1.10). Hazari and co-workers reported Pd-NHC dimers which have an
oxidation state of 1.3 Nolan and Cazin reported Pd-NHC complexes bearing two L-ligands

resulting in an oxidation state of 0.3 In the next chapters the Pd-NHC complexes bearing the

oxidation state of Il will be mainly used and discussed.

IIIHC 3 ITIHC
—Pd!! N 0
cl /\J NHC—Pd'\\—//Pd'—NHC frd
R Cl PPh3
Pd(II)-NHC complex Pd(l)-NHC complex Pd(0)-NHC complex

Figure 1.10: Pd-NHC complexes bearing different oxidation states.3¢3#

The first Pd-NHC complex was reported by Herrmann and co-workers in 1995.% In this report
the synthesis and catalysis of these newly found species was studied.*®*! Herrmann investigated
their catalytic activity early on using the Mizoroki-Heck reaction, which concluded the highly
catalytic activity of Pd-NHC complexes.®® Early results showed the high stability of Pd-NHC
complexes, with most being air-, moisture- and thermally stable. Furthermore the
decoordination of the NHC from the palladium was never observed, illustrating the strength of

the bond.?

In 2002 Nolan and co-workers reported the synthesis of a well-defined [PdCl(n3-allyl)(NHC)]
complex, which was tested in different catalytic reactions (Scheme 1.9).3842 The complexes
showed high catalytic activity in the ketone arylation,*® Buchwald-Hartwig amination and the

Suzuki-Miyaura reaction.*
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Scheme 1.9: Synthesis and application in cross-coupling chemistry of [PdCI(n3-allyl)(NHC)].3842

As the interest in these new species grew many different research groups started to investigate
the unique properties of Pd-NHC complexes. Organ and co-workers reported a detailed study
about in situ generated Pd-NHC complexes and their catalytic reactivity in the Negishi reaction.®
A year later the synthesis of [Pd(Cl)2(PEPPSI)(IPr)] was reported (PEPPSI = Pyridine-Enhanced
Precatalyst Preparation, Stabilisation and Initiation).** Organ’s PEPPSI catalysts have shown very

high catalytic reactivity in many cross-coupling reactions, such as the Negishi reaction and the

Suzuki-Miyaura reaction (Scheme 1.10).4>

s N
™\
R1—Nﬁ//N\R1
CIe 2 Cl—PId—CI
\® NSy K,COs, 80 °C, N
2 R1,N\¢N\R1 + PdC|2+E)\ % - |
Cl A Cl
[PA(Cl),(PEPPSI)(NHC)]
Pd-2

Scheme 1.10: Synthesis and application in cross-coupling chemistry of [Pd(Cl),(PEPPSI)(NHC)].%
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In 2002, Beller reported a monoligated NHC-Pd complex, Pd-3, in the telomerization of 1,3-
dienes with alcohols.*” Aerobic alcohol oxidation using a stable Pd(l1)-NHC complex, Pd-4, was
demonstrated in a report from Sigman.*® Nolan’s [PdCl(acac)(NHC)] (acac = acetylacetone) pre-
catalyst, Pd-5, showed high catalytic activity in the Buchwald-Hartwig amination as well as in
ketone arylation.*® Herrmann reported the synthesis of NHC substituted phospha-palladacycles,

Pd-6, in the Mizoroki-Heck reaction (Figure 1.11).%°

NN [
R~ \? R R’Nﬁ-’/N‘R
-Pd
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Z Y
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R Y R Rt X 0
Pd—CI Pdl N
& L
~— ,
_<_< Lo RERs RS
R2
Pd-5 Pd-6
Nolan Hermann
2005 2005

47-50

Figure 1.11: Examples of Pd-NHC complexes.

The synthesis of metal-NHC complexes was introduced in section 1.1.3. The specific synthesis of
Pd-NHC complexes correlates to the general synthesis. The most applied synthesis, as before is
the free carbene route. This route starts from the free NHC and a palladium dimer, which can
be applied to many different complexes and has been used to synthesise the above mentioned
complexes by Hermann,*® Beller*” and Nolan®*“° (Scheme 1.11, eq. 1). As the free carbene is not
stable under aerobic conditions, the one-pot route is commonly used as well. This starts from
the NHC salt which is deprotonated usually by base, often KO'Bu in tetrahydrofuran (THF)
(Scheme 1.11, eq. 2).°! In the same mixture the palladium dimer is added resulting in a well-
defined Pd-NHC complex. Alternatively a pre-synthesised [Pd(u-CI)CI(NHC)]. dimer can be mixed
with a ligand such as triethylamine (TEA) for example on the synthesis of Navarro’s
[PA(NHC)(TEA)CI,] complex (Scheme 1.11, eq. 3),°? the [Pd(pu-Cl)CI(IPr)], dimer was also used in
the synthesis of Sigman’s Pd-4 complex.”® To synthesise Organ’s PEPPSI complex, PdCl,is used
as palladium source. PdCl, is heated with the corresponding NHC salt and an excess of K;COsin

3-chloropyridine for 16 hours (Scheme 1.11, eq. 4).3
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Scheme 1.11: Most common syntheses of Pd-NHC complexes.38515254
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1.2.2 Applications of Pd-NHC complexes

Pd-NHC complexes have found many different applications in homogeneous and heterogeneous
catalysis.>>™° Due to the vast amount of research reported, the focus of this introduction will be
on homogenous catalysis. Pd-NHC complexes have emerged as highly active catalysts in a wide
range of organic reactions such as hydrogenation reactions,®® cross-coupling reactions®® and
polymer chemistry.52 Their use in synthesising important organic molecules and materials
underlies their importance in the chemistry community. Examples of different catalytic reactions

using Pd-NHC complexes will be given in this section, outlining their significance.

1.2.2.1 Hydrogenation of alkynes and alkenes

Mixed phosphine/NHC complexes, [Pd(NHC){P(OR)s}] have been studied in the hydrogenation
of alkynes and alkenes.®® [Pd(SIPr){P(Cy)s}], Pd-7, has shown high catalytic activity with catalyst
loading as low as 0.001 mol%.%° The hydrogenation of a wide range of alkynes and alkenes with
an exceptional functional group tolerance was successfully reported under mild condition such

as room temperature and low hydrogen pressure (Scheme 1.12).

. ) Pd-7
N— 0.2 mol% - 0.001 mol%
3 R'I/\/R -

Ny
[\ z
N_N H,, solvent, r.t.
\]/ 24 h
T i

COOH
P
AN PR
Cy & Cy é pr~~COOH NHCOMe
Pd-7 93% 99% 99%

[PA(SIPr){P(Cy)s}]

R‘I’\/R2

Scheme 1.12: Hydrogenation of alkynes and alkenes using [Pd(SIPr){P(Cy)s}].%

Further investigations were conducted optimising the hydrogen source. Finding an alternative
to the use of hydrogen gas is very important due to the high safety risk which accompanies the
use of hydrogen gas. The use of ammonia borane as hydrogen source was reported using Pd-7

t.** Ammonia borane dehydrogenation was

with low catalyst loading in an alcohol solven
observed with Pd-7 forming the [Pd(H),(SIPr){P(Cy)s}] complex, which consequently resulted in
the release of hydrogen gas.®® A detailed study was reported using formic acid and
[PA(IPr){P(Cy)s}] in an hydrogenation reaction of alkynes and alkenes. The mechanism was
studied in detail showing the formation of hydridoformatopalladium complex Pd-8 (Scheme

1.13), which was isolated and characterised.®®* The tandem sequence allowed the semi-
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hydrogenation of aromatic and aliphatic internal alkynes to the corresponding Z-alkenes under

mild conditions.

e = o = I e
Pd -CO; Pld
PCy, H_P|d—0>=o PCy,
PCyg,H

Pd-8 Hydrogenation

Scheme 1.13: Proposed mechanism of the hydrogenation reaction using [Pd(IPr){P(Cy)s}] and

formic acid.®®

1.2.2.2 Telomerization reactions

The homogeneous catalysed telomerisation reaction is the dimerization of two molecules, for
example 1,3-dienes under the addition of nucleophilic compounds.®> The telomerization
between butadiene and water was first reported using an in situ system of palladium and an
arylphosphine ligand.®® The ligand was later changed to a NHC ligand, which improved the
regioselectivity, yield and selectivity of the reaction.®’ Beller and co-workers reported the use of
a well-defined Pd(0)-NHC complex Pd-9 as a highly active catalyst in the telomerisation of
butadiene with methanol (Scheme 1.14).*” High yields (98%) and turnover numbers (TONs) of
98 000 were obtained. Pd-9 was further investigated and aliphatic alcohols and phenols were
successfully applied in the catalysis (Scheme 1.14). Furthermore high TON (up to 1500 000) and
turnover frequency (TOF) (100 000 h) were achieved.®® Many examples can be found in the

literature nowadays using Pd-NHC catalysts in different telomerisation reactions.®

Pd-9 (0.001 mol%), O
= + - OR
A+ ROH L6 (1 mol%), 90 °C
r N = N\ entry ROH yield (%) n:iso TON
/qNﬁ,/N\Q\ 1 A "OH 97 99:1 99 500
Pd OH
M o 2 82 98:2 20 000
| ol
TI7O™A OH
L Pd-9 ) 3 96 98:2 192 000
OH

4 © 37 98:2 7600

Schemed 1.14: Telomerisation of butadiene with ROH.”°
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1.2.2.3 Polymerisation reactions

Matsubara and co-workers illustrated the use of NHCs as ligands in the polycondensation
reaction of haloarylketones.” The polymerisation was successfully performed using Pd(OAc), or
Pd>(dba); (dba = dibenzylidene acetone) in combination with a NHC-HCl and NaO'Bu as base
(Scheme 1.15). Better reactivity was observed when NHCs as ligands were used rather than

phosphine ligands, furthermore the catalyst loading could be reduced when NHCs were used.

O pd(OACc), or Pdy(dba)s (3 mol%) 0
/@J\ NHC-HCI (3 mol%),
t R -
X R NaO'Bu (2 equiv.), THF K

X =Cl, Br
R = Me, n-Pr

Scheme 1.15: Polymerisation of haloarylketones.”

The polymerisation of norbornene and polar functionalised norbornene were carried out using
[PACI(n3-R-allyl)(NHC)] with AgSbFs or AgBF4.5? The substituents on the allyl ligand was varied
and compared in the polymerisation, where better results were observed the bulkier the allyl

ligand (Scheme 1.16).?

( I

N ~

5 ™\ z
@Y“p
Pd
cr j 1 n
2R [PCI(R-allyl)(IPr)] (0.03 mol%), _
R® R AgSbFg or AgBF,

R1 - H, R2 - H, R3 = H, O solvent, 25 OC, 20 h 9
R!=H, R?= H, R? = CH, ):o ):o
R"=H, R? = H, R® = phenyl
R' =H, R? = phenyl, R® = phenyl
\R1 =CHs, R? = phenyl, R® = pheny! |

Scheme 1.16: Polymerisation of norbornene using [PdCl(n3-R-allyl)(NHC)].52
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1.2.2.4 Pd-NHC complexes as electrocatalysts

Wolf and co-workers reported the use of Pd-bis(NHC) pincer complexes as electrocatalysts in
the reduction of CO; to C0O.7? 2,2,2-trifluoroethanol, acetic acid or 2,2,2-trifluoroacetic acid was
used as proton source. Furthermore the one-electron reduction of Pd-10 and Pd-11 is chemically
reversible, therefore avoiding the decomposition into a bimetallic species, which is reported for

Pd triphosphine electrocatalysts. (Figure 1.12).72

Bu  Bu BF, Bu Bu ‘1BF,
N[N NGOTN
0| oo
N | N N | N
Pd-10 Pd-11

Figure 1.12: Pd-NHC complexes Pd-10 and Pd-11.72

An in situ system using [PdCl>(CH3CN),] and a NHC as ligand is used for the electrocarbonylation
of phenol with CO to generate diphenyl carbonate.”® Different free NHCs and their
corresponding NHC-HCI salts were tested resulting in up to 80% electrochemical formation of
diphenyl carbonate. The best performing NHC was SI'Bu (N,N’-(di-tert-butyl)imidazolidin-2-
ylidene) with the corresponding SI'Bu-HCl (Scheme 1.17). It was reasoned that the stronger

electron donating ability of the NHC compared to phosphine ligands is aids the reaction.”

OH PdCI,(NCMe), Q,

@ + co SI'BuorsiBuHCI_ @dc_oz

Scheme 1.17: Electrocarbonylation using an in-situ Pd:NHC catalyst.”

1.2.2.5 Direct C-H arylation using Pd-NHC complexes.

The direct C-H arylation is an atom-economical coupling reaction, receiving more and more
attention.”® The main challenges are the unreactive nature of the C-H bond, the homocoupling
of the aryl halide as well as the selective arylation. Ozdemir and Doucet reported the synthesis
of the new air-stable Pd-NHC complexes Pd-12 and Pd-13, which were tested in the C-H arylation
of pyrrols with electron-withdrawing aryl chlorides (Scheme 1.18).”° The bulky N-substituents

on the catalysts were favourable for the reaction, resulting in moderate yield.
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——
Ry o L) Pd-12 or Pd-13 (1 moi%), I\ o
( N + N” "DMAc, KOAc (2 equiv.), - R N

cl 1 150 °C, 15 h l

\ J Pd-12: 72% Pd-12: 58% Pd-12: 74% Pd-12: 41% L
Pd-13: 65% Pd-13: 55% Pd-13: 21% Pd-13: 38% Pd-13

Scheme 1.18: Direct C-H arylation of pyrrols.”™

[PACI(n3-cin)(SIPr)], Pd-14 was used in the direct arylation of heterocycles at low catalyst loading
(0.1 mol%). The catalyst loading could even be reduced to 0.01 mol% for selected examples
(Scheme 1.19).7¢ The highly active system was applied to a small scope using K»COs as a base in

DMA (dimethylacetamide) at 140 °C.”®

R
A @
R - AN

\/ | ¥ Pd-14 (0.1-0.01 mol%)
\/ A g, H PivOH (30 mol%), |//

K,CO4 (1.5 equiv.), R

DMA (2 mL), 140 °C
o ,\j‘ O\Q ©\[Q

S

[PACI(n>-cin)(SIPY)]

J/

r

74%

[ 9 9
89% 83% 5% 0.01 mol% Pd: 69%

Scheme 1.19: Direct arylation of heterocycles.”®

Cazin and co-workers reported an improved protocol using the same catalyst Pd-14 but added
a copper co-catalyst, [Cu(CI)(I'Bu)] (I'Bu = N,N’-(di-tert-butyl)imidazol-2-ylidene), to the system.””
The catalyst loading of Pd-14 was increased to 1 mol% but the direct C-H arylation of a range of
aromatic and heteroaromatic substrates was achieved without the need of a directing group.
Furthermore Cazin and co-workers assembled a scope using aryl bromides and chlorides

(Scheme 1.20).”7
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R [PACI(n*~cin)(SIP)](1 mol%) @
@\ . [CuCI(I'Bu)] (1-3 mol%)
Cl CsOH (1.3 equiv.), O
Toluene 110 °C R

NVN\é
F F F F
F F F F E F F
L KL 1O 9
[CuCI( Bu)] O F O F F ) .
F F F F

MeO
OMe

85% 89% 41% 98%

Scheme 1.20: Direct C-H arylation of aryl chlorides.”

Mechanistic studies suggested a dual catalytic cycle. In the copper cycle [Cu(Cl)(I'Bu)] reacts with
CsOH to generate [Cu(OH)(I'Bu)] in situ. This activates the C-H of the corresponding aryl or
heteroaryl substrates via an acid/base reaction (Scheme 1.21, ll), followed by a transmetallation

to the palladium to deliver the aryl/heteroaryl fragment (Scheme 1.21, Il1).”7

CsQH _NHC-Cu-Cl 2 Ar-Ar/Het
n
CsCl Ar/Het reductive elimination
|
_Cu- L,Pd(0)
NHC-Cu-OH transmetallation "

Ar-Cl

Ar/Het-H \C-H activation

l oxidative addition

Ha NHC-Cu-Ar/Het PdL

Scheme 1.21: Proposed mechanism of the direct C-H arylation using a dual Pd/Cu system.”’

1.2.2.6 Cyclopropanation of alkenes

Belderrain and co-workers reported the palladium catalysed cyclopropanation of alkenes using
a Pd(0)-NHC catalyst.”® Pd-15 was synthesised starting from [PdCI(n3-allyl)(IPr)], in the presence
of KO'Bu in iso-propanol with an excess of styrene.”® Initial experiments were conducted using
Pd-15 in low catalyst loading (1 mol%), for the cyclopropanation of ethyl diazoacetate with
styrene, resulting in 98% yield (Scheme 1.22).”® Based on the promising result the authors

changed the alkene to 1-hexene, which resulted in 95% and cyclooctene (58%).
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( ™\
%"‘ N Pd-15 H
\ ©/\ + H)J\C02Et CH,Cl,
PH {h 5 mmol 1 mmol
Pd-15

Scheme 1.22: Cyclopropanation of styrene.”
1.2.2.7 Cross-coupling chemistry

Cross-coupling chemistry is by far the most known and applied field for Pd-NHC complexes.®!
The first Pd-NHC complexes synthesised by Herrmann were tested in a Mizoroki-Heck reaction.”
From then onwards, Pd-NHC complexes have been successfully applied to a wide number of
different cross-coupling reactions. The following coupling reactions will be discussed in detail in
the relevant chapters: The Suzuki-Miyaura reaction (Chapter 3), The Buchwald-Hartwig
amination (Chapter 4), the a-ketone arylation (Chapter 4), the Mizoroki-Heck (Chapter 5) and
the Sonogashira (Chapter 6) reaction. Two more important examples will be given in the next

section, namely the Negishi reaction and the C-S coupling reaction.
1.2.2.7.1 The Negishi reaction

Negishi and co-workers reported the carbon-carbon bond formation starting from an
organozinc reagent and an organic nucleophile in 1977.% The use of Pd-NHC complexes in the
Negishi reaction as catalysts was minimal in the literature with little success until 2005.8! The
major breakthrough in this area was reported by Organ and co-workers, starting with an in situ
system of Pdy(dba)s and IPr-HCI.82 The coupling of unactivated primary bromides and alkyl
organozinc reagents was performed at room temperature.® This was not only the first Negishi
reaction forming alkyl-alkyl bonds, it proceeded under very mild conditions (room temperature)

resulting in good to high yields (61-92%) (Scheme 1.23).8?

Pd,(dba)s (2 mol%)

N =Y
SN N— . « _IPr-HCI (8 mol%) .
42‘ I R R » R
B Tz THF-NMP (2:1) TR
rt, 24 h

IPr-HCI

Scheme 1.23: The Negishi coupling of alkyl bromides and alkyl zinc reagents.®?

22 |Page



Chapter 1: Introduction

One year later Organ and co-workers achieved a major breakthrough in this field as they
reported the use of an air stable, well-defined Pd NHC precatalyst, namely [Pd(CI)2(PEPPSI)(IPr)],
which showed extraordinary reactivity in the Negishi reaction.>* The coupling of several aryl and
alkyl halides/pseudohalides (i.e. chlorides, bromides, iodides, triflates, tosylates, mesityl) was
achieved.”* Steric hindrance was widely tolerated in the catalysis as well as heteroaromatic

substrates (Scheme 1.24).>*

—\ R-X + R"-ZnBr/Cl Pd-16 (1 mol%) >  R.R"
N -

4 \/ __ \/ I

N THF/NMP or THF/DMI,
Y X =0OTs, Br rt, 2h

ik |

N 0
L
N F N

o

Pd-16 X=0Ts, 91%
[PA(CI),(PEPPSI)(IPr)]

| ) 0
/N\
N

X =Br, 90%

X =Br, 80%

Scheme 1.24: Negishi coupling using [Pd(Cl)2(PEPPSI)(IPr)] (NMP = N-methyl-2-pyrrolidinone,
DMI = 1,3-dimethyl-2-imidazolinone).>*

Based on this success, the Organ group investigated the use of different NHCs as ligands in the
[Pd(Cl)2(PEPPSI)(NHC)] scaffold.838% In 2012, [Pd(Cl),(PEPPSI)(IPent)] (IPent® = N,N-bis-[2,6-
bis(di-iso-pentylyl)phenyl-4,5-dichlorolimidazol-2-ylidene) was reported concentrating on the
coupling of secondary organozinc reagents (Scheme 1.25).8% The use of the bulky IPent®, was
favoured in the Negishi reaction and an efficient protocol for the coupling of secondary
organozinc reagents was obtained. Three years later, the Organ group improved this system
even further, concentrating on coupling five and six-membered heterocycles with secondary
organozinc reagents using [Pd(Cl)2(PEPPSI)(IHept™)], Pd-17 (IHept® = N,N-bis-[2,6-bis(di-iso-

heptylyl)phenyl-4,5-dichloro]imidazol-2-ylidene) (Scheme 1.24).84
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r

% g

Pd-17

Cl

| |

[Pd(CI),(PEPPSI)(IHept®)]
&

troduction

J

)Z\nBr Pd-17 (1 mol%) i
R-CI + THF/toluene,
R"™ 'R 23°C, 16 h R"™ R
CO,Et
AN
N _ BzO N
OBz \
88% 99% 67%

Scheme 1.25: Negishi coupling of secondary alkyl organozinc reagents.?

1.2.2.7 2 Carbon-Sulfur cross-coupling reactions

The thioether motif is abundant in natural products and drug molecules.?># The synthesis of

thioethers can be performed using cross-coupling chemistry, starting from an aryl or alkyl thiol

and an aryl halide. Organ and co-workers reported the C-S coupling of both aryl and alkyl thiols

with aryl chlorides using a Pd-NHC pre-catalyst, [Pd(Cl),(morpholine)(IPent)], Pd-18 (IPent =

N,N’-bis-[2,6-bis(di-iso-pentylyl)phenyl]imidazol-2-ylidene), in 2 mol% catalyst loading.?” The

catalytic reaction was performed at room temperatures, showing the high catalytic activity of

the pre-catalyst, resulting in high yields (Scheme 1.26).

-

Et
Et—)

I ~C!
L + Ar/Alkyl-SH

Pd-18 (2 mol%)
KOBuU (1.5 equiv.
toluene, 24 °C

- M S<Ar/Alkyl
) v

R'

Pd-18

JPd(CI)z(morphoIine)(lPent)])

R
S
O MeO
96

%

00 ¢r'O o

91% 99% 87%

Scheme 1.26: C-S bond formation using [Pd(Cl)2(morpholine)(IPent)].%”

Nolan and co-workers reported the C-S bond formation using [Pd(CI)(n3-cin)(IPr*°Me)], Pd-19

(IPr*OMe = N N-bis-[2,6-bis(diphenyl)-4-methoxyphenyl]limidazol-2-ylidene) as pre-catalyst.28 The

catalyst loading was significantly reduced to 0.1 mol% using aryl bromides as coupling

substrates. Several aryl and alkyl thiols were coupled with unactivated and/or sterically hindered

aryl bromides in good to excellent yield (Scheme 1.27).
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- Br Pd-19 (0.1 mol%) _ A S‘ArIAIkyI

|// + ArAYISH 6By (1.5 equiv.) l//

dioxane, 110 °C

fsqvlrosPracPoas

95% 92% 97% 98%

Ph_ph __ phPh

Pd-19
[Pd(C1)(n3-cin)(IPr*OMey]

J/

Scheme 1.27: C-S bond formation using [Pd(Cl)(n3-cin)(IPr*°Me)] 88

In conclusion, Pd-NHC complexes have been extensively studied and used as catalysts in a wide
range of reactions. This section summarises only a part of the capability of Pd-NHC complexes.
Based on their prevalence the synthesis and application of Pd-NHC complexes is an ongoing and
very active research field. This thesis described our efforts towards new Pd(II)-NHC complexes,

by focusing on environmental friendly protocols for the synthesis and catalysis.
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Chapter 2
A straightforward synthesis of
[PAC](n3-R-allyl)(NHC)] complexes

2.1. Introduction to [PdCl(n3-R-allyl)(NHC)] complexes

As discussed in Chapter 1, Pd-NHC complexes can be used in a wide range of applications, in
particular [PdCI(n3-R-allyl)(NHC)] complexes have emerged as highly active pre-catalysts in many
different organic reactions such as cross-coupling chemistry (Scheme 2.1). In a seminal example,
Nolan reported the ketone arylation using [PdCl(n3-allyl)(NHC)] as pre-catalyst, resulting in a wide
scope in good to excellent yields.! Soon after, these complexes were tested in several cross-
coupling reactions, such as the Suzuki-Miyaura®?® and the Buchwald-Hartwig amination.* The
direct C-H arylation was successfully carried out using [PdCl(n3-cin)(NHC)]® (cin = cinnamyl) and
C-S bond formation was demonstrated in low catalyst loading using [PdCI(n3-R-allyl)(NHC)] as
pre-catalyst.®” Diez-Gonzéles and co-workers reported the dehalogenation reaction using

[PACI(n3-R-allyl)(NHC)] (1 mol%) with a modified NHC backbone.®

Scheme 2.1: Applications of [PdCl(n3-R-allyl)(NHC)] complexes.*™®
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Cross-coupling chemistry is widely used in many research fields, such as natural product
synthesis,'® polymer chemistry,!! pharmaceutical-* and the fine-chemical industry®® amongst
others. This illustrates the importance of cross-coupling reactions to the chemistry community
and hence the importance of developing highly active pre-catalysts to perform these reactions

efficiently.

2.2. General synthesis of [PdCl(n3-R-allyl)(NHC)] complexes

There are several published routes for the synthesis of [PdCI(n3-R-allyl)(NHC)] complexes.}*%°

However three main synthetic methods are typically used. The direct addition of free carbenes
to metal precursors is one of the most common strategies, giving good to excellent yields for
various [PdCl(n3-R-allyl)(NHC)] complexes in short reaction times (1-4 hours) at room

temperature (Scheme 2.2a).%?

R
=\ Cl
a) 2 g-N_N-g * %—Pd\CIIPd—>

NN
—— R’ ~, \R
o) 2gN Ng R T
Cl, 2 Pd
Ag v (-Pd ,Pd—} —_— cl” /ﬂ
Ci
X R' R'
[PACI(n3-R-allyl)(NHC)]
! U
\® cl 2
©) 2RrNEN-R +  ((—pd_Pd-)
ci® Cl

Rl
Scheme 2.2: General Synthesis of [PdCI(n3-R-allyl)(NHC)] complexes.®

Less commonly used is the transmetallation route, where the NHC ligand is introduced via a
transmetallation agent such as silver or copper complexes (Scheme 2.2b). Silver complexes are
widely used, although, due to being light sensitive and prone to dimerization, copper complexes
are now more conveniently used.??2 Mangeney and co-workers have reported the synthesis of
chiral diaminocarbene palladium allyl complexes!® by treating diaminocarbene silver halide
complexes with [Pd(n3-allyl)(u-Cl)], achieving good vyields in short reaction times (0.5 hours).
Since the transmetallation route is not an economically-friendly process to introduce the NHC

ligand, it is less commonly used nowadays.
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A much more common route is the “one-pot” procedure. In that context, the NHC salt, i.e.
NHC-HCI, is deprotonated using a strong inorganic base such as KO'Bu to generate the free NHC
in situ. The following complexation of [Pd(n3-R-allyl)(u-Cl)], affords the desired complex (Scheme
2.2¢).¥*2 The use of the NHC salt in lieu of the free carbene is generally favoured as the NHC salt
is air and moisture stable as well as thermally stable, which eases storage and handling.

Nevertheless, the free carbene is generated in situ forcing inert reaction conditions.

All published routes so far have shown several disadvantages such as inert atmosphere or the
use of a strong inorganic base and harmful/environmentally unfriendly solvents. An air and
moisture stable synthesis would make these complexes much more accessible to the wider
chemistry community as highly active pre-catalysts for various organic reactions. Initial
investigations started by taking a closer look into the air- and moisture-stable syntheses of
different NHC-transition metal complexes, such as the method generating gold-, silver- and
copper-NHC complexes using a weak inorganic base in air (Scheme 2.3).24%® Nolan and Gimeno
independently published a similar route generating [AuX(NHC)] (X = Cl, Br, I) complexes using
K,COs as base and acetone (Nolan)?* or dichloromethane (Gimeno)?® as solvent. A range of
different NHC ligands were tested in the synthesis, resulting in excellent yields in short reaction
times (1-4 hours). Cazin and co-workers applied this route to the synthesis of [CuX(NHC)] (X = Cl,
Br, I) complexes, using various saturated and unsaturated NHCs, on small and large scales.?
Plenio and co-workers reported the synthesis of [MX(cod)(NHC)] (M =Rh and Ir, X=Cl, I, cod =

1,5-cyclooctadiene) using K2COs in acetone. The resulting complexes were isolated in excellent

yield.?”
— M, ©
Ne M [F\@® WX,
R™NT"R CHClor  R-N<eN-R
C acetone
™\ [M] = CuX, AgNO
N N— 3,
R~ ﬁ// R K,CO,4 [Au(DMS)CI]
M X=Cl, Brorl
I
X

Scheme 2.3: Synthesis of different transition metal-NHC complexes

(DMS = dimethyl sulfide).?4-2¢
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Ying and co-workers reported the synthesis of a NHC-ligated cyclopalladated N,N-
dimethylbenzylamine complex in a one-pot fashion in air, starting from PdCl,, N,N-
dimethylbenzylamine and NHC-HCl in acetonitrile in the presence of K,COs3 (Scheme 2.4).%22° The

resulting complexes were isolated in good to excellent yields.

SN N—F
P\ K,COs (2.5 equi /q j: '
ci® s Q:Pd—CI

Scheme 2.4: Synthesis of the IMes-ligated cyclopalladated N, N-dimethylbenzylamine complex
(IMes = N,N-bis-[2,4,6-(trimethyl)phenyl]imidazol-2-ylidene).?®

Furthermore, Cazin and co-workers investigated this route with zinc to generate zinc-NHC
complexes. Interestingly, the synthesis was unsuccessful towards the zinc(ll)-NHC complexes;
however, zincate complexes, [NHC-H][ZnXYs] (X, Y = Br, Cl), were successfully obtained, (Scheme
2.5).3° These zincate complexes showed catalytic activity in the methylation of amines with CO,
and phenylsilane. These “ate” complexes have been previously reported for gold and copper as

intermediates in the reaction mechanism.?*3!

M\o i MM\®
R’N\?N‘R v ZnX, THF, 60 °C R’N\&N‘R
2h ©)
Cl ZnCIX,
X =ClorBr

Scheme 2.5: Synthesis of [NHC-H][ZnXY3] complexes.*°

Since the NHC salt will react with the metal source in the absence of base to generate these “ate”
complexes, Nolan and Cazin have studied the formation and fully characterised these “ate”
intermediates for gold and copper.?*?> Furthermore, Nolan postulated that the formation of this
intermediate is important before the base is added to achieve high yields.?* Considering the
success in literature for many different NHC-metal complexes, it was applied to the synthesis of

[PdCI(n3-R-allyl)(NHC)] complexes, in order to establish an air- and moisture-stable synthesis.
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2.2 Optimisation of the synthesis of [PdCl(n3-R-allyl)(NHC])]

complexes

The investigation began with the attempted synthesis of complexes of relevance to cross-
coupling catalysis, namely [PdCl(n3-cin)(IPr)] (IPr = N,N-bis-[2,6-(di-iso-propyl)phenyl]imidazol-2-
ylidene), [PdCl(n3-cin)(SIPr)] (SIPr = N,N-bis-[2,6-(di-iso-propyl)phenyl]imidazolidin-2-ylidene),
[PdCI(n3-allyl)(IPr)] and [PdCI(n3-cin)(IPr*)] (IPr* = N,N-bis-[2,6-bis(diphenylmethyl)-4-
methylphenyl]imidazol-2-ylidene) using the weak base approach (K,COs). Two different
palladium sources were tested; [Pd(n3-allyl)(n-Cl)]; and [Pd(n3-cin)(u-Cl)]. as well as three
different NHC salts (IPr-HCI, SIPr-HCI and IPr*-HCl), which are electronically and sterically

different as well as being the most widely used in catalytic processes (Scheme 2.6).

o R! R-N—N-R

cl LCl, in air 2 Pd

=\ - - — LN

2 f NN * % " % acetone, c ,)
RTITR : K,CO3 "

60 °C R'=H, Ph

N -~ N -~ N -~ PhoPh _ Ph PN
e T A\ : SO\ : SN

N N—E NN T N?N
CI,J;Ij qgl;g;j cfggl\) /%ho":’% \%\

Ph H Ph
[PACI(n3-cin)(IPr)] [PACI(n3-allyl)(IPr)] [PACI(n3-cin)(SIPr)] [PACI(n3-cin)(IPr*)]
94% 85% 70% 94%

Scheme 2.6: Synthesis of [PdCI(n3-R-allyl)(NHC)] complexes using the weak base approach.
Reaction conditions: In air, NHC-HCI (2 equiv.), [Pd(n3-allyl)(u-Cl)]2 (0.048 mmol) or [Pd(n3-cin)(u-
Cl)]2 (0.048 mmol), K,COs (4 equiv.), acetone (0.28 M), 60 °C, 5 h. Work up: Filtration through
silica; isolated yields.

Our main goal was to develop a green and efficient synthesis of these well-defined Pd-NHC
complexes using the weak base approach. Another important aspect was to establish a simple,
practical and fast work up, while maintaining high yields and high degrees of purity. Under the
optimised conditions for copper and gold systems, the palladium dimers [Pd(n3-allyl)(u-Cl)]z and
[Pd(n3-cin)(u-Cl)], were reacted with the NHC-HCI of the corresponding NHC ligands, IPr, its

saturated analogue SIPr and the sterically more encumbered congener IPr* in acetone in the
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presence of K,COs in air. All reactions were successful, and the optimised conditions of each
target complex are summarised in Table 2.1. Following this, several different

[PACI(n3-R-allyl)(NHC)] complexes were synthesised and optimised though this new route (Table
2.1). Noteworthy is the establishment of two variations, depending on the bulk of the
corresponding NHC salt. Firstly when “less” bulky NHC salts were used, such as IPr (Table 2.1,
entry 1 and 2), SIPr (Table 2.1, entry 3) or SIMes (SIMes = N,N-bis-(2,4,6-
trimethylphenyl)imidazolidin-2-ylidene) (Table 2.1, entry 6), a slight excess of 2.4 equivalent of
the corresponding NHC salt was the optimal amount to achieve high vyields. During the
optimisation an increase in the amount of K;COs; led to an acceleration of the reaction but also
led to an increased formation of side-products, therefore two equivalents of K;CO3 was found to
be the optimal amount. The NHC salt and the palladium dimer were pre-mixed in acetone at
room temperature, followed immediately by the addition of K,COs, then heated for 5 hours at
60 °C (Further optimisation result can be found in the experimental chapter).

Table 2.1: Summary of the optimised condition for the scope.

2 NHC-HCI + [Pd(n3-R-allyl)(u-Cl)]» %OO”Z,»[PdCI(nQR-aMyl)(NHC)]
60°C
Entry Complex NHC-HCI KoCO3  t(h) Yield (%)
(equiv.) (equiv.)

1 [PACI(n3-cin)(IPr)] 2.4 2 5 98
2 [PdCI(n3-allyl)(IPr)] 2.4 2 5 85
3 [PACI(n3-cin)(SIPr)] 2.4 2 5 78
4 [PACI(m3-cin)(IPrCh] 2.4 2 5 92
5 [PACI(n3-cin)(IPr8")] 2.4 2 5 90
6 [PdCI(n3-cin)(SIMes)] 2.4 2 5 80
7 [PACI(n3-cin)(IPr*)] 2 4 24 94
8 [PACI(n3-cin)(IPr*OMey] 2 4 24 85
9 [PACI(n3-cin)(IPr\P)] 2 4 24 94
10 [PdCI(n3-cin)(IPent)] 2 4 24 85
1 [PACI(n3-cin)(IHept)] 2 4 24 81

Reaction conditions: NHC-HCI (0.1 to 0.3 mmol), [Pd(n3-R-allyl)(u-Cl)]> (1 equiv.), K.COs and
acetone at 60 °C, for the indicated time. Isolated yields are average of two reactions.

This variation was successfully applied to Table 2.1, entries 1-6. The optimisation of larger NHCs,
such as IPr* (Table 2.1, entry 7), revealed interesting insights into the reaction mechanism. The
ideal ratio of NHC-HCI and [Pd(n3-cin)(u-Cl)]2 was found to be 2:1 but four equivalent of K,COs

were required to reach excellent yields after 24 hours. The acetone concentration was also an
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important factor to reduce side-product formation. By reducing the molar concentration several
side-products were detected via *H NMR spectroscopy. Interestingly the ideal concentration in
acetone was found to be the same for all complexes (0.23 M). More interestingly in this variation,
the NHC-HCl and the palladium dimer had to be pre-mixed in acetone for 1 hour at 60 °C, followed
by the addition of K;CO3; and further heating at 60 °C for 24 hours. The pre-mixing of the two
starting materials was necessary in order to obtain high yields but more importantly to prevent
the formation of side-products. Therefore, it was postulated that the formation of a palladate

intermediate has to be done before the base is added.
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2 RN 4 %—Pd Pd-) — )
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X =H; IPr-HCI; 98%

X = Cl: IPrC-HCI: 92% SIPr-HCI; 78% SIMes-HCI; 80%
X = Br; IPr®-HCI; 90%

© e ©
Cl 2 R2 CI 2 2 2-N ClI™ 2-Np
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Ph Ph 2-N 2-N
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R1 Me; IPr*-HCI; 94% R2 = Et; IPent-HCI; 85%

on ) IPr*NP-HBF,; 94%
= OMe; IProMe-HCI;85% R? = Pr; IHept-HCI; 81%

Scheme 2.7: The scope of [PdCI(n3-cin)(NHC)] complexes, illustrating the different NHC-HCl used.
Reaction conditions: NHC-HCI (0.1 to 0.3 mmol), [Pd(n3-cin)(u-Cl)]2 (1 equiv.), K,COs (1% row: 2
equiv.; 2" row 4 equiv.) and acetone at 60 °C, for 1%t row: 5 h and 2™ row 24 h. Isolated yields
are average of two reactions.

To highlight the efficiency of the system, different commercially available palladium dimers were
reacted with IPr-HCl under the optimised conditions, resulting in good to excellent vyields.
Changing the substituent on the allyl ligand was widely accepted (Scheme 2.8). The newly
synthesised [Pd(n3-Ind®Y)(u-Cl)], dimer (Ind®' = 1-tert-butyl-1H-indene), was successfully
applied in the synthesis of [PdCI(n3-Ind®")(IPr)], which is a very active pre-catalyst for the Suzuki-

Miyaura reaction.3?
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Scheme 2.8: The scope of [PdCl(n3-R-allyl)(IPr)] complexes, illustrating the different Pd dimers
used. Reaction conditions: IPr-HCI (0.1 mmol), [Pd(n3-R-allyl)(u-Cl)]2 (1 equiv.), K.COs (1t row: 2
equiv.) and acetone at 60 °C, for 5h. Isolated yields are average of two reactions.

It should be stated that [Pd(IPr)(n3-cin)Cl], [Pd(IPr)(n3-allyl)CI] and [Pd(IPr*)(n3-cin)Cl] could be
scaled up to multi-gram quantities with excellent yields (Table 2.2).

Table 2.2: The large scale reaction of [PdCI(n3-R-allyl)(NHC)] complexes.

2 NHC-HCI + [Pd(n3-R-allyl)(u-Cl)], ai;i;?'z [PdCI(n3-R-allyl)(NHC)]
60°C
Entry Complex t (h) Yield % (g)
1 [PdCI(n3-cin)(IPr)] 10 97 (4.9)
2 [PdCI(n3-allyl)(IPr)] 10 92 (2.9)
3 [PdCI(n3-cin)(IPr*)] 24 98 (4.2)

Reaction conditions: NHC-HCI (2.2 equiv. for entries 1-2 and 2 equiv. for entry 3), [Pd(n3-R-
allyl)(u-Ch)12 (1 equiv.), K2COs (2 equiv. for entries 1-2 and 4 equiv. for entry 3) and acetone at
60 °C for the indicated time. Isolated yield.

Further optimisation of the synthesis was conducted by varying the base from a weak inorganic
base, K,COs, to a stronger organic base NEts. The model synthesis of [PdCl(n3-cin)(IPr)] was
performed under the optimised reaction conditions using triethylamine as base. Consequently,
the desired complex was acquired in a lower yield than expected. The *H NMR spectrum of the
crude showed traces of side-products, which required an extra recrystallisation step in the work

up of the complex.
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As for looking into the possibility of using different solvents our interest was set on ethanol as a
greener alternative to acetone.?® Delightfully the reaction proceeded smoothly, using the
optimised reaction conditions, only changing from acetone to ethanol (0.23 M).

[PACI(n3-cin)(IPr)] was isolated in 64% yield. From simple examination of these results it was clear
that steric bulk (such as that found in IPr*-HCI, IPr*9Me.HC| (IPr*OMe = N, N-bis-[2,6-bis(diphenyl)-
4-methoxyphenyl]imidazol-2-ylidene), IPr*2NP-HBF, (IPr*2NP = N, N-bis-[2,6-bis(dinapthtalene)-4-
methylphenyl]imidazol-2-ylidene), IPent-HCI (IPent = N, N-bis-[2,6-bis(di-iso-
pentyl)phenyllimidazol-2-ylidene) and  IHept-HCl  (IHept =  N,N-bis-[2,6-bis(di-iso-
heptylyl)phenyl]imidazol-2-ylidene) played an important role not just in the formation of the
product but also in the possible formation of an intermediate. To confirm our suspicion about
the presence of an “ate” intermediate and how rapidly this may form as a function of steric bulk
of the imidazolium salt, these intermediates were targeted for isolation (Scheme 2.9). To obtain
the intermediate the synthesis was performed without the addition of the base. The isolated
compounds were obtained in a straightforward manner, by simple removal of solvent, in
quantitative yields and characterised by NMR spectroscopy and elemental analysis. The *H NMR
data revealed the presence of an imidazol(idin)ium proton. In the case of [IPr-H][Pd(n3-cin)Cly],
the 'H NMR spectrum was compared with IPr-HCl, showing a drastic upfield shift of the

imidazolium proton from 10.08 ppm for IPr-HCl to 9.26 ppm for [IPr-H][Pd(n3-cin)Cl] (Figure 2.1).
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Scheme 2.9: Proposed reaction mechanism.
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IPr-HCI

[Pd({n*-cin)Cl]z

| h I

[1Pr-H][Pd(n3-cin)Clz]

Figure 2.1: Comparison of the *H NMR spectra of [IPr-H][Pd(n3-cin)Cl,] with its starting material.

X-Ray diffraction on single crystal confirmed the identity of these intermediate as palladates
associated with imidazol(idin)ium counterions. By simply mixing the NHC-HCI and the palladium
dimer in acetone at 60 °C for 1 hour the isolation of [IPr-H][Pd(n3-cin)Cl,], [IPr-H][Pd(n3-allyl)Cl,],
[SIPr-H][Pd(n3-cin)Cl,] and [IPr*-H][Pd(n3-cin)Cl,] were achieved. The crystal structures of both
[IPr-H][Pd(n3-cin)Cl;] and [IPr*-H][Pd(n3-cin)Cl,] showed H-bonding interactions between the
most acidic proton on the imidazolium heterocycle (C-2 position) and both the chloride ligands
of the palladate counter ion, confirming the formation of a strong ion-pair in solid state (Figure
2.2). It can be reasoned that the stabilising interaction prevents decomposition of the palladate
species as these complexes are air and moisture stable. In the case of [IPr-H][Pd(n3-cin)Cl;] the
distance between the C-2 hydrogen (H1) and the Cl1 is 2.740 A and CI2 is 2.558 A The isolation
of such palladates bearing various n3-allyl fragments supports the general pathway to neutral Pd-
NHC, involving their intermediary role. The formation of an imidazolium palladate salt such as
[NHC:H][Pd(n3-R-allyl)Cl;] from the NHC-HCI and corresponding palladium dimer is illustrated in
Scheme 2.9. The addition of K,COs to the palladate intermediate results in the formation of the

previously reported [PdCl(n3-R-allyl)(NHC)] complex (Scheme 2.9).
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Figure 2.2 Crystal structures of [IPr-H][Pd(n3-cin)Cl] (i) and [IPr*-H][Pd(n3-cin)Cl;] (ii).

2.3 Synthesis of [NHC H][Pd(n3-R-allyl)Clz] Complexes

As these newly synthesised complexes showed very interesting characteristics, a closer look into
the synthesis was taken. Firstly, the synthesis as mentioned before was carried out in air and
resulted in air and moisture stable complexes. Furthermore, by simply removing the solvent the
complex can be obtained in quantitative yield as an analytically pure complex. No additives were
needed, and the original synthesis was carried out in acetone at 60 °C. The model complex used
for the investigation was [IPr-H][Pd(n3-cin)Cly], starting from IPr-HCl and [Pd(n3-cin)(u-Cl)]..
Different solvents were tested and the focus was drawn to environmentally-friendly solvents. A
total of 8 solvents were tested; all reactions resulted in quantitative yield of [IPr-H][Pd(n3-cin)Cl,]
(Table 2.3). This suggested that the polarity of the solvent does not play a role in the reaction.
What was most interesting was the successful reaction in solvents such as water and ethanol in
which the starting materials were not fully soluble. Considering this finding, a solvent-free
synthesis was conducted between the two solids; IPr-HCl and [Pd(n3-cin)(u-Cl)].. By simply
grinding the two starting materials using a pestle and mortar [IPr-H][Pd(n3-cin)Cl,] was obtained

analytically pure, eliminating any kind of work up.
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Table 2.3: Solvent optimisation of [IPr-H][Pd(n3-cin)Cl,].

N— ~ Ph
P M\e Cl, N
2 NN + (-Pd_Ppd-) _inair, ci cl
Cl PO
CIe Ph [

[IPr-H][Pd(n3-cin)Cl,]

Entry Solvent Yield (%)
1 Acetone >99
2 Cyclopentylmethyl ether >99
3 Pentane >99
4 Dichloromethane >99
5 Chloroform >99
6 Water >99
7 Ethyl acetate >99
8 Ethanol >99
9 No solvent >99

Reaction conditions: In air, IPr-HCI (2 equiv.), [Pd(n*cin)(u-Cl)]z (1 equiv.) and a magnetic stir bar
were charged in a vial and solvent (1 mL) was added. The mixture was stirred at 60 °C for 1 hour.
The reaction was allowed to cool for 1 min and the sample was concentrated to 1/3 of the
original volume under reduced pressure. Microcrystalline product collected by filtration and
washed with minimum amount of cold acetone or ethanol if necessary. The Solid was dried
under vacuum. For entry 9: In air, the IPr-HCI (2 equiv.) and [Pd(n3-cin)(u-Cl)]2 (1 equiv.) were
added to a mortar. The two solids were mixed and ground using a pestle for 5 min. The product
was obtained as a crystalline solid in quantitative yield.

Considering this very simple and fast synthesis of new organometallic complexes, the scope was
conducted. In that context, various NHC salts, bearing different electronic and steric properties,
were tested with [Pd(n3-cin)(u-Cl)]2 (Scheme 2.10). The smaller NHC, IMes-HCl resulted in
quantitative yield, similarly SIPr-HCI and IPr“-HCI (IPr® = N,N-bis-[2,6-(di-iso-propyl)phenyl-4,5-
dichlorolimidazol-2-ylidene) followed the same trend. Increasing the steric bulk, IPr*-HCl and the
ITent series; IPent-HCl, IHept-HClI and |[INon-HCI (INon = N,N-bis-[2,6-bis(di-iso-
nonyl)phenyllimidazol-2-ylidene) did not show any decrease in reactivity. All resulting complexes
were isolated in quantitative yield and fully characterised using NMR spectroscopy and elemental

analysis.
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Scheme 2.10: Scope of [NHC-H][Pd(n3-cin)Cl,]; Part 1. Reaction conditions: In air, the
corresponding NHC-HCI (2 equiv.) and [Pd(n3-cin)(u-Cl)]2 (1 equiv.) were added to a mortar. The
two solids were mixed and ground using a pestle for 5 min. The product was obtained as a
crystalline solid in quantitative yield.

Next, different palladium sources were investigated. Two NHC salts were chosen, bearing
different electronic and steric properties, namely SIPr-HCl and IPr*-HCl (Scheme 2.11). Four
palladium dimers were used; [Pd(n3-cin)(u-Cl)]; as the “model” dimer investigated previously;
[Pd(n3-crotyl)(u-Cl)]. where the phenyl ring on the allyl ligand is exchanged to a methyl group;
[Pd(n3-2-Me-allyl)(u-Cl)]2, swapping position of the substituent on the allyl. The previously
mentioned [Pd(n3-Ind®")(u-Cl)], dimer reported by Hazari and co-workers was used as an
alternative to the allyl derivatives. Yet again, all complexes were successfully synthesised and

isolated in quantitative yield as well as fully characterised.
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Scheme 2.11: Scope of [NHC-H][Pd(n3-R-allyl)Cl,];Part 2. Reaction conditions: In air, the
corresponding NHC-HCI (2 equiv.) and [Pd(n3-R-allyl)(u-Cl)]2 (1 equiv.) were added to a mortar.

The two solids were mixed and grinded using a pestle for 5 min. A crystalline solid was obtained
in quantitative yield.

Crystal structures were obtained for [SIPr-H][Pd(n3-2-Me-allyl)Cly], [SIPr-H][Pd(n3-crotyl)Cl,] and

[SIPr-H][Pd(n3-Ind™Y¥)Cl,]. A similar structure configuration was observed where the most acidic

proton on the imidazolium salt (C-2 position) has a close interaction with the chloride ligands on

the palladium (Figure 2.3).
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Figure 2.3: X-ray single crystal structures of [SIPr-H][Pd(n3-2-Me-allyl)Cl] (i), [SIPr-H][Pd(n?-
crotyl)Cly] (ii) and of [SIPr-H][Pd(n3-Ind®Y)Cly] (iii).

All palladate complexes synthesised were air and moisture stable complexes. The first three
synthesised complexes [IPr-H][Pd(n3-cin)Cly], [IPr-H][Pd(n3-allyl)Cl;] and [IPr*-H][Pd(n3-cin)Cl;]
were kept on the bench for 2 years without any sign of decomposition. This was confirmed by *H
NMR spectroscopy and elemental analysis. This is illustrating the stability of these newly

synthesised Pd-NHC complexes.
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2.4 Conclusion

A simple and efficient synthesis for an important class of palladium-NHC pre-catalysts [PdCl(n3-
R-allyl)(NHC)] was developed. The synthesis was optimised resulting in the use of a mild inorganic
base and an inexpensive solvent. Furthermore, the synthesis can be carried out in air without the
need of dry solvents. It was shown that the reaction proceeds via the formation of a palladate
intermediate and the rate of formation of the latter is principally affected by the steric bulk of
the NHC salt. The efficiency and simplicity of this protocol ensured the reliable scale up of
previously developed complexes and will most likely facilitate the development of new
congeners of this frequently used class of cross-coupling pre-catalysts. Additionally, the palladate
species found as intermediate in the synthesis of [PdCI(n3-R-allyl)(NHC)] was isolated and fully
characterised. A closer look towards their synthesis was taken, resulting in a solvent-free
synthesis. A scope was conducted by firstly changing the NHC salts bearing many variations of
electronic and steric properties, followed by changing the palladium dimer. All complexes were

synthesised in air and are air and moisture stable complexes.

In the following chapters the catalytic activity of the palladate complexes will be discussed,

focusing on cross-coupling chemistry.
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Chapter 3

Investigation into the catalytic activity
of [NHC-H][Pd(R)Cl:] complexes in the
Suzuki-Miyaura reaction

3.1 The Suzuki-Miyaura reaction

The formation of C-C bonds is one of the most important and common reactions in modern
synthetic chemistry.’ Using an organopalladium complex as catalyst has revolutionized this
field and the area was rewarded with the 2010 Nobel Prize in Chemistry. Palladium complexes
are nowadays widely used for this purpose.? As the area affects the polymer, fine chemical and
pharmaceutical industries, research continues to be focused on improving existing
methodologies and developing novel transformations using this metal-catalyzed strategy.>” In
1979, Akira Suzuki and Norio Miyaura published the reaction of 1-alkenylboranes with 1-alkenyl
or 1-alkynyl halides using a catalytic amount of a palladium catalyst.® The principle feature of
the newly reported cross-coupling reactions was the catalytic amount of palladium complex

needed (Scheme 3.1).

Pd catalyst
base, solvent
T, t.

RX + R-B(OR), R-R'

Scheme 3.1: The Suzuki-Miyaura reaction.?

Different palladium complexes have been reported as pre-catalysts in the Suzuki-Miyaura
reaction, such as Pd(OAc),, [PdCly(PPhs)] and [Pd(PPhs)s].2 The catalytic cycle of the Suzuki-
Miyaura reaction was discussed in depth by Miyaura and Suzuki,® concluding three main steps:
the oxidative addition, transmetallation and the reductive elimination. The oxidative addition of
an alkyl/aryl halide to a Pd(0) species to form Pd(ll)L,ArX is the first step (Scheme 3.2, I). This is
thought of the rate determining step of the catalysis but widely depends on the palladium
catalyst.®® The rate of the oxidative reaction can be influenced by the halide or pseudo-halide
used and is decreasing in the order | > OTf > Br >> Cl.8 This is due to the bond dissociation
enthalpy (BDE) of the alkyl/aryl-halide bond. For example comparing the BDE of Cl = 95.5 + 1.5
kcal molt and | = 65.0 + 1.0 kcal mol™. The next step in the catalytic cycle is the transmetallation

step (Scheme 3.2, Il). Two routes are possible and studied in the literature.’®!! In the first route
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the organoboron reagent reacts with a base to form a nucleophilic boronate species. This species
is then reacting with L,Pd(II)ArX (B) to give L,Pd(I)ArAr’ (C) (Scheme 3.2). In the second route B
reacts with the base to form a palladium hydroxo complex, which then reacts with a neutral
organoboron reagent to give C. The reductive elimination is the last step in the catalytic cycle,

releasing the product and generating the active Pd(0) species (Scheme 3.2 1ll).

Ar'—Ar

L,Pd(0) Ar-X
reductive elimination A oxidative addition
]l |

/Ar /Ar
Cc (IHPd, (IhPd B
Ar' \X
MX+ YB(OH), Ar'-B(OH), +MY
transmetalation
nucleophilic substitution
1}
e ) A
Ar'-B(OH), + OH
Ar'-B(OH)3
Pd(IArX > Pd(Il)ArAr'
B Route 1 c
O
OH Ar'-B(OH),
Pd(Ar)(OH) Route 2
_ y,

Scheme 3.2: Catalytic cycle of the Suzuki-Miyaura reaction.®1%1!

Nowadays the Suzuki-Miyaura reaction dominates the synthesis of biaryls and substituted
aromatic compounds. Mild reaction conditions are leading the list of the many advantages that
this reaction provides. Others include the exceptional functional group tolerance and the use of
environmental friendly and cheap organoboron reagents.!? The use of organoboron reagents
bears many advantages as they are generally thermally stable and inert to water and oxygen.
Furthermore the ease of handling organoboron reagents can be illustrated by the low toxicity

and the ease of removal. The diversity of the Suzuki-Miyaura reaction is illustrated by the wide
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range of products and their use in many different fields, such as natural product synthesis or
pharmaceutical synthesis.'®* Many different conditions have been developed and reformed since

its discovery due to the enormous amount not all of the possibilities will be discussed.

The approach to catalyst formation has been refined over the last 15 years.? Initially a palladium
source and a ligand (or ligand precursor) were used to generate the active complex in situ. Bulky
and electron rich phosphine ligands have found to be beneficial in cross-coupling reactions.*
Buchwald and co-workers have reported the synthesis of tetra-ortho-substituted biaryls using

hindered biaryl phosphine ligands (Figure 3.1).%°

L
PR, b)R=Cy;R'=H PCy,
R ¢)R=CYR'=iPr Me Me OO
O d)R = i-Pr; R' = NMe, O O OO
)

e) R = Ph; R' = NMe,
1 f)R=Bu; R = H 2 3 4

O a)R =Cy
a) R = Cy; R'= NMe, O PR, b) R =Ph O

Figure 3.1: Examples of hindered biarylphosphine ligands.*®

Organophosphines as ligands are strong m-acceptors as well as bearing o-donor properties
allowing the formation of stable complexes with high valent metals.'® The in situ formation of
the catalyst generally consists of [Pdy(dba)s] (dba = dibenzylideneacetone) or [Pd(OAc).]as
palladium source, combined with bulky phosphines such as P‘Bus, PCys or PAd('Bu).!® The
monoligated SPhos (2-dicyclohexylphosphino-2’-6’-dimethoxybiphenyl) ligand was tested in the
Suzuki-Miyaura reaction and was able to couple very hindered ortho-,ortho’-substituted aryl
halides (Scheme 3.3).Y Although high reaction temperatures (90-110 °C) were needed to
achieve high yields.

. [Pd] (4-0.003 mol%) o

R
2 2%, SPhos (10-0.007 mol%) ]
N |// * < KPOs @equv) (O
R (HO),B

O toluene, 90-110 °C A

PCyZ

MeO O OMe

SPhos
IS
Z> i-Pr

X =Cl; 99% X =Cl; 99% X =Br; 86% X =Br; 93%

Scheme 3.3: The Suzuki-Miyaura reaction using SPhos as ligand.”
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A second generation pre-catalyst containing SPhos as a ligand was reported by Buchwald, this
time as a well-defined complex (Table 3.1). It was possible to couple a wide variety of
unprotected azole halides using mild conditions.'® A clear improvement in catalytic activity was
observed when comparing the previously used in situ system to the second-generation well-

defined complex.

Table 3.1: The comparison of a well-defined pre-catalyst with an in situ system in the Suzuki-

Miyaura reaction.!®

HN
Cl HNTY Pd-20 (2 mol%)
\N ligand (3 mol%)
N KsPO, (2 equiv.) N
L = SPhos H 1,4-dioxane/H,0 N
O NH B(OH), 100 °C, 15h H
AN
cr L Entry Pd Ligand Yield (%)
Pd-20
1 Pd.dbas SPhos 52
2 Pd(OAc), SPhos 47
3 Pd-20 SPhos 90

High yields were obtained using a weak inorganic base, K3sPO,, coupling a variety of heterocyclic
substrates and accommodating sensitive functional groups. The well-defined approach using
complexes having a known metal-to-ligand ratio (usually 1:1) permitted the formation of a
putative L-Pd active species.'® This approach has offered simpler operational protocols, leading
to improved catalytic performance. The latest developments have focused on the nature of the
throw-away ligand in palladium(ll) precursors.2%?! In the quest to improve the catalytic system
for the Suzuki-Miyaura reaction, N-heterocyclic carbenes (NHCs) as ligands were tested in

several different palladium scaffoldings.

One of the first examples using NHC-Pd complexes was reported by Herrmann in 2002.22 The
[Pd(IAd)2] (IAd = N,N’-bis-(adamantyl)imidazol-2-ylidene) was used as a highly catalytic active
catalyst to couple deactivated aryl chlorides in excellent yield (Scheme 3.4). Most interestingly,

this reaction was successfully performed at room temperature.
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@

Cl [Pd(IAd),] (3 mol%) . O
CsF (2 equiv.)
(HO)ZB

1,4- dloxane RT

—<J

T

>_

Sl
G o° .

>99 % >99 % >99 % 97%

C

3
2
>
a

Scheme 3.4: One of the first examples using Pd-NHC pre-catalyst.??

This very early example is illustrating the high catalytic activity of Pd-NHC complexes in the
Suzuki-Miyaura reaction at this time. Since then a wide range of different Pd-NHC catalysts have
been reported for the Suzuki-Miyaura reaction. [Pd(CI)2(TEA)(IPr)] (IPr = N,N’-bis-[2,6-(di-iso-
propyl)phenyllimidazol-2-ylidene , TEA = triethylamine) was reported by Navarro and co-
workers and is part of many different Pd-NHC complexes bearing an amine derivative as “throw-
away” ligand.? This air and moisture stable complex was synthesised in high yield in air and
successfully employed in the Suzuki-Miyaura reaction (Scheme 3.5). Sterically hindered
substrates were coupled in excellent yield at room temperature, highlighting the high catalytic

activity of this protocol.

( \

Y = Y e R™  [Pd(CI)(TEA)(IPr)(1 mol%)
SN N—¢ | ,O NaOH (1.2 equiv.), EtOH
T Ve (HO)2B a 2 ezq(;n}\:
E;m Pd cl
OMe
safeadiis e eae:
[Pd(Cl), (TE )(IPY)]

J
94% 93% 95% 94%

Scheme 3.5: The use of [Pd(Cl),(TEA)(IPr)] in the Suzuki-Miyaura reaction.?

Organ and co-workers reported the synthesis of air-stable, highly active, well-defined pre-
catalysts [Pd(Cl),(PEPPSI)(NHC)] (PEPPSI = Pyridine-Enhanced Precatalyst, Preparation,
Stabilization and Initiation), firstly reported for the Negishi reaction?* but later tested in the
Suzuki-Miyaura reaction (Scheme 3.6).2° [Pd(Cl)>(PEPPSI)(IPent)] (IPent = N,N-bis-[2,6-bis(di-iso-
pentylyl)phenyl]imidazol-2-ylidene) was used to synthesise sterically demanding tetra-ortho
substituted biaryls in excellent yield (Scheme 3.6).%° It was postulated that the steric bulk of the

IPent ligand enhanced the coupling of sterically hindered substrates.?®
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[Pd(CI),(PEPPSI)(IPent)] R
Cl (2 mol%) _ S |
( ) Q KOBu (3 equiv.), BUOH | \
.//
BBt Et Et R (HO)ZB 65 G o4 n L

\[Pd(CI)2(PEPPSI)(IPent)] ) 88% 78% 65%

Scheme 3.6: The Suzuki-Miyaura reaction using [Pd(Cl)2(PEPPSI)(IPent)].%

Thiel and co-worker reported the synthesis of a new Pd(I1)-NHC complex bearing a functionalised
NHC with a nitrobenzene in the backbone, Pd-21 (Scheme 3.7).2% Similar to Navarro and Organ,
an amine-derived “throw-away” ligand was used (pyridine). The complex showed high catalytic
activity in the Suzuki-Miyaura reaction. Very low catalyst loading was needed (0.02 mol%) in
order to couple a wide range of different aryl chlorides. The mild reaction conditions must be

stressed as the reaction was carried out in an aqueous medium at room temperature.?

e ~N R* Pd-21(0.02 mol%)

|
NO, O/C /O K,CO3 (1.2 equiv.)
o l,_ (HO)B /-PrOH/HZO (1:3)

S 98% 95% 91 % 93%

7]

Scheme 3.7: The Suzuki-Miyaura reaction catalysed by a functionalised NHC-Pd complex.2®

This trend of “flexible steric bulk” was further reported by Fukuzawa?’ and co-workers using
1,2,3-triazol-5-ylidene and by Nolan wusing IPr* (N,N-bis-[2,6-bis(diphenylmethyl)-4-
methylphenyl]imidazol-2-ylidene) in the [PdCl(n3-cin)(NHC)] scaffold, where they showed
successful coupling of hindered substrates in the Suzuki-Miyaura reaction.? In Nolan’s protocol
mild reaction conditions were used, i.e. room temperature, and an inexpensive base; KOH.
Furthermore, 1 mol% catalyst loading was efficient to obtain good to excellent yields (67-99%)

(Scheme 3.8).%8
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R"

J

@/ @ [PdCI n3-cin)(IPr*)] (1 mol%)
e ™ :
KOH (3 equiv.), DME O
PhopPh _ Ph~ " (HO),B T R
S N\?N
Phg _Pd_ éPh OMe O
prcl” S ph O
O AN Y C
3_Ai *
L [PACI(n>-cin)(IPr*)] ) O O
87% 99% 93% 85%

Scheme 3.8: The use of [PdCI(n3-cin)(IPr*)] in the Suzuki-Miyaura reaction.?®

The Pd-allyl synthon, [Pd(n3-R-allyl)(u-Cl)]> has emerged as a widely used structure in cross-
coupling chemistry.?® A number of synthetic protocols using either well-defined or in situ
generated palladium catalysts have recently been disclosed using either [Pd(n3-R-allyl)(u-Cl)], or
its allyl-substituted derivatives.*® Of note, Johnson Matthey now offers a family of well-defined
Pd-allyl complexes bearing biaryl-based phosphine ligands.3! The [Pd(u-Cl)CI(IPr)], dimer
reported by Cazin and co-workers was used to couple a range of different hindered substrates
and heteroatom containing substrates in mild conditions (Scheme 3.9).32 It should be highlighted
that a very low catalyst loading is needed (0.1 mol%). Cazin and co-workers continued the
investigation into the Suzuki-Miyaura reaction and reported the synthesis of mixed
phosphite/NHC-complexes.?*** These complexes were fully characterised and subsequently
tested in the Suzuki-Miyaura reaction. As before a very low catalyst loading (0.1 mol%) was

required to successfully couple aryl, benzyl and heterocyclic chlorides (Scheme 3.9).
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R
O 2, [Pd] (0.1 mol%)
| * S Base (1.5 equiv.), EtOH
r°~Z”  (HOLB r.t, 20-24 h
Pd-22: 99%  Pd-22: 99% Pd-22: 79% Pd-22: 72%
Pd-23:99%  Pd-23: 99% Pd-23: 88% Pd-23: 77%
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Scheme 3.9: The use of [Pd(u-Cl)CI(IPr)]; and mixed phosphite/NHC-complexes in the Suzuki-

Miyaura reaction.3?34

Hazari and co-workers recently reported the synthesis of a new Pd(ll) dimer; [Pd(n3-R-Ind)(u-
Cl)],, which is now commercially available.*® These new dimers were compared to the [Pd(n>-R-
allyl)(pu-Cl)]; dimers mentioned before. Different well-defined Pd(Il) complexes were synthesised
using phosphine ligands and NHCs. [PdCl(n3-Ind®")(IPr)] (Ind®™" = 1-tert-butyl-1H-indene) in
particular showed very high catalytic activity in the Suzuki-Miyaura reaction using mild reaction
conditions (Scheme 3.10).% It was argued that the inability to form an unreactive Pd(l) dimer

during the catalysis is what gives this protocol its high catalytic activity.3*
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Scheme 3.10: The use of [PdCl(n3-Ind®)(IPr)] in the Suzuki-Miyaura reaction.®
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3.2 Initial catalytic tests using [NHC- H][Pd(R)Clz] complexes

Since the newly synthesised palladate salts [NHC-H][Pd(R)Cl;] (see Chapter 2) shown many
attractive characteristics, such as being air-and moisture stable as well as having a facile
synthesis resulting in quantitative yield, it was proposed that their use as pre-catalysts could be
extremely valuable. Furthermore, since the palladates are easily obtained in ethanol, we
considered the possibility of their direct use in cross-coupling catalysis. Koszinowski and co-
workers have investigated the reduction of Pd(ll) to Pd(0), where an anionic palladate complex
[L.PdRs] was observed.® It was argued that this species plays a crucial role in the catalytic cycle
of cross-coupling chemistry.3® Different palladate complexes bearing NHC ligands have been

3738 For example a NHC-palladate complex,

reported by various research groups.
[TBA][(NHC)PdCIs], (TBA = tetra-butylammonium) was reported by Navarro and co-workers and
consequently employed in the Mizoroki-Heck reaction.®® The computational and mechanistic
studies concluded an Amatore-Jutand type reaction mechanism. Where an anionic palladium
species is formed in situ, which undergoes the oxidative addition with an aryl halide to form a
short lived anionic penta-cooridnated aryl palladium(ll) complex, followed by a syn migratory
insertion, syn-B-hydride elimination and reductive elimination.

Since other “ate” complexes were capable of this transformation and ethanol has been shown
compatible with the Suzuki-Miyaura reaction,®® we reasoned that the palladate could prove
efficient in this transformation.

The catalytic activity of these [NHC-H][Pd(n3-R-allyl)Cl,] complexes was then expanded upon
using three palladates, [IPr-H][Pd(n3-cin)Cl,] (Pd(ate)-1) (cin = cinnamyl), [IPr-H][Pd(n3-allyl)Cl,]
(Pd(ate)-2) and[IPr*-H][Pd(n3-cin)Cl,] (Pd(ate)-3) (Scheme 3.11). These three complexes are
intermediates in the synthesis of the well-defined [PdCI(n3-cin)(IPr)], [PdCI(n3-allyl)(IPr)] and
[PACI(n3-cin)(IPr*)] respectively. All of the well-defined Pd(l1)-NHC complexes are commercially

available and have shown high catalytic activity in many cross-coupling reactions.?®4°
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Scheme 3.11: [NHC-H][Pd(n3-R-allyl)Cl,] complexes used in the preliminary catalytic reactions.

Preliminary experiments of the palladates, [NHC-H][Pd(n3-R-allyl)Cl,], were performed using the
conditions previously reported for their well-defined counterparts.** This is in light of recent
reports that have highlighted the use of a weak inorganic base as an operational base in the
Suzuki-Miyaura reaction using a NHC-Pd catalyst. It was postulated that the base could
potentially play multi-faceted role in such reactions, using the palladates as pre-catalysts. The
base serves initially to convert the palladate into a neutral NHC-Pd complex and in a second step,
it triggers the activation of Pd(ll) species to the active Pd(0) species, and finally it acts as the

operational base in the Suzuki-Miyaura reaction.

4-Chloroanisole and phenyl boronic acid were used as model substrates for the investigation.
Pd(ate)-1, Pd(ate)-2 and Pd(ate)-3 were tested and compared with the well-defined
counterparts and the in situ reaction (Table 3.2). Following the reported reaction conditions,*
only the well-defined complexes showed catalytic activity (Table 3.2, entries 1-3). Considering
these disappointing results, milder conditions were used; the solvent was switched to ethanol
instead of an ethanol/water mixture and the reaction was carried out at room temperature
instead of 80 °C. Again, only the well-defined complexes gave moderate to good yields (Table
3.2, method B). A significant difference between the Suzuki-Miyaura using the palladate pre-
catalysts to the well-defined NHC-Pd pre-catalysts was the instant colour change after the

addition of the coupling substrates.
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Table 3.2: Investigation into the Suzuki-Miyaura reaction using different Pd-NHC pre-catalysts.

Cl B(OH),  K,CO; (1.1 equiv.) O
oo /©/ ¥ O Method A, Bor C O
© MeO

0 Meth. A Meth. B Meth. C (conv. %)

Entry Catalysts (0.3 mol%) (conv. %)  (conv. %) C1 C2 C3

1 [PACI(n3-cin)(IPr)] 71 82

2 [PACI(n3-allyl)(IPr)] 61 58

3 [PACI(n3-cin)(IPr*)] 70 73

4 [IPr-H][Pd(n3-cin)Cl,] NR NR 82 9 43

5 [IPr-H][Pd(n3-allyl)Cl,] NR NR 50 NR 13

6 [IPr*-H][Pd(n3-cin)Cl,] NR NR 83 28 97

7 [Pd(n3-cin)(u-Cl)], + 2 IPr-HCI NR NR NR

8 [Pd(n3-allyl)(u-C)], + 2 IPr-HCI NR NR NR

9 [Pd(n3-cin)(u-Cl)], + 2 IPr*-HCI NR NR NR

Reaction conditions: 4-chloroanisole (0.5 mmol), phenylboronic acid (1 equiv.), K.CO; (1.1
equiv.) in 1 mL of solvent. The reactions were all charged under inert atmosphere and all
reagents and catalysts were charged initially except for methods C1 and C3. Method A:
ethanol/water (1:1) at 80 °C for 4 h. Method B: ethanol at room temperature for 20 h. Method
C: palladate pre-catalysts (entries 4-6) (or Pd dimer, 0.15 mol% and NHC-HCI, 0.3 mol% for
entries 7-9), K;CO5 and ethanol were heated for; 1 h at 60 °C (C1) or 30 min at 60 °C (C3), then
the coupling partners were added and the reaction was left stirring at room temperature for 20
h. C2: all reagents and catalysts were added from the start and heated for 1 h at 60 °C then
stirred at room temperature for 20 h. Conversion determined by GC. NR: no reaction.

For the reaction using the palladates as pre-catalysts the reaction mixture turned black instantly
after the addition of the substrates, this suggested the formation of palladium black (elemental
palladium). We reasoned that the missing Pd-NHC bond could be the cause of this lack of
reactivity.?% The absence of this bond in the palladate species could account for shutting down
the catalysis or not initiating it at all. These observations suggested that the palladate complex
might require conversion in situ into the Pd-NHC complex prior to the addition of the coupling
partners. For this reason, the palladate complex and K,COs (1.1 equiv.) were stirred for 1 hour
followed by the addition of both coupling partners and stirring at room temperature for 20
hours. Under these conditions, the desired product was obtained in similar yields to the well-
defined Pd-NHC complexes (Table 3.2, method C1). It should be noted that when all reagents
and catalysts were added from the start, heated for 1 hour at 60 °C and then stirred at room
temperature for 20 hours, no to low yield of coupling product were formed (Table 3.2, method
C2). Interestingly, when using a combination of the NHC-HCI and [Pd(n3-R-allyl)(p-Cl)] instead
of the well-defined palladates, no reaction was observed in all Suzuki-Miyaura reactions, thus
confirming the importance of preforming the palladate intermediates (Table 3.2, entries 7-9).

Changing the activation period, drastically affected the yields (Table 3.2, method C3).
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Three different boron sources were investigated in order to better understand the
transmetallation step (Scheme 3.12). Performing the reaction using phenyl boronic pinacol ester
instead of phenyl boronic acid resulted in low yield and decomposition as evidenced by the
reaction colour evolving to black. When potassium phenyltrifluoroborate was used, the yield
reached 40%. In order to form the desired Pd-NHC bond, an activation step was introduced. The
palladate pre-catalyst and the base were heated together in solution for one hour before the
coupling substrates were added. Introducing an activation step did result in a significant increase

in yield (Scheme 3.12).

/@/C' , Boron [IPr-H][Pd(n3-cin)Cl,] (o.5mo|%)> O
MeO

Reagent K,COs (1.4 equiv.) O
MeO

EtOH (2 mL)
40°C
‘-’J§< Srs®
N B(OH)2 B. BF K
o
Boron Reagent | P 0 0

GC yield without pre-activation (%) 0 8 40

GC yield with pre-activation? (%) 99 90 94

Scheme 3.12: Nature of the boron reagent in the Suzuki-Miyaura reaction. Reaction conditions:
[IPr-H][Pd(n3-cin)Cl3] (0.5 mol%) and K,COs (0.7 mmol) in ethanol (1 mL). (* when indicated,
activation is performing at this point by heating at 60 °C for 1 h). 4-chloroanisole (0.5 mmol) and
the aryl boron reagent (0.55 mmol) were added as an ethanol solution (1 mL). The reaction was
left to stir at 40 °C for 16 h. Yield determined by GC using mesitylene (0.1 mmol) as internal
standard.

This finding supports the hypothesis that the PhB(OR)s;™ species may be the culprit of this
decomposition. The activation step appears necessary and is independent of the boron source.
To our delight, results improved drastically when this activation step was used. All three
palladate species previously tested showed catalytic activity, with [IPr-H][Pd(n3-cin)Cl,] and
[IPr*-H][Pd(n3-cin)Cl,] displaying high catalytic activity (80-90% yield).** The optimal time for the
activation step of the pre-catalyst is one hour. When the activation time was lowered, the yield

of the cross-coupling product decreased (Scheme 3.13).

62| Page



Chapter 3: Investigation into the catalytic activity of [NHC-H][Pd(R)Cl.] complexes in the Suzuki-
Miyaura reaction

| Activation step |

[IPr-H][Pd(n3-cin)Cly]

K,CO3 (1.1 equiv.)

EtOH (1 mL), 60 °C

Time

Activation time (min) GC yield (%)
10 70
30 80
60 90
90 70

o
MeO

(0.5 mmol)

MeO

®

» active [Pd(IPr)] species

PhB(OH),
(1.1 equiv.)
40°C,16 h

J

Scheme 3.13: Optimisation of the activation time. Reaction conditions: [IPr-H][Pd(n3-cin)Cl;] (0.5
mol%) and K,CO3 (0.55 mmol) in ethanol (1 mL). The mixture was heated at 60 °C for the given
time. 4-chloroanisole (0.5 mmol) and phenyl boronic acid (0.55 mmol) were added as an ethanol
solution (1 mL). The reaction was left to stir at 40 °C for 16 h. The GCyield was determined using
mesitylene (0.1 mmol) as internal standard and is the average of at least two runs.
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3.3 Optimisation of the Suzuki-Miyaura reaction using

[IPr-H][Pd(n3-cin)Cl>] as pre-catalyst

Based on the need for this activation step, a detailed catalyst optimization was conducted in air.
Several palladates (Table 3.3, entries 1-7) were synthesized according to the optimal procedure
described above. The ease and speed in synthesizing these pre-catalysts should be stressed.
Among the palladate complexes tested, the best proved to be [IPr-H][Pd(n3-cin)Cl,] (Table 3.3,

entry 1) giving excellent yield and high turnover numbers (TON).

Table 3.3: Catalyst optimization®®

Cl B(OH), __[Pd] (0.5 mol%) O
/©/ * 0 K,CO3 (1.1 equiv.) O
MeO MeO

EtOH, 40 °C

Entry Palladate pre-catalyst GC yield?! TONI
1 [IPr-H][Pd(n3-cin)Cly] 93 310,000
2 [IPr-H][Pd(n3-2-Me-allyl)Cl,] 80 266,667
3 [IPr-H][Pd(n3-crotyl)Cl,] 8 26,667
4 [IPr-H][Pd(n3-Ind®BY)Cl,] n.r. -
5 [SIPr-H][Pd(n3-cin)Cly) 30 100,000
6 [IPent-H][Pd(n>-cin)Cly] n.r. -
7 [IPr*-H][Pd(n3-cin)Cl] 88 293,334

Palladate pre-catalyst (0.5 mol%) and K,COs (0.7 mmol) in ethanol (1 mL) was heated at 60 °C
for 1 h. Then 4-chloroanisole (0.5 mmol) and phenylboronic acid (0.55 mmol) were added as an
ethanol solution (1 mL). The reaction was left to stir at 40 °C for 16 h. ®'The GC yield was
determined using mesitylene (0.1 mmol) as internal standard and is the average of at least two
runs. P'TON = mol of product/mol of catalyst
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Scheme 3.14: Palladate complexes used in this investigation.

The optimization of base and solvent was next carried out. The best conversions were obtained

when alcohol solvents were used (Table 3.4). Ethanol,

iso-propanol and n-butanol gave

moderate to excellent conversion. Different solvents with varying polarities were tested but

mainly resulted in low to no conversion.
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Table 3.4: Part of the solvent/base optimisation

/©/Cl B(OH), Pd(ate)-1 (0.5 mol%) O
+ :
MeO base (1.1 equiv.) MeO O

solvent (0.5 M), 40 °C

Entry Solvent (0.5 M) Base (1.1 equiv.) GC yield
1 ethanol K,COg4 93
2 ethanol K3POy4 40
3 ethanol KOH 72
4 ethanol KO!Bu 75
5 iso-propanol K,COg3 47
6 iso-propanol K3POy4 55
7 iso-propanol KOH 55
8 iso-propanol KO!Bu 72
9 n-butanol K,COg3 53
10 n-butanol K3POy4 traces
11 n-butanol KOH 65
12 n-butanol KOBu 70

Reaction conditions: [IPr-H][Pd(n3-cin)Cl;] (0.5 mol%) and the corresponding base (0.55 mmol)
and corresponding solvent (1 mL) was heated at 60 °C for 1 h. Then 4-chloroanisole (0.5 mmol)
and phenylboronic acid (0.55 mmol) were added as a solvent solution (1 mL). The reaction was
left to stir at 40 °C for 16 h. The GCyield was determined using mesitylene (0.1 mmol) as internal
standard and is the average of at least two runs.

A range of inorganic bases were tested in the three best solvents; ethanol, iso-propanol and n-
butanol (Table 3.4). Interestingly, weaker inorganic bases such as K,CO5; and K3PO, gave similar
conversion to stronger bases such as KOH and KO'Bu. The best solvent/base system was
ethanol/K,COs. The extensive base/solvent optimization gave an insight into the high catalytic
activity of Pd(ate)-1; clearly, alcohol solvents are very important for the catalysis to achieve good
conversions and a variety of different inorganic bases can be used, most resulting in moderate
to high yields. The activation of the palladates from Pd(ll) to Pd(0) must be similar to the
activation of the well-defined complexes [PdCI(n3-R-allyl)(NHC)] but requiring the additional step
of palladate to Pd-NHC conversion.® Time optimization for the catalysis was conducted using
three different temperatures at 0.5 mol% of Pd(ate)-1 in ethanol (Scheme 3.15). The reaction
was completed after 4 h at 40 °C whereas at room temperature, the reaction required 16 h to
reach completion. The reaction at 60 °C never reached completion, which suggests catalyst

deactivation over time might be an issue at elevated temperatures (60 °C and higher).
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Time optimisation using different reaction temperatures
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Graph 3.1: Time optimisation of the Suzuki-Miyaura reaction using different reaction
temperatures. Reaction Conditions: [IPr-H][Pd(n>-cin)Cl,] (0.5 mol%) and K,CO3 (0.55 mmol) and
ethanol (1 mL) was heated at 60 °C for 1 h. Then 4-chloroanisole (0.5 mmol) and phenylboronic
acid (0.55 mmol) were added as a solvent solution (1 mL). The reaction was left to stir at the
corresponding temperature. The GC yield was determined using mesitylene (0.1 mmol) as
internal standard and is the average of at least two runs.

In order to prove the efficiency of the optimised system, the optimised reaction conditions were
tested with different Pd(Il)-NHC pre-catalysts. All bearing IPr as ligand for consistency. Four
different pre-catalysts were selected namely [Pd(Cl)2(PEPPSI)(IPr)] (Table 3.5, entry 2),
[PdCl(acac)(IPr)] (acac = acetylacetone) (Table 3.5, entry 3), [PdCI(n3-allyl)(IPr)] (Table 3.5, entry
4) and [PdCl(n3-cin)(IPr)] (Table 3.5, entry 5). All introduced before, showing high catalytic

activity in the Suzuki-Miyaura reaction.
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Table 3.5: Comparisons of different Pd(Il)-IPr pre-catalyst in the optimised protocol.

[Pd] (0.3 mol%)
/©/C| + Ny B(OH): KoCOj3 (1.4 equiv.) O
MeO > ethanol (2 mL) O
MeO

40°C, 4 h
entries pre-catalyst GC yield (%)
1 [IPr-H][Pd(n3-cin)Cl,] 99
2 [Pd(CI)o(PEPPSI)(IPr)] 79
3 [PdCl(acac)(IPr)] 75
4 [PdCI(n3-allyl)(IPr)] 74
5 [PACI(n3-cin)(IPr)] 80

®The GC yield was determined using mesitylene (0.1 mmol) as internal standard and is the
average of at least two runs.

All pre-catalysts showed good catalytic activity, but the palladate pre-catalyst gave the highest
conversion (Table 3.5, entry 1). The comparison shows that the newly developed palladate
complex can compete with the reported systems and is an improvement for Pd(l1)-NHC catalyst
systems in the Suzuki-Miyaura reaction.

A reaction scope was examined to probe the catalytic activity of the palladate as a pre-catalyst
(Scheme 3.15 and 3.16). A range of aryl chlorides were used containing electron withdrawing
and electron donating groups. Sterically hindered substrates were tested giving high yields. 2-
Methoxy-4-methylbiphenyl was synthesized in 89% vyield (Scheme 3.15, entry 6). 2-
Aminobiphenyl was synthesized in 80% yield (Scheme 3.15, entry 7) from 2-chloroaniline and
phenylboronic acid. The more hindered 2,2’-dimethylbiphenyl (Scheme 3.15, entry 8) and 2-
methoxy-2-methylbiphenyl (Scheme 3.15, entry 9) were synthesized in 90% and 97% yields,
respectively. In order to test the limits and use of this catalytic system, aryl chlorides containing
heteroatoms were examined as their use in agrochemicals and pharmaceuticals is widespread

(Scheme 3.16).°
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cl B(OH), Pd(ate)-1 (0.3 mol%), G R?
©/ . O K,COs (1.4 equiv.) , _ O
R ethanol (0.5 M),
1

R2 1
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Scheme 3.15: Scope of the Suzuki-Miyaura reaction; Part 1. Reaction conditions: [IPr-H][Pd(n3-
cin)Cl;] (0.3 mol%) and the K,CO3 (0.55 mmol) in ethanol (0.5 M) was heated at 60 °C for 1 h.
Then the corresponding aryl chloride (0.5 mmol) and the corresponding aryl boronic acid (0.55
mmol) were added as a solvent solution (0.5 M). The reaction was left to stir at the 40 °C.
Average of two runs.
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Scheme 3.16: Scope of the Suzuki-Miyaura reaction; Part 2. Reaction conditions: [IPr-H][Pd(n3-
cin)Cl>] (0.3 mol%) and the K»COs (0.55 mmol) in ethanol (1 mL) was heated at 60 °C for 1 h. Then
the corresponding aryl chloride (0.5 mmol) and the corresponding aryl boronic acid (0.55 mmol)
were added as a solvent solution (1 mL). The reaction was left to stir at the 40 °C. Average of
two runs.

First the electronic properties on the aryl boronic acids were studied using 4-methoxyphenyl
boronic acid (Scheme 3.16, 2a and 2b), 4-acetylphenyl boronic acid (scheme 16, 2c) and 4-
formylphenyl boronic acid (Scheme 3.16, 2d). Changing from electron-withdrawing to electron-
donating groups on the aryl boronic acid resulted in no loss of activity. Bulky boronic acids such
as l-naphthalene boronic acid were coupled with challenging aryl chlorides such as 5-
chloropyrimidine (Scheme 3.16, 2e) and 1-chloronaphthalene (Scheme 3.16, 2g) resulting in
guantitative yields in both cases. Lastly, styryl boronic acid was also tested and moderate to high
yields of coupled products were obtained (Scheme 3.16, 2j, 2k and 2i). The reaction scope
highlights the high catalytic activity of Pd(ate)-1 irrespective of the electronics of the aryl
chlorides and of the steric nature of the substrates. The involvement of heteroatom-containing
substrates, which can be difficult to couple due to possible coordination to the metal centre,

displayed no drop of activity and led to high yields. As we were interested in highlighting the
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versatility and scalability of the method, a test reaction was successfully scaled-up to yield 4.66
g of product in 94% isolated yield (Scheme 3.17). Noteworthy, a 1:1 aryl chloride to boronic acid
ratio was used in the larger scale reaction, establishing that an excess of boronic acid, a common

operational practice, is not required.

cl B(OH), O
/©/ . /@’ Pd(ate)-1 (0.3 mol%) O
MeOC EtOH, K:CO3s  ye0c

40°C, 4 h
(3.66 g, 23.7 mmol) (3.22 g, 23.7 mmol) (4.66 g, 94%)

Scheme 3.17: Large scale reaction of the Suzuki-Miyaura reaction using [IPr-H][Pd(n3-cin)Cl,].
3.4 Conclusion

A newly synthesized class of Pd(ll) pre-catalysts was studied, focusing on its synthesis and its
catalytic activity under mild reaction conditions while using environmentally acceptable
conditions (solvent and base). The reaction of the pre-catalyst itself with coupling substrates
was examined. A wide reaction scope was demonstrated, where various classes of substrates
were investigated and proved compatible with this simple catalytic protocol. Furthermore, the
Suzuki-Miyaura reaction and the pre-catalyst synthesis can both be scaled up without loss of
yield. The palladate and neutral Pd-NHC syntheses are easy to carry out, even in air. The use of
ethanol affords a green alternative as a reaction medium in pre-catalyst synthesis and as solvent
to perform the Suzuki-Miyaura reaction. The role of these palladates in related transformations

is presently being investigated.
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Chapter 4

Highly catalytically active Pd-NHC pre-
catalysts for the formation of C-N and

C-C bonds

4.1 The Buchwald-Hartwig Reaction

A wide range of research fields are involved in the investigation and improvement of the carbon-
heteroatom bond formation reactions.’ Carbon-nitrogen bonds, in particular can be found in
many molecules, ranging from pharmaceutical agents and natural products to agrochemicals.*®
Such as the Buchwald-Hartwig amination reaction has become one of the most studied and
important cross-coupling reactions in modern chemistry, resulting in the facile synthesis of a
wide variety of molecules with a diverse range of academic and industrial applications.>™8 Due
to the importance of this reaction, numerous catalytic systems have been developed over the

years to enable this transformation.

X , NR'R?
©/ +  HNR'Rz [Pl ligand ©/
Base, T (°C)

Scheme 4.1: The Buchwald-Hartwig amination.®

Buchwald?® and Hartwig??? simultaneously reported the catalytic palladium-mediated C-N bond
formation in 1998. Buchwald and co-workers illustrated a broad substrate scope by cross-
coupling of amines with aryl bromides, chlorides, iodides and sulfonates. Hartwig and co-
workers on the other hand firstly reported the mechanistic studies of the coupling of aryl
bromides and tin amides.?? Two years later, Hartwig reported the coupling of aryl amides,
sulfides and ethers using a palladium catalyst.?! Both research groups proposed and

mechanistically investigated a catalytic cycle shown in Scheme 4.2.

74| Page



Chapter 4: Highly catalytically active Pd-NHC pre-catalysts for the formation of C-N and C-C

bonds
A
—NRTR2 _
Ar—NR'R L,Pd(0 Ar-X
reductive elimination oxidative addition
v |
/Ar Ar
DL,Pd B
n\NR1R2 Ln|<d(||)
X
amine binding
HO'Bu I
KX N(H)R'R?
' 1R2
deprotlcl>lnation LnPcli—X HNR'R
KO'Bu Ar
Cc

Scheme 4.2: Catalytic cycle of the Buchwald-Hartwig amination.?%2

The first step in the catalytic cycle consists of the oxidative addition of the aryl halide to the
active Pd(0) species forming a Pd(ll) intermediate (Scheme 4.2, I). At this step a bulky and
electron-donating ligand on the palladium favours oxidative addition of the palladium centre and
prevents the formation of an inactive palladium dimer. Buchwald and co-workers reported the
use of BrettPhos ((2-dicyclohexylphosphino)3,6-dimethoxy-2’,4’,6’-triisopropyl-1-1’-biphenyl),?3
XPhos (2-dicyclohexylphosphino,2’,4’,6’-triisopropylbiphenyl)?* and RuPhos (2-
dicyclohexylphosphino-2’,6’-diisopropoxybiphenyl)!® as efficient ligands in the C-N bond
formation as these bulky ligands favour the formation of the active Pd(0) species hence
accelerating the oxidative addition, which allowed the coupling of unactivated aryl chlorides and

the use of low reaction temperatures.

s N N\ A
O OMe O OMe O OMe
ipr i ipr Pr. ! ipr 'Pr ! 'Pr
Pr iPr ipr
BrettPhos XPhos RuPhos
J U J /

Figure 4.1: lllustrating BrettPhos, XPhos and RuPhos ligands.?*%

The next step in the cycle is the amine binding, or nucleophilic attack (Scheme 4.2, ll), where the

amine coordinates to the Pd(ll) intermediate, followed by the deprotonation by a base to the
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Pd(Ar)(NRR?) species (Scheme 4.2, lll). In the reductive elimination step the final product is

released alongside the Pd(0) species (Scheme 4.2, IV).

Catalysts generated in situ have shown high catalytic activity.®'?52% Strongly electron-donating,
monodentate ligands were studied for the C-N coupling. Beller and co-workers reported
diadamantylalkylphosphine ligands (such as the BuPAd ligand), which resulted in the coupling of
unactivated aryl chlorides (Scheme 4.3).?” Verkade and co-workers designed triaminophosphine
ligands, similarly to Beller. These ligands were bulky, electron-donating monoligated phosphines
which showed high catalytic activity in C-N coupling reactions (Scheme 4.3).2%30 The
disadvantages of these ligands was the lack of control of the coordination sphere around the

palladium.

R
g ey N
s ol

R = Me, i-Pr, i-Bu, Ph
BuPAd proazaphosphatrane type ligand

Scheme 4.3: Examples of bulky, monoligated phosphine ligands.?’~3°

As discussed in Chapter 3, dialkylbiarylphosphine ligands are widely studied in cross-coupling
chemistry. Buchwald and co-workers have studied these ligands in depth (as well as designing a
family of such bulky and electron-donating ligands), especially for C-N coupling reactions.?! The
increased bulk on both of the aryl rings results in many advantages such as increased stability,
prevention of cyclometalation and retardation of oxidation by 0,.3! Increased electron density
at the phosphorus promotes oxidative addition, overall resulting in a highly catalytic active

system.
Pd(OAC), (1 mol%),

4 )
Cl t-BuBrettPhos (2.2 mol%) NRZR3
OM X . o
° | + HNRZ2R? =
«Z Hz0 (4 mol%), tBUOH (2 mL) ¢ 2

MeO PtBu),[ R 110 °C
i-Pr i-Pr
o :
N 0
H Ly
CF; OMe

Me
0,50, L 20
i-Pr N7 “Me N N
At achane!l
83% 93% 80% 98%

t-BuBrettPhos
Scheme 4.4: Example of the use of t-BuBrettPhos (2-(di-tert-butylphosphino)-2’,4’,6’-

. /

triisopropyl-3,6-dimethoxy-1,1’-biphenyl) in C-N coupling.3?
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Many disadvantages of the in situ systems still remain when compared to the well-defined pre-
catalyst bearing a metal:ligand stoichiometry of 1:1.2 The fast and simple activation of well-
defined pre-catalysts to the active Pd(0)L species, as well as the air- and moisture-stability, makes
them very attractive candidates to study in cross-coupling catalysis.3*3> Well-defined
palladacycles have shown promising reactivity in the C-N coupling reactions and several have
been reported to-date.313® The air and moisture stable palladacycles shown in Scheme 4.5 have
been extensively studied with the focus directed towards the activation to Pd(0) in cross-coupling
chemistry. The activation of Pd(ll) to Pd(0) requires a Brgnsted base in order to deprotonate the
ligated amine, followed by the reductive elimination of the nitrogen containing heterocycle.?’
The 1°** generation was highly active but required very harsh conditions, an issue that was
resolved in the 2" and 3™ generation catalysts by introduction of a biaryl.> The 3™ generation
was a highly active pre-catalyst for the C-N bond formation, coupling primary and secondary

amines in low catalyst loading (Scheme 4.5).22

r N
p l OMe
NH, NH2 NH2 NHR MeO P(Cy),
| j- i-
Pd—L Pd L Pd L Pd L HPr O FPr
Cl OMs OMs
i-Pr
1st generation  2nd generation 3rd generation 4rd generation) BrettPhos
. . J
Pd 3rd generation (0.25-0.01mol%),
cl BrettPhos (0.25-0.02 mol%) - NR°R?
| HNRZR? -
A NaO'Bu, 1,4-dioxane |,
R’ 100 °C R
H
H N
H “n-
oo L0
MeO EtO,C Ph SN
97% 87% 93%

Scheme 4.5: C-N coupling using the 3™ generation palladacycle.*

The main disadvantage was the formation of an equivalent of carbazole during the activation
step to Pd(0). As the carbazole side-product is a potential carcinogen.'? This formation of a 2™
cyclic amine was, however, prevented by the development of the 4" generation, where the NH;
group was exchanged to a NHMe or NHPh group.383° Although the high catalytic activity of the

well-defined palladacycle, a disadvantage of excess phosphine ligands remains (Scheme 4.5).

Our interest focused on N-heterocyclic carbenes (NHCs) as supporting ligands.*>*! The

combination of a Pd source and a NHC ligand in cross-coupling catalysis was studied very early
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after the first isolation of a free carbene showing promising results.*? The difference in electronic
and steric properties of NHCs compared to the traditionally used phosphine ligands generated
new possibilities and improved conditions.** An early example of the use of NHCs as ligands was
conducted as an in situ system using Pd,(dba); and IPr-HCI (IPr = N,N’-bis-[2,6-(di-iso-
propyl)phenyllimidazol-2-ylidene).** Although harsh conditions were used such as KO'Bu and

100 °C, a wide substrate scope was reported. (Scheme 4.6).

sz(dba)g (1-2 mOl%), NR2R3
X C IPr-HCI (1-2 mol%) D
| + HNRZR® > (=
R Z KO'Bu, 1,4-dioxane R!
100 °C over 30 examples
o I MeO
~~ oy 0L QX
N 2N N™ “Ph Nig Ph
99% 98% 97% 99%

Scheme 4.6: C-N coupling using an in situ Pd/NHC-HCI protocol.*

Following the promising results, Nolan and co-workers reported the highly active and well-
defined [PdCl(acac)(IPr)] (acac = acetylacetone) pre-catalyst.* This air and moisture stable Pd(ll)
complex was efficiently and quickly synthesised in quantitative yield (>95%). A wide scope of
secondary and tertiary amines was obtained, featuring unactivated, sterically hindered and

heterocyclic aryl chlorides (Scheme 4.7).

xrC! [PdCl(acac)(IPr)] (1 mol%) ~NR7R?
N + HNRZR? t > O/
r KOBu (1.1 mmol) P

R R

\/
\@ DME, 50 °C
H
Il \H N H H
X °N X 'N
o U
N

[PdCl(acac)(IPr)] | MeO

~<
]

g
P4

O

86% 97% 79% 87%

Scheme 4.7: The use of [PdCl(acac)(IPr)] as pre-catalyst in C-N coupling reaction.*

The [Pd(n3-R-allyl)(u-Cl)]; scaffold has been widely used in a number of cross-coupling reactions
as in situ systems as well as in well-defined protocols. Similarly, the family of [PdCI(n3-R-allyl)(IPr)]

pre-catalysts have shown high catalytic activity in a variety of cross-coupling reactions such as

46,47 13,18,48-51

carbon-carbon,***” carbon-nitrogen and carbon-sulfur®?°3 bond formation, as well as for
ketone arylation.>* A main advantage of the use of these pre-catalysts is in the low catalyst
loadings required and the milder reaction conditions such as environmentally friendly

solvents.>>%® Nolan and co-workers reported the use of [PdCI(n3-cin)(SIPr)] (SIPr = N,N’-bis-[2,6-
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(di-iso-propyl)phenyllimidazolidin-2-ylidene, cin = cinnamyl) for C-N coupling of unactivated aryl
chlorides. A wide scope was conducted with low catalyst loading (1 mol%) at room
temperature.**>” Furthermore the catalyst loading could be reduced to as low as 10 ppm when
the reaction temperature was increased to 80 °C. Caddick and co-workers reported a similar
protocol using [PdCl(n3-2-Me-allyl)(SIPr)].% In this report the catalyst loading of 3 mol% was
significantly higher than the cinnamyl analogue. This trend was thoroughly discussed by Nolan
and co-workers.* Caddick reported a wide scope for different primary and secondary alkyl

amines, where the use of bulky substrates was limited in this system.®

Y Y N A Y el 'Bu
@7@ : Nuwjg LB

|

Pd

Pd crr )

/) Cl/Pd)\

Ph Ph

[PdCI(n3-cin)(SIPr)] [PACI(n3-2-Me-allyl)(SIPr)] [PdCI(n3-cin)(Amphos)]
thh
/—\ PhPh _ Ph_Ph

[Pd(Cl),(3-pyridine)(IPr*)] [PdCl(acac)(IPr)]

Scheme 4.8: Examples of well-defined Pd(ll) pre-catalysts in C-N coupling reactions.33354849,58,59

Nolan and Cazin reported the efficient synthesis of [PdCl(n3-cin)(Amphos)] (Amphos = 4-(di-tert-
butyl)phosphino-N,N’-dimethylaniline), a highly active pre-catalyst for C-N coupling.*® Very low
catalyst loading was used (0.1-0.3 mol%), featuring a wide range of substrates for example the
coupling of unactivated aryl chlorides with cyclic dialkylamines. Steric hindrance was widely
tolerated; for example 2,6-dimethylchlorobenzene was successfully coupled with 2,6-
diisopropylaniline in 94% isolated yield with only 0.2 mol% catalyst loading.*® It was shown that
the supporting ligand on the palladium plays a key role in C-N coupling reactions and can
influence different steps in the catalytic cycle. A more bulky ligand can stabilize the Pd(0) species
during the catalysis as well as shielding the coordination shell of palladium from harmful binding
of unwanted ligands.*® Therefore Nolan and co-workers reported the synthesis and reactivity of
bulkier variants, [Pd(Cl),(3-Cl-pyridine)(IPr*)]*® and [PdCl(acac)(IPr*)]*° (IPr* = N,N’-bis-[2,6-
bis(diphenylmethyl)-4-methylphenyllimidazol-2-ylidene) in the C-N coupling reaction (Scheme

4.8). Both pre-catalysts are highly active, requiring low catalyst loading and tolerating a wide
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range of cross-coupling substrates. [Pd(Cl),(3-Cl-pyridine)(IPr*)] was extensively optimised,®
focusing on milder reaction conditions, very low catalyst loading (0.05 mol%) could be used when
the reaction was refluxed in toluene. Although the reaction could be conducted at room
temperature with catalyst loading of 2 mol%, the optimised conditions were determined to be

0.4 mol% catalyst loading at 110 °C in 1,4-dioxane.® The [PdCl(acac)(NHC)] family was further

investigated by changing the NHC ligand to the ITent ligand.1”/°
4 N\ ( N\ ( N\
eC' S i
Et\/Et n- Prvn Pr n- Pr\/ n-Pr n-BuYn-B?=\r(r;)Bu\:/n-Bu
q p qN ’“p qu/Np
Et Et
Pt ).pr n-pt P n-Bu” Y-By n_étBu
IPent-HCI IHept-HCI INon-HCI
. / g _/ N\ J

Scheme 4.9: The ITent ligands.®°

It was postulated that ITent ligands are effective because steric bulk was favourable for the
catalysis as discussed above, while the flexibility of the alkane chain minimises hindrance to the
reactive palladium centre.®® [PdCl(acac)(IHept®™¢)] (IHept®™e = N,N’-bis(2,6-di-4-heptyl-4-
methoxyphenyl)imidazol-2-ylidene) was found to be the ideal pre-catalyst successfully coupling
a range of different substrates at low catalyst loading (0.05-0.2 mol%).%” As these flexible bulky
NHC ligands displayed very promising results, they were applied to the [PdCl(n3-R-allyl)(NHC)]
family. Nolan reported the wuse of [PdCl(n3-cin)(IPr*OMe)] (IPr*OMe = N,N’-bis-(2,6-
diphenylmethyl)-4-methoxyphenyl)imidazol-2-ylidene)®! and [PdCI(n3-cin)(INon)] (INon = N,N’-
bis-[2,6-bis(di-iso-nonyl)phenyllimidazol-2-ylidene)®® in C-N coupling reactions, with low catalyst

loading required (as low as 0.1 mol%).
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4.2 Optimisation of the Buchwald-Hartwig Reaction using
[IPr*-H][Pd(n3-cin)Cl2]

The task of developing a more efficient and greener system for the Buchwald-Hartwig amination
was our next focus. Previously reported palladate precatalyst, [IPr-H][Pd(n3-cin)Cl,],52 showed
very high catalytic activity in the Suzuki-Miyaura reaction (Chapter 3) resulting in a wide scope
with a broad functional group tolerance as well as the use of a mild inorganic base and green
solvent. In addition the synthesis of [NHC-H][Pd(n3-R-allyl)Cl,] complexes can be obtained
guantitatively without solvent or work-up, making these complexes very interesting pre-catalysts
(Chapter 2) for cross-coupling chemistry (Chapter 3, 5 and 6). Herein the palladate complexes,
[NHC-H][Pd(n3-R-allyl)Cl,] were investigated as pre-catalysts for the Buchwald-Hartwig amination
and ketone arylation. A range of [NHC-H][Pd(n3-R-allyl)Cl,] complexes were prepared using the
synthesis described in Chapter 2 and a catalyst screening for the C-N coupling was conducted
(Scheme 4.10). In previous reports [PdCl(n3-allyl)(NHC)] pre-catalysts were used in the Buchwald-
Hartwig amination, bulkier NHC ligands such as the ITent series®® and IPr* analogues led to the
best performance.®®%35% Therefore the attention was set on more bulky ligands, this was
confirmed as complexes bearing IPr* as ligand showed the best conversion. Next palladate
complexes bearing different palladium dimers, such as [Pd(n3-crotyl)(u-Cl)]> or [Pd(n3-Ind®™®")(p-
CN]z (Ind® = 1-tert-butyl-1H-indene) were synthesised (Scheme 4.10).
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Scheme 4.10: Palladate pre-catalysts used in this study.

To gain better understanding of the inner workings of these new pre-catalysts in the Buchwald-
Hartwig amination reaction, a catalyst screening was conducted. The model system involved the
coupling of 4-chloroanisole (0.5 mmol) with 4-fluoroaniline (1.1 equiv.) as coupling substrates.
The catalysis was carried out in 1,4-dioxane (0.5 M) at 110 °C for 16 hours, using KO'Am (1.1
equiv.) as base. The palladate pre-catalysts bearing ITent ligands showed good conversions;
[IPent-H][Pd(n3-cin)Cly] (IPent = N,N’-bis-[2,6-bis(di-iso-pentyl)phenyl]imidazol-2-ylidene)
resulted in 86% conversion (Table 4.1, entry 1), a similar conversion was seen for [IHept-H][Pd(n3-
cin)Cly] (IHept = N,N’-bis-[2,6-bis(di-iso-heptyl)phenyllimidazol-2-ylidene) with 88% conversion
(Table 1, entry 2), and [INon-H][Pd(n3-cin)Cl,] with 93% conversion (Table 4.1, entry 3). The
conversion to the cross-coupling product was moderate when [IPr-H][Pd(n3-cin)Cl,] (Table 4.1,

entry 7) was used as pre-catalyst, illustrating that a significant steric bulk on the NHC ligand is
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needed. Changing the ancillary ligand on the palladium lowered the conversion (Table 4.1,
entries 8-10), especially when the catalyst loading was reduced to 0.2 mol% (Table 4.1, entries
12-14). [IPr*-H][Pd(n3-cin)Cl;] was determined as the optimum pre-catalyst showing full
conversion to the desired cross-coupling product (Table 4.1, entry 4), even at 0.2 mol% catalyst

loading (Table 4.1, entry 11).

Table 4.1: Catalyst screening

OMe
SO
Cl H

H

OF [Pdmol% /©/N A
N KO'Am (1.1 equiv.) MeO PNE

1,4-dioxane (0.5 M),

2

110 °C
Entry Pre-catalyst mol% GC conversion (%)
1 [IPent-H][Pd(n3-cin)Cl,] 0.5 86
2 [IHept-H][Pd(n3-cin)Cl,] 0.5 88
3 [INon-H][Pd(n3-cin)Cly] 0.5 93
4 [IPr*-H][Pd(n3-cin)Cly] 0.5 99
5 [IPr*OMe.H1[Pd(n3-cin)Cl,] 0.5 95
6 [IPent®"-H][Pd(n3-cin)Cl,] 0.5 87
7 [IPr-H][Pd(n3-cin)Cl,] 0.5 63
8 [IPr*-H][Pd(n3-crotyl)Cl,] 0.5 96
9 [IPr*-H][Pd(n3-2-Me-allyl)Cl,] 0.5 95
10 [IPr*-H][Pd(n3-Ind®BY)Cl,] 0.5 87
1 [IPr*-H][Pd(n3-cin)Cl,] 0.2 99
12 [IPr*-H][Pd(n3-crotyl)Cl,] 0.2 90
13 [IPr*-H][Pd(n3-2-Me-allyl)Cl,] 0.2 88
14 [IPr*-H][Pd(n3-Ind®BY)Cl,] 0.2 56
15 [INon-H][Pd(n3-cin)Cly] 0.2 83

Reaction conditions: In an inert atmosphere the pre-catalyst, K'OAm (1.1 equiv.), 1,4-dioxane
(0.5 M) was let to stir at the 110 °C for the stated time (1 h, activation time). The sample was
removed from the heating block and 4-fluoroaniline (1.1 equiv.) was added followed by the 4-
chloroanisole (0.5 mmol). The reaction was left to stir (910 rpm) for 16 h at 110 °C. Average of
two runs. GC conversion based on 4-chloroanisol.

The activation of the pre-catalysts was next investigated. As discussed in the Suzuki-Miyaura
reaction in Chapter 3, the palladate pre-catalysts can react with the cross-coupling substrates
and shut down the catalysis Therefore preliminary experiments were conducted first to establish
if the activation step is required in the Buchwald-Hartwig amination. Two cross-coupling
reactions were set up, one with an activation step and the other without. In the activation step,

the pre-catalyst and base were left to stir at 60 °C for 1 hour before the substrates were added
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(Scheme 4.11). Without the activation step the yield dropped to 70%, compared to the 99%

isolated yield when the activation step was initially performed.

/©/OM9
Ph Cl

\/ F
! HoN O

; KO'Am (1.1 equiv.) _ > [Pd-IPr*] 2 F
1,4-dioxane (0.5 M)

110 °C

@'U

,I—<\Z

H
N

: OMe

O

7N

O]
BN
Q,

g

Scheme 4.11: lllustration of the activation step in the catalysis.

Next the activation temperature and the experimental temperature were optimised. Different
temperatures for both activation and experimental temperatures were tested (Table 4.2).
Increasing the experimental temperature is beneficial but interestingly the activation
temperature plays an important role in obtaining full conversion of the product. The ideal
activation temperature was determined to be 60 °C, above this temperature a decrease in the

conversion is observed.

Table 4.2: Optimisation of the activation temperature.

Cl
/©/ . ONHz Pd(ate)-3 (0.5 mol%) /@/
MeO F KO'Am (1.1 equiv.) MeO

H
N

Q,

(0.5 mmol) 1,4-dioxane (0.5 M)
110 °C, 16 h
Entry Time (min) GC conversion (%)
1 10 88
2 30 80
3 60 99

Reaction conditions: [IPr*-H][Pd(n3-cin)Cl;] (0.5 mol%), KO*Am (1.1 equiv.), 1,4-dioxane (0.5 M)
was let to stir at 110 °C for the corresponding time. The sample was removed from the heating
block and 4-fluoroaniline (1.1 equiv.) was added followed by the 4-chloroanisole (0.5 mmol).
The reaction was left to stir for 16 h at the 110 °C. GC conversion based on 4-chloroanisole. An
average of two reactions.

The optimisation of the reaction was further focused on the use of green and non-toxic
solvents,®>%® and therefore a wide range of solvent was tested in the model system (Table 4.2)
resulting in cyclopentylmethyl ether (CPME) as the most promising medium (Table 4.3). CPME is
an alternative to the more toxic, hazardous ether solvents such as tetrahydrofuran (THF), diethyl

ether or 1,4-dioxane. The stability of the solvent under acidic and basic conditions as well as the
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suppression of the formation of peroxide are some of its many advantages.®’” The recovery of
CPME, due to its low solubility in water eases the use in large scale reactions, especially looking

towards industrial applications.®’

Table 4.3: Solvent optimisation.

H
o ONHZ Pd(ate)-3 (0.5 mol%) ONO
+ .
Moo [ j F KO'Am (1.1 equiv.) MeO F

Y

(0.5 mmol) solvent (0.5 M)
80°C,16 h
Entry Solvent GC conversion (%)
1 ethanol n.r.
2 iso-propanol 19
3 cyclohexane 94
4 2-methyltertahydrofuran 87
5 1,4-dioxane 90
6 cyclopentylmethylether 97

Reaction conditions: [IPr*-H][Pd(n3-cin)Cl,] (0.5 mol%), KO'Am (1.1 equiv.), the corresponding
solvent (0.5 M) was let to stir at 60 °C for 1 h. The sample was removed from the heating block
and 4-fluoroaniline (1.1 equiv.) was added followed by the 4-chloroanisole (0.5 mmol). The
reaction was left to stir for 16 h at 80 °C. GC conversion based on 4-chloroanisole. An average of
two reactions.

Several inorganic bases were tested ranging from weak inorganic bases (K.COs;, KsPO.) to
stronger inorganic bases such as hydroxide and alkoxide bases. Cross experiments were
performed with the three best solvents and the five best bases, determining the ideal conditions

for the protocol (Table 4.4).
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Table 4.4: Base and solvent screening
OC' O’NHZ Pd(ate)-3 (0.5 mol%) H
Ve + E base (1.1 equiv.) - /©/ O
(0.5 mmol) solvent (0.5 M) MeO F
80°C, 16 h
Base GC conversion (%)
1,4-dioxane cyclohexane cyclopentylmethylether
KO'Am 29 94 99
KOBu 93 86 99
KOH 57 12 42
NaOH 45 <1 32
CsOH 22 n.r. 38

Reaction conditions: [IPr*-H][Pd(n3-cin)Cl,], the corresponding base (1.1 equiv.), the
corresponding solvent (0.5 M) was let to stir at 60 °C for 1 h. The sample was removed from the
heating block and 4-fluoroaniline (1.1 equiv.) was added followed by the 4-chloroanisole (0.5
mmol). The reaction was left to stir (910 rpm) for 16 h at 80 °C. GC conversion based on 4-
chloroanisole. An average of two reactions.

After establishing the ideal conditions (CPME as ideal solvent in the combination with KO'Bu),
the catalyst loading and reaction time were optimised. The catalyst loading could be reduced to

0.2 mol%, (Table 4.5, entry 3).

Table 4.5: Optimisation of the catalyst loading.

H

Cl NH, N
O O e QL
MeO F KO'Bu (1.1 equiv.) MeO F

(0.5 mmol) CPME (0.5M)
80°C,16 h
Entry [Pd] mg [Pd] mol% GC conversion % TON
1 3 0.5 99 196
2 1.8 0.3 99 350
3 1.2 0.2 99 490
4 0.6 0.1 50 490

Reaction conditions: [IPr*-H][Pd(n3-cin)Cl,], KO'Bu (1.1 equiv.) and CPME (0.5 M) was let to stir
at 60 °C for 1 h. The sample was removed from the heating block and 4-fluoroaniline (1.1 equiv.)
was added followed by the 4-chloroanisole (0.5 mmol). The reaction was left to stir for 16 h at
80 °C. GC conversion based on 4-chloroanisole. An average of two reactions.

Furthermore the reaction time could be reduced to two hours.
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Buchwald-Hartwig amination: Time optimisation

100
90
80
70
60
50
40
30
20
10

GC Yield (%)

0 20 40 60 80 100 120 140

Time (min)

Figure 1: Time optimisation for the Buchwald-Hartwig amination. Reaction conditions:
[IPr*-H][Pd(n3-cin)Cl,], KOBu (1.1 equiv.), and CPME (0.5 M) was let to stir at 60 °C for 1 h. The
sample was removed from the heating block and 4-fluoroaniline (1.1 equiv.) was added followed
by the 4-chloroanisole (0.5 mmol). The reaction was left to stir at 80 °C. GC conversion based on
4-chloroanisole. An average of two reactions.

The newly established catalytic system was tested firstly using a variety of primary amines with
aryl chlorides. Our attention was drawn to the positions of functional groups on the aryl chlorides
and aryl amines. It was possible to couple substrates with substituents on para, meta or ortho
position without loss of reactivity (Scheme 4.12, 3a, 3b and 3c) and 3a was successfully scaled
up to a 5.5 mmol scale. Election-donating groups on the primary amine were tolerated resulting
in high yields (Scheme 4.12, 3d and 3e). 2-Chloropyridine was successfully coupled with 3,5-
methylaniline in 75% isolated yield (Scheme 4.12, 3f). Sterically hindered anilines were tested,
such as 2-tolylaniline (Scheme 4.12, 3g), 2-isopropylaniline (Scheme 4.12, 3h and 3i) and 2,6-
dimethyl aniline (Scheme 4.12, 3j, 3k, 31 and 3m) were successfully coupled with a range of aryl
chlorides. More sterically hindered anilines such as 2,6-diisopropylaniline (Scheme 4.12, 3n) and
2,6-diethylaniline (Scheme 4.12, 30) resulting in excellent isolated yield. Due to the high
conversions, all of the products were isolated after simple filtration over silica with no need for

flash chromatography.
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Pd(ate)-3 0.2 mol%
> Ar-NHR;,
KO'Bu (1.1 equiv.) 3
CPME (0.5 M),
60 °C then 80 °C

Ar-Cl + NH2R1

OMe H

o, TO ot Lo

3a; 0.5 mmol: 99%

5.5 mmol: 99% 3b; 99% 3c; 80% 3d; 99%
H
MeO N i S H H
oY "
Y O L L
OMe OMe OMe
3e; 95% 3f;, 75% 39; 99% 3h; 99%
H H H OMe
D OMe
3i; 99% 3j; 99% 3k; 99% 31; 99%
N N oM H
e
1S 1S L
=
Z OMe
3m; 73% 3n; 99% 30; 99%

Scheme 4.12: Scope of the Buchwald-Hartwig amination of primary amines. Reaction
conditions: [IPr*-H][Pd(n3-cin)Cl;] (0.2 mol%), KO'Bu (1.1 equiv.) and CPME (0.5 M) was let to stir
at 60 °C for 1 h. The mixture was removed from the heating block and the corresponding aniline
(1.1 equiv.) was added followed by the aryl chloride (0.5 mmol). The reaction was left to stir for
2 h at the 80 °C. The product was isolated via a filtration over silica gel. An average of two
reactions.

The coupling of secondary amines was addressed next. Different aliphatic and aromatic amines
were tested. N-methylaniline was coupled with 2-chloropyridine (Scheme 4.13, 4a), 4-
chloroanisole (Scheme 4.13, 4b) and 1-chloro-4-(trifluoromethyl)benzene (Scheme 4.13, 4c) in
high yield. Dibutylamine was coupled with 4-chloroanisole (Scheme 4.13, 4d) in 80% vyield.
Morpholine was successfully coupled with 4-chloroanisole (Scheme 4.13, 4e) and 4-
chlorotoluene (Scheme 4.13, 4f). A 7-membered ring; azepane, (Scheme 4.13, 4g and 4h) as well

as pyrrolidine, (Scheme 4.13,4i) were coupled, resulting in excellent yield.
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Ar-Cl + NR1 RzH Pd(?te)-3 0.2 mF>I% - AI'-NR1R2
KO'Bu (1.1 equiv.) 4
CPME (0.5 M),

60 °C then 80°C

| | | OMe
N N N

OO0 O O =
NF OMe CFs Bu

4a; 0.5 mmol: 99% 4b; 99% 4c; 99% 4d; 80%

5.5 mmol: 99%
o0 o4 IO
4e; 0.5 mmol: 99% 4f; 99% 4g; 99%

O S @,
Nji) OMe
Salead

4h; 99% 4i; 99%

Scheme 4.13: Scope of the Buchwald-Hartwig amination of secondary amines. Reaction
conditions: [IPr*-H][Pd(n3-cin)Cl;] (0.2 mol%), KO'Bu (1.1 equiv.) and CPME (0.5 M) was let to stir
at 60 °Cfor 1 h. The sample was removed from the heating block and the corresponding aniline
(1.1 equiv.) was added followed by the aryl chloride (0.5 mmol). The reaction was left to stir (910
rpm) for 2 h at the 80 °C. The product was isolated via a filtration over silica gel. An average of
two reactions.

The cross-coupling of heteroatom-containing aryl halides remains a challenge, especially at low
catalyst loading used. The coupling of amines with aryl chlorides containing one heteroatom has
been studied and reported by several groups.'>%70 Syccessful amination of aryl chlorides
containing more than one heteroatom, on the other hand is still a challenge and rarely reported.
N-ethylindolylphenylpropenones were synthesised for testing in the new developed protocol.

The chosen scaffold offers challenges in the form of two heteroatoms and an alkene.
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Pd(ate)-3 (2 mol%
O ? + NHR¢R; fate)3 ( o A
N KO'Bu (2 equiv.) N
) CPME (0.5M), )
6; 0.05 mmol 60 °C then 80 °C ;
X =CI;Br
primary amine: OMe secondary amine:

O/NH

N\ 5a X = Br: 80%
O 5b X =Cl: 72%
N

/

Scheme 4.14: Buchwald-Hartwig amination of biologically interesting substrates. Reaction
conditions: [IPr*-H][Pd(n3-cin)Cl,] (2 mol%), KO'Bu (2 equiv.) and CPME (0.5 M) was let to stir at
60 °C for 1 h. The sample was removed from the heating block and the corresponding amine (1.1
equiv.) was added followed by the aryl halide (0.05 mmol). The reaction was left to stir (910
rpm) for 4 h at the 80 °C. The product was isolated via flash chromatography. An average of two
reactions.

The successful syntheses of 5a, 5b and 5c are reported; both primary and secondary amines
were coupled, resulting in good yields of the desired product. Many of these analogues have
been studied in anti-cancer research and have shown promising results.”* Being able to couple

more challenging aryl halides opens the door to a new range of biologically active compounds.
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4.3 Using [IPr*-H][Pd(n3-cin)Clz] in the a-Ketone Arylation
Reaction

The newly developed system was next used to test and optimise a ketone arylation reaction. The
coupling of enolizable ketones and aryl chlorides is important in the synthesis of natural products
and synthetic intermediates for pharmaceuticals.”>7# First reported by Hartwig,”> Buchwald®®

and Miura,’® the a-arylation of ketones is now a powerful and widely used tool in synthetic

chemistry.

The catalytic cycle consists of three steps (Scheme 4.15): i) the oxidative addition of the aryl
halide to the Pd(0), ii) the substitution of the halide by the in situ formed enolate and iii) the

reductive elimination.

o] Z R
)J\/Ru + Pd catalyst " \./

base solvent
R"

| NHC-Pd° © Oxidative addition
Reductive eliminatio
NHC- Pd
R / AN
/\

_ O Pd)/QR'

Ligand substitution

base-HX 0

R’ .t base
R

Scheme 4.15: General ketone arylation and proposed catalytic cycle.>*

In a seminal report from Palucki and Buchwald, the coupling of a different ketones with a wide
range of aryl bromides was described using Pd,dbas; and Tol-BINAP (2,2’-bis (di-p-
tolyl)phosphinol-1,1’-binaphthyl) (Scheme 4.16).° The resulting a-arylated ketones were

obtained in good to excellent yields, showing a wide functional group tolerance.
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o
% \ Tol-BINAP (3.6 mol%) )I\/
Ar-Br  + | " . Ar
OO /Tol R.)\,R NaO'Bu (1.3 equiv.) R f
p—Tol THF, 70 °C R
P—
\"Tol O o
OO Tol { i — Y—n-Bu
|O N—< >—)
. o) o
| ToBINAP o?
OMe
76% 91% 78%

Scheme 4.16: Arylation using Pd>dbas and Tol-BINAP.»®

The use of bulky electron-rich biaryl phosphine ligands was found to be beneficial in the arylation
of ketones.”” The advantages of bulky electron-rich ligands were later confirmed by Buchwald
who tested a range of different ligands in the arylation of ketones (Scheme 4.17).7778 In particular
Xantphos (4,5-bis(diphenyl)phosphiol-9,9-dimethylxanthene) with Pd(OAc), was used in low
catalyst loading (1.0-0.2 mol%) coupling a variety of aryl chlorides and bromides with ketones in

good yields.”®

O O PPh,  PPh,
PCy, P(t-Bu), O © O

saNlle
Xantphos

Scheme 4.17: Examples of bulky electron-rich ligands used in the arylation of ketones.””’®

Several well-defined Pd(Il)-NHC complexes have been reported and studied in the ketone
arylation by Nolan and co-workers (Scheme 4.18).45%7981 The use of NHCs as ligands allowed
Nolan and co-workers to couple different aryl bromides, triflates and chlorides with ketones in

good to excellent yields.”

f N (SN~ )
q ?s i3] [ ST
Pd-~
Mé " o-Fd=c
R' = IPr, IMes 4<_<O
Ph
20
L 2002 J L 03 J L 2005 )

Scheme 4.18: Well-defined Pd(Il)-NHC complexes reported for the ketone arylation.45480.82

The high catalytic activity of [PdCl(acac)(IPr)] was illustrated by the coupling of unactivated,
sterically hindered and heterocyclic aryl chlorides in 1 mol% catalyst loading.*® Good to excellent

yields were achieved in moderate heating (60 °C) in short reaction time (1-4 hours). By changing
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the NHC from IPr to IHept in the [PdCl(acac)(NHC)] scaffold, Nolan and co-workers developed a
highly catalytically active protocol for the ketone arylation.®® The catalyst loading was as low as
0.02-0.05 mol%. A good functional group tolerance was possible, resulting in good to excellent
yields (Scheme 4.19).% The synthesis of the [PdCl(acac)(NHC)] pre-catalysts is straightforward by
simply refluxing the corresponding NHC-HC| and Pd(acac); in 1,4-dioxane, but not as facile and

convenient as the [NHC-H][Pd(n3-cin)Cl,] pre-catalysts.

( N\

n-Pr_ n-Pr_n-Pr__ M-Pr [PdCl(acac)(IHept)] o

g [T\ z o (0.02-0.05 mol%) |

NN Ar-Cl + | " > .)\/Ar
N R-)\/R NaOBu (2.2 equiv.) R I
n-Pr n-Pr toluene, 100 °C,

n-Pr /Pd~C| n-Pr

| OMe
L [PdCl(acac)(IHept)] )

91% (300 ppm) 87% (200 ppm) 96% (500 ppm)  85% (500 ppm)

Scheme 4.19: The ketone arylation using [PdCl(acac)(IHept)].8

The exceptional reaction conditions established showed the potential for Pd(Il)-NHC complexes

in the ketone arylation.
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4.3.1. Results and Discussion

A smaller optimisation was conducted, based on the already optimised Buchwald-Hartwig
amination condition as the two reactions are mechanistically linked. The reaction was carried
out at 80 °C for three hours and the combination of NaO'Bu (1.1 equiv.) as base and CPME as
solvent was found to be most efficient with 4-chloroanisole (0.5 mmol) and propiophenone (1.1

equiv.) as model substrates (Table 4.6).

Table 4.6: Optimisation: base and solvent

‘ A )
/@/ N Pd(ate)-3 (0.2 mol%) O |
+ >
MeO l = MeO o

base (1.1 equiv.)

(0.5 mmol) solvent (0.5 M)
80°C,3h
Base GC conversion (%)
1,4-dioxane tetrahydrofuran toluene cyclopentylmethylether

KOBuU 11 n.r. 72 n.r.
LiOBu n.r. traces 5 31
NaOBu 11 31 91 99
KOH n.r. n.r. n.r. n.r.
NaOH n.r. n.r. n.r. n.r.

Reaction conditions: [IPr*-H][Pd(n3-cin)Cl,] (0.2 mol%), the corresponding base (1.1 equiv.) and
the corresponding solvent (0.5 M) was let to stir at 60 °C for 1 h. The sample was removed from
the heating block and the propiophenone (1.1 equiv.) was added followed by 4-chloroanisole
(0.05 mmol). The reaction was left to stir for 3 h at the 80 °C. GC conversion based on 4-
chloroanisole. An average of two reactions.

Cross experiments were conducted with the four best solvents, determined for the Buchwald-
Hartwig amination and five inorganic bases. When NaO'Bu was used as base, the best
conversions were achieved, resulting in NaO'Bu as the ideal base in combination with CPME. The
reaction was carried out in air with no need for a dry solvent and the low catalyst loading (0.2
mol%) was maintained.

Propiophenone was coupled with unsubstituted- (Scheme 4.16, 6a), electron-donating (Scheme
4.16, 6b) and electron-withdrawing (Scheme 4.16, 6¢) aryl chloride with no loss of reactivity.
Sterically hindered aryl chlorides were successfully coupled with the more challenging a-

tetralone (Scheme 4.16, 6e) and acetophenone (Scheme 4.16, 6g and 6h).
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|° . @/ Pd(ate)-3 (0.2 mol%) )C)H/@VRW
R-)\/R R™ NaO'Bu (1.1 equiv.) R’ T,
0.5 mmol 0.5 mmol CPME (0.5 M) 6
80 °C,
OMe
CF
|o |o O [e) O 3
N )
- ® @
6a 6b 6
1h, 99% 1h, 98% 1 h,97%

cont Sons

6e 6d 6f
3h,70% 3h, 70% 3 h, 95%

S M

6g 6h 6i
1h, 99% 1h, 99% 1 h, 99%

Scheme 4.16: Scope of the ketone arylation. Reaction conditions: [IPr*-H][Pd(n3-cin)Cl,] (1.2 mg,
0.2 mol%), NaO'Bu (53 mg, 0.55 mmol) and CPME (0.5 M) was let to stir at the 60 °C for 1 h. The
vial was removed from the heating block and the corresponding solution of aryl ketone and aryl
chloride in CPME (1 mL) was added. The reaction was left to stir (910 rpm) for the corresponding
time at 80 °C.

4.4 Conclusion

A range of different NHC-Pd pre-catalysts were synthesized following a facile and environmental
friendly synthesis. The pre-catalysts were tested in the Buchwald-Hartwig amination and the
ketone arylation reactions. A highly user-friendly catalytic protocol was established for both
reactions using low catalyst loadings and a green solvent (CPME). Challenging biologically
relevant substrates were coupled in the Buchwald-Hartwig aminations pushing the limits of the
developed protocol. High yields were achieved for all substrates tested in both reactions, making
this a highly active and efficient protocol. All experiments are conducted under air, starting from

the synthesis of the pre-catalyst and ending with the catalysis.
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Chapter 5

Study of different throw-away ligands of
[INHC-H][Pd(L)Cl:] complexes and their
effect in the Mizoroki-Heck reaction

5.1 Mizoroki-Heck reaction

Cross-coupling reactions have been demonstrated as effective methods for carbon-carbon bond
formation. Despite this there is a need for more active catalysts, which can operate under milder
conditions. The Mizoroki-Heck reaction is a very useful synthetic tool widely used in medicinal,*?
fine-chemical,® natural product* and polymer chemistry.® The direct cross-coupling of an alkene
and aryl/alkyl halide allows rapid access to important intermediates for the synthesis of drug
molecules and natural products. Jiang and co-workers illustrated this with the synthesis of a
retinoid x receptor antagonist, diazepinylbenzoic acid, which employed a Mizoroki-Heck
coupling as a key step in the synthetic route.® Initial reports required high temperatures, phase-
transfer additives and toxic solvents. The use of palladium catalysts has improved the cross-
coupling of alkenes significantly.

Mizoroki and Heck simultaneously reported the cross-coupling reaction between an alkene and
an aryl halide using a palladium catalyst in the early 1970s (Scheme 5.1).”2 The first report by
Mizoroki and co-workers in 1971 described the cross-coupling of ethylene and iodobenzene
using catalytic amounts of Pd(l1).” The reaction needed a slight excess of base in order to achieve
high yields. Heck’s first report described the alkene arylation coupling an aryl mercury halide

with an alkene using a lithium palladium chloride catalyst (Scheme 5.1).%%
HgCl o g
g .
+ ) Lio,PdCl4 (1.8 mol%)_ S OMe
V\OMe CuCly, NaCl,
0,, HCI,
MeOH, r.t., 24 h O
X
b, X Pd(OAc), (1.0 mol%)_ O
nBusN,120 °C,
12h
Heck 1968, 1972

|
©/ . 2 PACI, (1.0 mol%)._ ©/\
KOAc, MeOH,
120 °C
Mizoroki 1971

Scheme 5.1: Early example of the Mizoroki-Heck reaction.”#12
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The general catalytic cycle was proposed in 1972.% The reaction proceeds via oxidative addition
(Scheme 5.2,1) between the active Pd(0) and aryl halide to form Pd(ll)ArX (Scheme 5.2,B). This is
followed by the syn insertion of the alkene, resulting in a a-alkyl Pd(ll) halide (Scheme 5.2;lI).
This step is also referred to as carbopalladation. If necessary a bond rotation occurs as a B
hydrogen in a syn position relative to the palladium is needed. As the next step is the syn-j-
hydride elimination, which gives the hydropalladium(ll) halide ligated to the arylated alkene
(Scheme 5.2;111). The dissociation of the new arylated alkene and the reductive elimination of

the hydropalladium(Il) halide to the Pd(0) species is closing the cycle (Scheme 5.2;1V).

A

R A + _
reductive elimination oxidative addition
v |
base
R/l\/Ar r

L,RPd(Il) B

N

D H\PldLn

X \
syn-f-hydride elimination
n L,XPd H R~

Hu)—(nAr

R H
C

syn-migratory insertion
Il

\.

Scheme 5.2: Catalytic cycle of the Mizoroki-Heck reaction.?

Over the years significant improvements have been made in the reaction conditions and
widening the substrate scope.!® Due to the enormous amount of research in this field, only an

overview of the most relevant examples will be given.

The first examples reported by Heck all operated as in situ systems, consisting of bulky
phosphine ligands such as PPhs or P(o-tolyl)s and Pd(PPhs),(OAc), or Pd(OAc),.r” Herrmann and
Beller reported the use of Pd-24 in the Mizoroki-Heck reaction (Scheme 5.3).18%° The pre-catalyst
was synthesised efficiently from Pd(OAc), and ortho-methyl substituted aryl phosphines. Several
aryl bromides were successfully coupled with n-butyl acrylate in the presence of sodium acetate.
For activated aryl bromides the reaction proceeded at low catalyst loadings although high
reaction temperatures were needed. Compared to aryl bromides, some examples of aryl

chlorides were reported, but the yield and TON dropped significantly compared to aryl
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bromides. Following these initial results, several groups investigated the use of palladacycles in

the Mizoroki-Heck reaction, such as Shaw,?® Mason?! and Bedford.??

Br X COOBu
A Pd-24 (mol%) X
N B
L + X CO0Bu NaOAc, DMAc, |, P
R 130-140 °C
\/@NCOOB /@NCOOBlJ/@NCOOBUCK\,COOBu
Ox MeOC
[Pd] 0.001 mol% [Pd] 0.001 mol% [Pd] 2 mol% [Pd] 2 mol%
99% 99% 94% 92%
e A
o- tonI o tonI
O tonI O t0|y|
L Pd-24 )

Scheme 5.3: Mizoroki-Heck reaction using Pd-24.181°

Different PCP pincer ligands were reported for the Mizoroki-Heck reactions.? Pincer ligands are
chelators which bind to three adjacent sites on a metal centre, a PCP ligand possesses a central
carbon with two phosphine ortho to it for binding.2* The PCP complex reported by Milstein and
co-workers showed high catalytic activity for aryl iodides and aryl bromides as coupling
substrates (Figure 5.1).%2 Unfortunately for all systems harsh conditions, such as high reaction

temperature, were needed. 2%

MeO
P(i-Pr); OMe
Pd—TFA
P(i-Pr), O
O‘F|’~O
R, Q_
Pd—TFA
/ O

OP‘

Ez R =i-Pr or t-Bu S

Milstein Shibasaki

Figure 5.1: Examples of PCP ligands used in the Mizoroki-Heck reaction.?*%

Herrmann and co-workers reported the synthesis of air and moisture stable NHC-Pd(ll) pre-
catalysts, Pd-25 and Pd-26 which they tested in the Mizoroki-Heck reaction (Figure 5.2).2° These

complexes showed high thermal stability as well as high catalytic activity, successfully coupling
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a range of aryl bromides and activated aryl chlorides using low catalyst loadings (0.5 mol%). The
use of bulkier, electron-donating ligands enabled the use of aryl chlorides in the Mizoroki-Heck

reaction.?®

~N ~N
AN A
\ Pd~| 25 Pd~|
N—( N—(
N\ N~
Pd-25 Pd-26

Figure 5.2: Pd-NHC pre-catalysts, Pd-25 and Pd-26 used in the Mizoroki-Heck reaction.?

Herrmann and co-workers then tested a range of different NHC-substituted
phosphapalladacycles in the Mizoroki-Heck reaction.?” The combination of the palladacycle with
the electron-donicity of the NHC enabled the coupling of 4-chloroacetophenone with styrene in
high turnover number (TON).?” Fu and co-workers demonstrated on the use of P(‘Bu)s and PCys
in the Mizoroki-Heck reaction, which enabled them to successfully couple aryl chlorides using
Cs,COs as base, although the reaction temperature was still high (100 °C).?® The reaction
conditions were further investigated by Fu and co-workers, in order to lower the reaction
temperature. Simply swapping the base to Cy.NMe allowed the authors to couple activated aryl
chlorides with alkenes (Scheme 5.4).% Unfortunately unactivated aryl chlorides again needed

high reaction temperatures (100-120 °C).%

Pd,(dba)sz (1.5 mol%)

Cl ' R’
| A N R P('Bu)s (3-6 mol%) @/\,
R /) Cy,NMe (1.1 equiv.) R
1,4-dioxane
MeO,C
CO,Me
X-Ph | X Ph | 2
/©N |
O NC N/
(6]
78% 90% 72% 76%

(rt.) (rt) (120 °C) (100 °C)
Scheme 5.4: The use of P(‘Bu)s with Cy:NMe in the Mizoroki-Heck reaction.?

Careful selection of ligand and base by Xu and co-workers facilitated a reduction in the reaction
temperature for unactivated aryl chlorides.>° Electron-rich DavePhos (2-dicyclohexylphosphine-
2’-(N,N-dimethylamino)biphenyl) was chosen as ligand in combination with Pd(OAc),, and the

use of an organic ionic base, TBAE (2-(tert-butylamino)ethanol), was reasoned to be an
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important factor.3® Unactivated aryl chlorides were successfully coupled at 80 °C in 1,4-dioxane

(Scheme 5.5).

[Pd(OAC),] 2 mol%

| ! + \\_@ DavePhos (6 mol%), X
R// TBAE (2 equiv.) |//

1,4-dioxane (1 mL), R
80 °C, 24 h
MeO
OMe
95% 95% 99% 99%

Scheme 5.5: Coupling of unactivated aryl chlorides using Pd(OAc), and DavePhos.*°

Nolan and co-workers reported an in situ system consisting of Pd(OAc), and IMes-HCI (N,N“bis-
[2,4,6-(trimethyl)phenyl]imidazol-2-ylidene).3! The coupling of different aryl bromides with n-
butyl acrylate was reported in short reaction time. 4-Bromobenzaldeyhde was coupled with n-

butyl acrylate in 99% yield in just 15 min (Scheme 5.6).3*

. coonsy  [PA(OAC)] 2 mol% o o
| X + /) IMes-HCI (4 mol%), _ | A O"Bu
V& Cs,CO3 (2 equiv.) -
R DMAc (1 mL), R
120 °C
o
o o)
- - |o N 0"Bu
n n
o 0"Bu 0"Bu NN0"Bu
X NC
OMe
15 min, 99% 30 min, 99% 60 min, 94% 60 min, 99%

Scheme 5.6: The coupling of n-butyl acrylate with different aryl bromides using an in situ

system of [Pd(OAc),] and IMes-HCI.3!

The use of a Pd(0)-NHC complex in the Mizoroki-Heck reaction was reported by de Vries and
Minnaard, coupling 4-iodoanisole with a variation of different Michael acceptors (Scheme 5.7).3?
As the Pd(0)-NHC complex is a well-defined complex, the Pd:ligand ratio is 1:1, eliminating the
need for excess ligand. CsOPiv was used as base at 80 °C in dimethylformamide (DMF).
Interestingly by switching the base to NBus, a conjugated addition of the aryl halide with the

Michael acceptor was observed (Scheme 5.7).3
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OMe Conjugated addition Mizoroki-Heck coupling OMe
_ Pd-27 (1.5 mol%) b, o Pd-27 (1.5 mol%)
0 NBuj3 (4.5 equiv.) vaz CsOPiv (2 equiv.) o)
! 80 °C, 18 h, DMF MeO 80 °C, 18 h, DMF o
R’ R? R R2
p N OMe OMe OMe
o
: " @ @ '
o o
. S | ~ | O
slepae

80% 80% 64%

Scheme 5.7: The use of a Pd(0)-NHC catalyst in the Mizoroki-Heck reaction.3?

Using the same NHC ligand, Ying and Kantchev reported a cyclopalladated complex (Pd-28) with
N,N-dimethylbenzylamine and IMes (IMes = N, N’-bis-(2,4,6-trimethylphenyl)imidazol-2-ylidene)
as ligands, it is easily accessed by a one-pot reaction of N,N-dimethylbenzylamine, PdCl; and
IMes-HCI (Figure 5.3).3 Unlike the Pd(0)-NHC mentioned before, this complex and catalyst is air
and moisture stable. This eases not only the procedure for catalysis but also the handling and
storage of the pre-catalyst. Very low catalyst loading was needed, ranging from 10 ppm to 2
mol%. Mild inorganic bases such as carbonate bases (K,COs) were used for most substrates. A
wide scope was established coupling aryl bromides, iodides and triflates with a range of different
acrylate derivatives (nitrile, tert-butyl ester and amides) as well as styrene derivatives.>® A para-
pyridine linked NHC palladium complex (Pd-29) was reported by Sun and Ong, coupling fused
polyaromatic bromides with styrene (Figure 5.3).3% The resulting cross-coupling products are
used in optoelectronic chemistry and devices. Low catalyst loading was needed (0.1 mol%) with

a mild inorganic base resulting in moderate to high yield.?*
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N
7\ o
M/ . /) = ,[«, =\
N. N ,Pr—NYN H,N N_ N-R
i) i) i) Y
Cl—Pd—Cl
Br—Pd—Br
Pd-Cl /k ; N
NMe N NP i |
g :
N /
Pd-28 Pd-29 Pd-30

Figure 5.3: Pd-NHC complexes by Kantchev and Ying (i)*3, Sun and Ong (ii)** and Liu and Lin

(iii).>

[PdBry(NHC)PEPPSI], Pd-30 (Figure 5.3, iii) was used for the coupling of aryl chlorides with
styrene in DMF (Scheme 5.8).3° K,COs was used as a base in combination with a phase transfer
reagent, tetrabutylammonium bromide (TBAB). Moderate to good yields were obtained but high
temperatures (140 °C) were needed, as well as a reaction time of 15 hours. Interestingly the
formation of nanoparticles was observed and proven by using dynamic light scattering,
transmission electron microscopy and the mercury poisoning test.® It was postulated that these
nanoparticles can influence the catalytic reaction, it was not specified if this was hindering or

aiding the Mizoroki-Heck reaction.?®

B c . Pd-30 (1.5 mol%) _ PN
AL K,COj3 (2. equiv.), TBAB (1.5 equiv.) I//

DMF (2 mL),140 °C, 15 h R'
0 FsC O,N
(6]
68% 94% 77% 31%

Scheme 5.8: Pd-30 as pre-catalyst for the coupling of aryl chlorides in the Mizoroki-Heck

reaction.®

The [Pd(u-Cl)CI(NHC)], complexes from Cazin, introduced in Chapter 3, were also successfully
tested in the Mizoroki-Heck reaction.®® Four different pre-catalysts were initially tested with very
low catalyst loading (20 ppm) (Scheme 5.9). 4-Bromotoluene and styrene were coupled in good
yield using two equivalents of KHCO; in DMF at 120 °C. The most active pre-catalyst was [Pd(p-

Cl)CI(SIPr)]2, which coupled a range of activated, deactivated and sterically hindered aryl
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bromides with styrene.3® Examples included, heteroaromatic substrates such as 3-
bromopyridine and 3-bromoquinoline, which were coupled with styrene in good to excellent
yield. The catalyst loading was increased to 200 ppm, which still represented a very low catalyst

loading in comparison with previous reports, but the reaction temperature was increased to

140 °C.%
4 )\
N— -
: I\ O
X~ 3
o, \\_O Cat [Pd] 20 ppm O
KHCO3; (2 equiv.)
Cl—Pd-Cl 120 °C, 10 h, DMF
Cl—Pd Entry Catalyst Conversion (%) TON
J\/b 1 [Pd(u-CI)CI(SIPr)], 83 41500
N > 2 [Pd(p-CI)CI(IPT)], 75 37500
/"—\ =/ X 3 [Pd(p-CI)CI(SIMes)], 73 36500
[Pd(u-CI)CI(SIP)], 4 [Pd(u-CI)Cl(IMes)], 59 29500
. J

Scheme 5.9: The use of [Pd(u-CI)CI(NHC)], complexes in the Mizoroki-Heck reaction.®®

Navarro and co-workers carried out a Mizoroki-Heck reaction with [Pd(Cl),(TEA)(SIPr)] using
microwave radiation in order to reduce the reaction time as much as possible (Scheme 5.10).%’
The investigation firstly focused on the coupling of aryl bromides and chlorides to styrene. The
optimal conditions for the case of aryl bromides required normal heating at 140 °C, 1 mol%
catalyst loading and K,COs as base in combination with TBAB as phase-transfer reagent. The
catalysis was carried out in air, demonstrating the stability of the catalyst and the robustness
protocol. The scope was extended to aryl chlorides.” By applying microwave conditions a variety
of different aryl chlorides were coupled in good to excellent yield as well as very short reaction

time (12 min to 60 min).
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N ¢ \\_@ [PA(CI,(TEAYSIP 1 molte, (™ S
% K,CO3 (2 equiv.), Y&
R TBAB (1.5 equiv.) R
160 °C, MW, DMF

[Pd(CI)Z(TEA)(SIPr)])

Scheme 5.10: The use of microwave irradiation in the Mizoroki-Heck reaction.?’
The behaviour of NHC-M species in the presence of aliphatic amines was explored in a recent
study from Ananikov and co-workers.® The activation of Pd(l1)(NHC)X.L to Pd(0) was studied and
the effect in the Mizoroki-Heck reaction. Two transformations were proposed: (i) the formation
of metal clusters or nanoparticles and azolium salt and (ii) the formation of bis NHC complexes,
M(NHC)X; from M(NHC)X;L (Scheme 5.11). The formed metal species from (i) is a highly
catalytic active Pd(0) species which enters the catalytic cycle. The formed bis-NHC metal
complex in transformation (ii) was described as a molecular reservoir, where the complex
decomposed over time to release the active metal species. This was described as a dynamic

catalytic system having a fast release of active species in combination with a slow release.3®

catalysis
o [Pd]active —y>
(e
2
Pd(NHC)X,L mOIeCUIa slow release
W

PA(NHC),X,

Scheme 5.11: Dynamic catalytic system, illustrating the fast and slow release of the active

species.®

Although the Mizoroki-Heck reaction is widely used in academia and industry the lack of mild

reaction conditions and low catalyst loading in combination remains. We were interested if the
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previously introduced palladate complexes could solve this problem. As mentioned in Chapter 3
and 4 these complexes are highly active pre-catalysts for several cross-coupling reactions,

resulting in low catalyst loading and mild reaction conditions.
5.2 Results and discussion

Based on the previously discussed positive results of [NHC-H][Pd(n3-R-allyl)Cl,] complexes in the
Suzuki-Miyaura, Buchwald-Hartwig and ketone arylation reactions, an investigation into the
catalytic activity of [NHC-H][Pd(n3-R-allyl)Cl;] in the Mizoroki-Heck reaction was undertaken.
Previous reports highlight the importance of the electronic properties of the NHC ligand towards
catalytic activity, thus [NHC-H][Pd(n3-R-allyl)Cl;] complexes bearing NHC ligands with different
steric and electronic properties were synthesised. In total five different NHC ligands were used

in the [NHC-H][Pd(n3-cin)Cl;] skeleton (Scheme 5.12).

. R-N_N-R
=@ g & Te
2 RNGNR o (pg? SPd—) —— N
Cb Cl Cl\ /CI
R @Pld
XA"R'
Sl SR oD SR e
T M
o o cf S o o
4 ©Pd 4
Pd(ate)-1 Pd(ate)-2 Pd(ate)-3
[IPr-H][Pd(n3-cin)Cl,] [SIMes-H][Pd(n®-cin)Cl,] [SIPr-H][Pd(n3-cin)Cly]
cl,  Cl Ph ph_Ph
N Y=Y
N__N NN
q/Y /QPh h
a e o
cl cl
ord ord
<~ O \\'//\@
Pd(ate)-4 Pd(ate)-5
[IPrC-H][Pd(n3-cin)Cl] [IPr*-H][Pd(n3-cin)Cly]

Scheme 5.12: [NHC-H][Pd(n3-R-allyl)Cl,] complexes bearing five different NHC ligands used in

this study.
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The effect of the substitution of the allyl ligand is known to be an important factor in the
activation step of the pre-catalyst to the active species in cross-coupling reactions. It was
postulated by Nolan and co-workers that the substitution on the allyl moiety can decrease the
stability of the palladium complex.3® This can be due to the steric bulk around the palladium
centre and by decreasing the back-bonding from the palladium to the alkene. Furthermore if the
allyl moiety is less tightly bound to the palladium, it will be more prone to nucleophilic attack or

reductive elimination, depending which activation pathway is considered.*

Hazari and co-workers studied the activation of [PdCl(n3-R-allyl)(NHC)] complexes and the effect
of the substitution of the allyl ligand, experimentally and computationally.** The activation
pathway found featured a comproportionation step of [PdCl(n3-R-allyl)(NHC)] and IPr-Pd(0),
which resulted in the dimer formation, [Pda(u-Cl)(IPr)2(allyl)] (Scheme 5.13). It is postulated that
these dimer complexes are present during the catalysis and decreased the amount of the active
species IPr-Pd(0).** Further studies into this pathway reveal that steric bulk on the 1-position of
the allyl ligand, such as crotyl and cinnamyl can increase the kinetic barrier to

comproportionation and therefore hinder the dimer formation.*

IPr Ph

S

2

Pd'\ + IPr—Pd® — = |Pr—Pd'—=pql—

LS = S pd—IPr
Cl

Ph
Scheme 5.13: Comproportionation of [PdCI(n3-R-allyl)(IPr)] and IPr-Pd(0).**

Further investigations focused on the substituent on the 2-position of the allyl ligand, and its
role in catalysis.** A detailed study was carried out using different substituents on the 2-
position.*? Interestingly it was postulated that the speed of activation of Pd(ll) is not solely
responsible for the catalytic activity. Moreover the stability of the Pd(l) dimer is of importance.
A Pd(ll) pre-catalyst that forms a thermodynamically destabilised Pd(l) dimer is more
catalytically active than a Pd(Il) pre-catalyst that forms a thermodynamically stabilised Pd(l)
dimer.*? Hazari and co-workers used the newly acquired knowledge to develop a pre-catalyst
scaffold, namely [Pd(n3-1-‘Bu-indenyl)(u-Cl)]2 (Scheme 15.14).%3

i) NaCl, 50 °C, 2 h
ii) 1-R-indene, Na,COs,

rt, 2h,MeOH
Pdcl o ©:§ d~ /Pd_s/:© Etzo
rt., 90 min

R=H, Me, 'Pr, Bu L = NHC, phosphine ligand

Scheme 5.14: Synthesis of [Pd(n3-1-'Bu-indenyl)(u-Cl)], and [PdCI(n3-1-'Bu-indenyl)(L)].*®
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The new Pd dimer is compatible with NHC ligands as well as with phosphine ligands.*® The
absence of the Pd(l) dimer formation is reasoned to be responsible for its high catalytic activity.
Pre-catalysts bearing the n3-1-'Bu-indenyl ligand were tested in the Suzuki-Miyaura and
Buchwald-Hartwig amination reactions and gave high catalytic activity.** With this in mind,
different ancillary ligands were tested in the palladate scaffold: [Pd(n3-allyl)(u-Cl)]2, [Pd(n3-
crotyl)(u-Cl)]2, [Pd(n3-2-Me-allyl)(u-Cl)]2, [Pd(n3-cin)(u-Cl)l2 and [Pd(n3-1-'Bu-indenyl)(u-Cl)]2
(Scheme 5.15).

\®
Cle ~ R’N\rN‘R
N/_—\l\(la cl H
2 RTNZTR 4 g(—Pd: :Pd% —> o T
o @\Pld/
X R
Y N/—\hga\-/ b N/—\Nca\( Y N/—\N@\(
q/\(:g \(:g q/\(
/H\ /H\ /H\
¢l ol cl ol ci ol
ord ord ord
~ o~ ﬁl//
Pd(ate)-16 Pd(ate)-10 Pd(ate)-11

[SIPr-H][Pd(n3-ally)Cl,]  [SIPr-H][Pd(n3-crotyl)Cl,]  [SIPr-H][Pd(n3-2-Me-allyl)Cl,]

s N/_\I\CID\:'/ Y N/—\N@\e/
7 7
%YP qy
/H\ /H\
ci ci ol
/ /

\ \
©Pd ©Pd
\'\/\@
Pd(ate)-3 Pd(ate)-12
[SIPr-H][Pd(n3-cin)Cl,] [SIPr-H][Pd(n3-Ind®¥)Cl,]

Scheme 5.15: [NHC-H][Pd(n3-R-allyl)Cl,] pre-catalysts bearing different ancillary ligands on the

palladium.

The catalytic investigation was started using 4-bromotoluene (0.5 mmol) and styrene (1.5 equiv.)
as model substrates. Initial cross experiments were conducted using seven different palladate
pre-catalysts, namely [SIMes-H][Pd(n3-cin)Cl,] Pd(ate)-2 (SIMes = N,N’-bis-(2,4,6-
trimethylphenyl)imidazolidin-2-ylidene), [SIPr-H][Pd(n3-cin)Cl,] Pd(ate)-3 (SIPr = N,N’-bis-[2,6-
(di-iso-propyl)phenyllimidazolidin-2-ylidene), [IPr-H][Pd(n3-cin)Cl,] Pd(ate)-4 (IPr" = N,N’-bis-
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[2,6-(di-iso-propyl)phenyl-4,5-dichloro]imidazol-2-ylidene), [IPr*-H][Pd(n3-cin)Cl,] Pd(ate)-5
(IPr* = N,N’-bis-[2,6-bis(diphenylmethyl)-4-methylphenyl]imidazol-2-ylidene), [SIPr-H][Pd(n3-
crotyl)Cl,] Pd(ate)-10, [SIPr-H][Pd(n3-2-Me-allyl)Cl;] Pd(ate)-11 and [SIPr-H][Pd(n3-Ind®")Cl,]
Pd(ate)-12, plus Pd(ate)-3 with TBAB as additive. Furthermore four commonly used inorganic
bases were selected; K,COs, KsPO4, KOH and KO'Bu in combination with three different solvents;
n-BuOH, Me-THF and toluene (Table 5.1).

Table 5.1: Initial studies for the Mizoroki-Heck reaction

Br \ Pd] 1 mol% 4,
/©/ + \—O Base (2 equiv.) O
80 °C, 16 h,

Solvent (0.25 M)

L

Pre-catalysts Bases Solvents
[SIMes-H][Pd(n3-cin)Cl,] K,CO3 n-butanol
[IPrC-H][Pd(n3-cin)Cl,] K3PO, 2-methyl terahydrofuran
[SIPr-H][Pd(n3-cin)Cl,] KOH toluene
[IPr*-H][Pd(n3-cin)Cl,] KOBu

[SIPr-H][Pd(n’-crotyl)Cl,]
[Slpr H][pd(n?’-Z-Me-aIIyI)Clz]
[SIPrH][Pd(n®Ind®*)Cl,]

Reaction conditions: In the glovebox, a vial was charged with the pre-catalyst, base (2 equiv.),
solvent (0.25 M) and a magnetic stir bar and sealed with a screw cap. 4-bromotoluene (0.5
mmol) was added followed by styrene (1.5 equiv.). The reaction was left to stir (910 rpm) for 16
h at 80 °C. Average of two runs, mesitylene (0.01 mmol) was used as internal standard.

The resulting 96 experiments helped to gain insight into the most ideal reaction conditions (See
Chapter 9.5.5.3, Table S-36). Interestingly for the Mizoroki-Heck reaction, the activation step,
which was essential for the Suzuki-Miyaura (Chapter 3) and Buchwald-Hartwig amination
reactions (Chapter 4) is not needed. 'H NMR experiments showed no reaction between the
palladate and the styrene in solution. This means the activation of the palladate pre-catalyst can

occur in the presence of the coupling substrates, without the coupling substrates interfering.

The best pre-catalysts from this study were identified as Pd(ate)-10, Pd(ate)-11 and Pd(ate)-12.
Crystal structures of these complexes were obtained from single-crystal x-ray diffraction and as

discussed in Chapter 2, these three palladate complexes showed similar configuration in space.
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Figure 5.4: Single crystal structure of Pd(ate)-10 (left) and Pd(ate)-11 (right)

Figure 5.5: Single crystal of Pd(ate)-12

In the conditions screened, the best conversions were obtained in alcohol solvent in
combination with carbonate and hydroxide bases. A second set of experiments were set up using
the three best palladates, four different alcohol solvents: iso-propanol, 2-butanol, ethanol and
2-methyl-butan-2-ol, four different carbonate bases: K,COs, KHCOs, Cs,COs, Na,COs, and four
different hydroxide bases: LiOH-H,0, NaOH, KOH and KOAc. The resulting 96 experiments (See
Chapter 9.5.5.3, Table S-37) gave very promising results, illustrating the high catalytic activity of
the palladate pre-catalyst in the Mizoroki-Heck reaction, as most experiments resulted in high
or full conversion (>90%). Unfortunately most of the experiments showed homo-coupling of the

aryl bromide by gas chromatography analysis.

Before continuing the base/solvent optimisation, the ideal pre-catalyst was determined (Table
5.2). The three pre-catalysts gave full conversion when KOH in ethanol was used, therefore these
conditions were used, and the catalyst loading was gradually dropped (Table 5.2). Four different
catalyst loadings were tested and [SIPr-H][Pd(n3-2-Me-allyl)Cl,] maintained excellent reactivity

at 0.3 mol% .
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Table 5.2: Optimisation of the catalyst loading.

Br \\_O [Pd] mol% X O
KOH (2 equiv.)

80 °C, 16 h,
ethanol (0.25 M)
Entry Pre-catalyst Catalyst loading GC yield(%)
mol%
1 [SIPr-H][Pd(n3-2-Me-allyl)Cl,] 1 99
2 [SIPr-H][Pd(n*-crotyl)Cl,] 1 99
3 [SIPr-H][Pd(n3-Ind®BY)Cl,] 1 99
4 [SIPr-H][Pd(n3-2-Me-allyl)Cl,] 0.5 99
5  [SIPr-H][Pd(n3-crotyl)Cly] 0.5 99
6 [SIPr-H][Pd(n3-IndBY)Cly] 0.5 86
7 [SIPr-H][Pd(n3-2-Me-allyl)Cl,] 0.3 99
8  [SIPr-H][Pd(n3-crotyl)Cl,] 0.3 78
9 [SIPr-H][Pd(n3-IndBY)Cly] 0.3 86
10 [SIPr-H][Pd(n3-2-Me-allyl)Cl,] 0.1 45
11 [SIPr-H][Pd(n3-crotyl)Cl,] 0.1 35
12 [SIPr-H][Pd(n3-Ind®BY)Cl,] 0.1 35

Reaction conditions: In air, a vial was charged with the pre-catalyst, KOH (2equiv.), ethanol (0.25
M) and a magnetic stir bar and sealed with a screw cap. 4-bromotoluene (0.5 mmol) was added
followed by styrene (1.5 equiv.). The reaction was left to stir (910 rpm) for 16 h at 80 °C. Average
of two runs, mesitylene (0.01 mmol) was used as internal standard.

With these preliminary conditions determined, an extensive optimisation was conducted. Firstly
focusing on the optimal base and solvent combination. Four bases, K,COs, NaOH, KOH and
Cs,CO; were selected as all previously shown high conversions and no homo-coupling, in
combination with iso-propanol, 1-butanol, ethanol and 2-methyl-but-2-ol (Table 5.3). Five
base/solvent combinations showed high conversions; NaOH/1-butanol (Table 5.3, entry 6),
KOH/iso-propanol (Table 5.3, entry 9), KOH/ ethanol (Table 5.3, entry 12), Cs,COs/iso-propanol
and Cs,COs/1-butanol (Table 5.3, entry 14). The five entries were rerun decreasing the catalyst
loading from 0.3 mol% to 0.1 mol%, revealing the best combination to be KOH/iso-propanol as

full conversion was obtained, even at 0.1 mol%.
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Table 5.3: Base/Solvent screening.

Pd(ate)-11 0.1 mol%

Base (2 equiv.)
Solvent (0.25 M)

Ps

LI

80 °C, 16 h,

Entry Base (2 equiv.) Solvent (0.25 M) GC yield(%)
1 K,CO3 iso-propanol n.r.
2 K,COg3 1-butanol n.r.
3 K,CO3 2-methyl-but-2-ol 18
4 K,COs3 ethanol 70
5 NaOH iso-propanol n.r.
6 NaOH 1-butanol 99
7 NaOH 2-methyl-but-2-ol n.r.
8 NaOH ethanol 74
9 KOH iso-propanol 99
10 KOH 1-butanol 80
11 KOH 2-methyl-but-2-ol 80
12 KOH ethanol 99
13 Cs,CO;3 iso-propanol 95
14 Cs,CO;3 1-butanol 90
15 Cs,CO;3 2-methyl-but-2-ol 37
16 Cs,CO;3 ethanol 70

Reaction conditions: In air, a vial was charged with the pre-catalyst, base (2 equiv.), solvent (0.25

M) and a magnetic stir bar and sealed with a screw cap. 4-bromotoluene (0.5 mmol) was added
followed by styrene (1.5 equiv.). The reaction was left to stir (910 rpm) for 16 h at 80 °C. Average

of two runs, mesitylene (0.01 mmol) was used as internal standard.

The optimal base equivalence was determined, being able to reduce the number of equivalents

from 2 to 1.1 without any loss of reactivity. Next, the optimal stoichiometry of styrene was

determined, being able to reduce the number of equivalents to 1.1 from the original 1.5. A time

optimisation was conducted following the reaction over 5 hours (Table 5.4). After 4 hours the

reaction reached full conversion.
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Table 5.4: Time optimisation

Br A Pd(ate)-11 0.1 mol% _
KOH (1.1 equiv.) ~

iso-propanol (0.25 M)

L

80 °C,
Entry Time (min) GC yield(%)
1 15 20
2 30 25
3 45 50
4 60 72
5 120 85
6 180 91
7 240 99
8 300 99

Reaction conditions: In air, a vial was charged with the Pd(ate)-11, KOH (1.1 equiv.), iso-propanol
(0.25 M) and a magnetic stir bar and sealed with a screw cap. 4-bromotoluene (0.5 mmol) was
added followed by styrene (1.1 equiv.). The reaction was left to stir (910 rpm) for the
corresponding time at 80 °C. Average of two runs, mesitylene (0.01 mmol) was used as internal
standard.

Lastly the reaction temperature was investigated. However, gradually lowering the reaction

temperature resulted in loss of reactivity, therefore 80 °C was kept. The optimal conditions are

Br N \\_@ Pd(ate)-11 0.1 mol% O S O
KOH (1.1 equiv.)

80°C,4h,
iso-propanol (0.25 M)

shown in Scheme 5. 16.

Scheme 5.16: Optimised conditions for the Mizoroki-Heck reaction.
Noteworthy is the catalyst loading of Pd(ate)-11 which could be lowered to 0.1 mol%, in
combination with reaction temperature of 80 °C. Although very low catalyst loading and
moderate reaction temperatures have been reported before, in combination it is rare. With the
optimal conditions in hand the pre-catalyst was examined. The catalyst screening was divided in
two parts. Firstly, a range of SIPr containing palladate complexes were tested, bearing different
ancillary ligands. All five entries showed good to excellent conversion, although homo-coupling

was observed in the GC spectrum using [SIPr-H][Pd(n3-crotyl)Cl,] (Table 5.5; entry 3) and
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[SIPr-H][Pd(n3-cin)Cl,] (Table 5.5; entry 4). Therefore the best ancillary ligand was determined to
be 2-Me-allyl.

Table 5.5: Catalyst screening; Part 1.

L

Br \\—O [Pd] 0.1 mol% O
KOH (1.1 equiv.)
80 °C, 4 h,
iso-propanol (0.25 M)

Entry Pre-catalyst GC conversion (%)
1 Pd(ate)-16 91
2 Pd(ate)-11 99
3 Pd(ate)-10 97*
4 Pd(ate)-3 97*
5 Pd(ate)-12 87
N— ~ N— -~
T M@ ¥ Y M@ ¥ Y e’
S g Y iy D
A A H
cl Cl cl Cl 1o
\ \ o
@Pld @Pld OPd
N4 N~ 'Y
Pd(ate)-16 Pd(ate)-10 Pd(ate)-11

[SIPr-H][Pd(n®-allyl)Cly]  [SIPr-H][Pd(n®croty)Clo]  [SIPr-H][Pd(n3-2-Me-allyl)Cl,]

~
Y N/—\hclav—: Y @
ey QY?@
/H\ /H\
cl ol ci ol
ord opd
\I\/\©
Pd(ate)-3 Pd(ate)-12
[SIPr-H][Pd(n3-cin)Cly] [SIPr-H][Pd(n*-Ind®®")Cl,]

*Homocoupling was observed in the GC spectrum. Reaction conditions: In air, a vial was charged
with the pre-catalyst (0.1 mol%), KOH (1.1 equiv.), iso-propanol (0.25 M) and a magnetic stir bar
and sealed with a screw cap. 4-bromotoluene (0.5 mmol) was added followed by styrene (1.1
equiv.). The reaction was left to stir (910 rpm) for 4 h at 80 °C. Average of two runs, mesitylene
(0.01 mmol) was used as internal standard.
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The second part of the catalyst screening involved changing the NHC ligand on the palladate.
Five NHC with varying electronic and steric properties were chosen and the corresponding
palladates were synthesised. All pre-catalysts showed excellent reactivity in the Mizoroki-Heck
reaction. Furthermore the previously chosen [SIPr-H][Pd(n3-2-Me-allyl)Cl,] pre-catalyst shown
to be the ideal choice (Table 5.6, entry 1).

Table 5.6: Catalyst screening; Part 2.

B\ [Pd] 0.1 mol% S O
/©/ +\_© KOH (1.1 equiv.) O

80 °C, 4 h,
iso-propanol (0.25 M)

Entry Pre-catalyst GC conversion (%)

1 Pd(ate)-11 99

2 Pd(ate)-14 99*

3 Pd(ate)-18 97*

4 Pd(ate)-20 92

5 Pd(ate)-21 93

Y meY Y meY PP i~

@Y/N Y @g: DS

AN N it
ci o ci o Ph of »
@Pld @Pld OP4
Y Y Y

Pd(ate)-11 Pd(ate)-18 Pd(ate)-14

[SIPr-H][Pd(n3-2-Me-allyl)Cl,] [IPr-H][Pd(n3-2-Me-allyl)Cl,] [IPr*-H][Pd(n3-2-Me-allyl)Cl,]

n-Bu__n-Bun-Bu._n-Bu Et Et
~ ~ \~Et Bt~
s —\® = s /e :
NYN N /Np
n-Bu” H n-Bu , EtHEt
n-Bu -\ n-Bu Et ./ Et
cl cl cl cl
N/ \ /
OPd OPd
IY \I\(
Pd(ate)-20 Pd(ate)-21
[IHept-H][Pd(n3-2-Me-allyl)Cl5] [IPent-H][Pd(n3-2-Me-allyl)Cl,]

*Homocoupling was observed in the GC spectrum. Reaction conditions: In air, a vial was charged
with the pre-catalyst (0.1 mol%), KOH (1.1 equiv.), iso-propanol (0.25 M) and a magnetic stir bar
and sealed with a screw cap. 4-bromotoluene (0.5 mmol) was added followed by styrene (1.1
equiv.). The reaction was left to stir (910 rpm) for 4 h at 80 °C. Average of two runs, mesitylene
(0.01 mmol) was used as internal standard.
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The substrate scope was then explored. Firstly electronically different aryl bromides and
chlorides were coupled with styrene. Excellent yields were obtained for the aryl bromide entries,
independently of the electronic properties (Scheme 5.18, 7a-7e).

The aryl chloride containing entries resulted in moderate to good yield, although the reactivity
dropped drastically as soon as steric bulk was introduced as seen for 2-chlorotoluene (Scheme
5.17, 7g). Pleasingly this was not the case for aryl bromides, where steric bulk was not an issue.
2-Bromotoluene (Scheme 5.17, 7g), 3-bromoanisole (Scheme 5.17, 7f) and 1-bromo-3-
fluorobenzene (Scheme 5.17, 7h) were all coupled to styrene in good to excellent yield. More
bulky coupling substrates such as 2-bromonaphthalene and 2-bromobiphenyl were also coupled
with styrene in excellent yield (Scheme 5.17, 7i,7j). Considering the promising results, more

challenging substrates were next considered.
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X Pd(ate)-11 0.5-0.1 mol% __ S O R?
|// ,/ KOH (11 equivy, O
1

iso- propanol (0.25 M),

RX =Cl, Br 80°C,4h =Y 7
Meoc/‘\,wleo/‘\,
7a 7b 7c 7d
X = Br: 99% X = Br: 98% X =Br: 97% X =Br: 95%
X =Cl: 80% X =Cl: 50% X =Cl: 65% X=Cl:61%
FSC/‘/\/‘ ,/\/‘ ,/\/‘
7e
X = Br: 98% X= Br 91% X= Br- 87% X= Br 95%
X=Cl:70% X =Cl: 63% X = Cl: no conv X=Cl:65 %

L

7k
X =Br:92% X =Br: 90% X =Br:78%
’/\"
MeO MeOC
71 7m
X =Br: 98% X =Br:97%

Scheme 5.17: Scope of the Mizoroki-Heck reaction; Part 1. Reaction conditions: In air, a vial was
charged with [SIPr-H][Pd(n3-2-Me-allyl)Cl,] (0.1 mol%), KOH (1.1 equiv.), iso-propanol (0.25 M)
and a magnetic stir bar and sealed with a screw cap. The corresponding aryl halide (0.5 mmol)
was added followed by the corresponding alkene (1.1 equiv.). The reaction was left to stir (910
rpm) for 4 h at 80 °C. Average of two runs. Isolated yields.

Heteroatom containing substrates are widely desired as these motifs are seen in a variety of
drug molecules, natural products and polymers.

Therefore, the coupling of these substrates is very important to study. The main challenge is the
possible coordination of heteroatoms such as nitrogen or oxygen to the palladium centre. This
can, in the worst case, completely hinder the catalysis. E-6-styrylisatin is known to be a reversible
inhibitor of human monoamine oxidase (MAO) A and B.* A relationship between the MAO-B
enzyme and neuropsychiatric/degenerative disorders was found, therefore a development of

inhibitors of MAO-B is a major interest as it could treat a number of neurological diseases.*® The
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only published synthesis of E-6-Styrylisatin contains three steps. The starting substrate is diethyl-
4-nitrobenylphosphonate which is reacted with benzaldehyde to form 4-nitrostilbene. Next
reduction of a nitro group is performed using SnCl,/HCI to yield aminostilbene. Treatment of
aminostilbene with diethyl ketomalonate in the presence of acetic acid, followed by the
oxidative decarboxylation of the resulting 3-hydroxy-2-oxindoyl intermediate yields the product,

E-6-styrylisatin in 77% yield (Scheme 5.18).

/©A /\© NaOEt
O,N OEt
02N
diethyl
SnCl/HCI ketomalonate
reflux CH3COZH
NaOH H2N 120 °C N

7%
Scheme 5.18: Reported synthesis of E-6-styrylisatin.*’

Using the established protocol for the Mizoroki-Heck reaction E-6-styrylisatin was synthesised
in 97% vyield from two commercially available starting material in 4 hours using mild reaction
conditions (Scheme 5.19, 8a).

A range of heteroaryl bromides could be coupled including 5-bromoindole to give E-5-(4-
methylstyryl)-1H-indole (Scheme 5.19, 8b). This is an intermediate in the synthesis of novel small
molecule inhibitors of 25-hydroxyvitamin D-25-hydroxylase.*® Further demonstrating the
synthetic utility of the developed protocol, 3-bromopyridine (8c, 82%), 3-bromoquinoline (8d,
95%) and 5-bromopyrimidine (8e, 88%) were also coupled with styrene in good to excellent

yield.
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C: 2
Br . X 0.1 mol% [SIPr-H][Pd(n3-cin)Cl,], D R
K3POy (1.1 equiv.) o @

R R? 1

R 8
80°C,4h
—
8a

1 iso-propanol (0.25 M)
C] |
\
N
o N H
8b 8c

97% 98% 82%
N
S »
O A N A~
~
N
8d 8e
95% 88%

Scheme 5.19: Scope of the Mizoroki-Heck; Part 2. Reaction conditions: In air, a vial was charged
with [SIPr-H][Pd(n3-2-Me-allyl)Cl,] (0.1 mol%), KOH (1.1 equiv.), iso-propanol (0.25 M) and a
magnetic stir bar and sealed with a screw cap. The corresponding aryl halide (0.5 mmol) was
added followed by the corresponding alkene (1.1 equiv.). The reaction was left to stir (910 rpm)
for 4 h at 80 °C. Average of two runs. Isolated yields.

5.3 Conclusion

An extensive investigation was conducted into the catalytic activity of the palladate pre-catalysts
in the Mizoroki-Heck reaction. Different palladates were tested bearing electronically and
sterically different NHC ligands. The use of different allyl ligands was investigated, resulting in 2-
Me-allyl being identified as optimal. Many different common solvents were tested, showing a
clear favour for alcohol solvents. Base/solvent cross experiments were conducted to establish
the ideal protocol. Very low catalyst loading was needed to achieve high yield in a variation of
substrates. Overall different aryl bromides and chlorides were tested. Steric bulk on the aryl
bromide was tolerated, without loss of reactivity. Biologically interesting heteroatom-containing
aryl bromides were successfully coupled with styrene using the optimised protocol including a
significant improvement in the synthesis of E-6-styrylisatin. Overall [SIPr-H][Pd(n3-2-Me-allyl)Cl;]
was a highly catalytic active pre-catalyst for the Mizoroki-Heck reaction using low catalyst
loading (0.1 mol%) under mild conditions and moderate temperatures. The coupling of

challenging substrates was possible and more investigation into similar substrates should follow.
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Chapter 6
Palladium catalysed C-H activation of
alkynes with aryl halides

6.1 The Sonogashira Reaction

The catalytic coupling of aryl/vinyl halides with terminal acetylenes is widely known as the
Sonogashira reaction. First reported by Heck® and Cassar? in 1975, it included the coupling of
aryl halides with alkynes using catalytic amounts of palladium without the need of copper, but
high reaction temperatures (100 °C) and led to low to moderate yields. The initial report of
Sonogashira, Tohda and Hagihara in 19753 however described the sp?-sp carbon-carbon bond
formation catalysed at room temperature by PdCl;(PPhs); and Cul as a co-catalyst, with the

addition of copper improving the coupling yields immensely.

2

| >R [PdLiCul R?
) -

R X7 N\F base, solvent, T(°C) R

Scheme 6.1: General Sonogashira reaction.?

The Sonogashira reaction is now widely used in many important transformations such as for
example in the synthesis of biologically important compounds*® and electro-optical devices.®
Furthermore the Sonogashira reaction is used for the synthesis of many pharmacologically
interesting cyclic peptides.”®

The mechanism of the reaction consists of two cycles, the palladium cycle and the copper cycle.
The catalysis starts in the palladium cycle with the active Pd(0) species, A, undergoing an
oxidative addition with the aryl halide (Scheme 6.2, 1) forming L,Pd(II)ArX, species B. Followed
by transmetallation of the copper acetylide species D to generate E, which then undergoes
reductive elimination (lll) and liberates the product. The copper cycle starts with the
coordination of a terminal alkyne to a Cu species, C. The abstraction of the terminal hydrogen
by the base generates the copper acetylide species D, which enters the palladium cycle. The
“copper-free Sonogashira”, or better described as the Heck-Cassar reaction, follows a similar
mechanism.® The cycle starts with an oxidative addition of the aryl halide and the Pd(0) species

(Scheme 6.2, 1) . Followed by mt-coordination of alkyne to the Pd(ll) species F. Deprotonation of
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the terminal hydrogen of the terminal alkyne by the base generates G, which releases the
coupling product and generates the active Pd(0) species A.

Sonogashira reaction

R' Ar
L,Pd(0) Ar-X
reductive elimination A oxidative addition
[l |

Ar

/ /7
Ln(II)Pd\ B
\ X
R’
transmetalation
/—\ Base X
H C
e Base

(I)uX

Heck-Cassar reaction

R'———Ar
L Pd(O Ar-X
reductive elimination omdatwe addition
[l

/

L (I)Pd
SN
\
F
BaseX Ln .,
Ar=Pd(Il)-X H—="R
B N alkyne coordination

ase H——R' I

Scheme 6.2: Catalytic cycles of the Sonogashira reaction, with and without copper.°

In 1977 seminal papers by Hagihara and co-workers reported the use of Pd-phosphine catalysts,

such as Pd(PPhs)s, Pd(PPhs),Cl; or Pd(dppe)Cl, (dppe = 1,2-bis(diphenylphosphino)ethane), in
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high catalyst loadings (5-10 mol%) in combination with large amounts of copper salt, copper(l)
iodide (up to 15 mol%) for the Sonogashira reaction.’®*? The main bases used are organic bases,
such as NEts, which are also commonly used as solvents.'® Although the addition of copper has
many advantages such as low reaction temperatures, it bears many disadvantages as well, such
as economic and environmental issues.!® Furthermore in the presence of copper, the reaction
has to be performed under inert atmosphere in order to prevent the Glaser coupling of the

terminal alkynes (Scheme 6.3).1314

cat. CuCl, TMEDA,

2 r—a
R H 0,, solvent

R—————R
Scheme 6.3: General Glaser coupling reaction (TMEDA = N,N,N’,N’-
tetramethylethylenediamine).*14

In 2003, Leadbeater and co-workers reported the use of Pd(PPhs),Cl; in a copper-free
Sonogashira coupling, although 4 mol% catalyst loading was needed at 70 °C.*> The substrate
scope was very restricted and, as depicted in Scheme 6.4, electron-withdrawing groups on the

aryl halide were needed in order to achieve high yields.

Br o,
X Pd(PPh,),Cl, (4 mol%)
| + — - > //
// piperidine (3 equiv.) A
R' 70 °C |

4 4 4
® o LWL

99% 16% 9%

N\

MeOC

Scheme 6.4: The Sonogashira reaction catalysed by Pd(PPhs),Cl,.%°

In the same year, Hughes and co-workers overcame that issue by using a bulkier phosphine
ligand, namely P(‘Bu)s in combination with 2.5 mol% of [Pd(n3-allyl)(u-Cl)] in acetonitrile.’® The
catalysis was conducted at room temperature, without the need of a copper co-catalyst. The
obtained products illustrated the tolerance towards aryl halides bearing electron-donating

groups (Scheme 6.5).
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[Pd(n3-allyl)(u-Ch)], (2.5 mol%) O
Br P('Bu)s (10 mol%) . >
acetonitrile (0.9-1.1 M)

piperidine or DABCO (2 equiv.), O
r.t. R’

96% 82% 88% 84%
(DABCO = 1,4-diazabicyclo[2,2,2]octane)

Scheme 6.5: The Sonogashira reaction catalysed by [Pd(n3-allyl)(u-Cl)]2 and P(‘Bu)s.*®

By changing the ligand to a multidentate ferrocenyl phosphine ligand, Meunier and co-workers
established a protocol using very low catalyst loading (0.1 mol%-0.001 mol%).Y” Several aryl
bromides and chlorides were tested under these conditions, although Cul had to be used when

coupling aryl chlorides to obtain high yields (Scheme 6.6)."7

' Pe
( N\
PPh; @ + [Pd(n3-allyl)(u-Chlp:L (1 2)
R Z K2COj3 (2 equiv.), (Cul) O
tBu PPh, X =Br, Cl DMF.130 °C

P(iPr), A =Z
L = Ferrocenyl ligand O O O
h ' MeOC F NC

X: Br, 0.001 mol% =94%  X: Br, 0.01 mol% = 95% X: Br, 0.01 mol%, 89%
Cl, 0.4 mol% = 82% Cl, 0.4 mol%, 86%

Scheme 6.6: The use of a multidentate ferrocenyl ligand in the Sonogashira reaction.?”

The effect of NHC ligands in the Sonogashira reaction was studied by Cavell and co-worker in
2000.28 The palladacycle Pd-31 and the monodentate NHC-Pd complex Pd-32 were tested under
the same reaction conditions, coupling 4-bromoacetophenone and phenylacetylene using
triethylamine as solvent and base at 90 °C (Scheme 6.7).2® Low catalyst loadings were used,
revealing Pd-31 as the more active catalyst compared to Pd-32, although only moderate yields
were obtained in both experiments. Pd-33 was investigated in the Sonogashira reaction using

ionic liquids, resulting in high yields but a high catalyst loading (5 mol%) was needed.?®
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4 N\
7\
P~
N )
- N - \gd -ClI
N~(" : =\
Me Me=N~N~nBu
R \/i T
) Ci-Pd—Cl
§ PPh,
Pd-31 Pd-32 __ Pd-33
Br Pd-31 and Pd-32: cond. a) O
/©/ . /@ Pd-33: cond. b) . Z
MeOC Z O
MeOC
Pd-31: 54%
Pd-32: 39%

Pd-33: 92¢
[cond a): Pd-31 0.1 mol%, Pd-32 0.2 mol%triethylamine, 90 °C, 48 h] 92%

cond b) Pd-33 5 mol%, [BMIm]PFg, piperidine, 80 °C, 2h

Scheme 6.7: Pd-NHC complexes in the Sonogashira reaction.®

The oxime derived palladacycle Pd-34 reported by Pacheco in 2002 was used at low catalyst
loading (0.1 mol%) to couple aryl iodides and bromides with a series of different terminal

alkynes.2021

N-methylpyrrolidinone (NMP) was used as solvent and together with
tetrabutylammonium acetate (TBAOAC) as additive at 110 °C, resulting in moderate to high yield

in air, without the use of copper as a co-catalyst (Scheme 6.8).

R"
X 7
N " Pd-34 (0.1 mol9
| D . //R (0.1 mo /0)> N 4
OH ¢l R,/ TBAOAC, NMP, |/ _
NI—F’d} X: 1, Br 110°C
cl ‘ ‘ cl
Pd-34
MeO
I: 99% I: 99% I: 99%

9 7
° ®
3 O

Br: 45% Br: 81% Br: 96%

Scheme 6.8: Sonogashira coupling using an oxime-derived palladacycle.?%?
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Nolan and co-workers reported the coupling of aryl bromides with alkynylsilanes using an in situ
system consisting of Pd(OAc); (3 mol%) and IMes-HCI (6 mol%).?2 The established system showed
high reactivity in a short reaction time (15 min—60 min), furthermore the catalysis proceeded

without a copper source, although Cul was used to enhance the rate of the reaction (Scheme

6.9).2
/R..

. R Pd(OAc); (3 mol%) ~

| Sl |\/ Cul (2 mol%) _ Y X
& * NG Cs,COs (2 equiv.) | S
R' ™S 4 DMAc (1 mL) 2

80 °C R’
P O Z FZ

Ox O MeO ‘ I

0.15 min, 92% 30 min, 88% 30 min, 93%

Scheme 6.9: Coupling of aryl bromides with alkynylsilanes using Pd(OAc), with IMes-HCl.?

The well-defined Pd-NHC complex Pd-35, was used in a base-free Sonogashira reaction coupling
aryl bromides with alkynes reported by Zhai in 2008.2 The acid scavenger propylene oxide was
used instead of a base, which allowed the use of base-sensitive groups on the cross-coupling
substrates (Scheme 6.10). Although a wider substrate scope could be used with this protocol a
catalyst loading of 2.5 mol% was needed in combination with Cul. Furthermore high reaction

temperatures (80 °C) and long reaction times (48 h) were needed.

R"
B R" Pd-35 (2.5 mol%) O
r Cul (5 mol%) > //
ON /\ propylene oxide (5 equiv.)
\”/NYN\ degassed DMF
) I—Pld—l 80 °C, 48 h
N
4
v/
/
Pd-35
Ph OoN
84% 78% 94% 85%

Scheme 6.10: Base-free Sonogashira.?®

Ghosh and co-workers reported an example of the Sonogashira reaction using a bis-NHC-Pd

complex, Pd-36, making the palladium centre very electron-rich.?* The reactions were conducted
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in air in mixture of DMF and water, making the procedure more convenient. A range of different
aryl iodides were coupled with phenylacetylene using 3 mol% of Pd-36 in the presence of CuBr
(10 mol%) (Scheme 6.11). Increased reaction temperatures (100 °C) resulted in a short reaction

time of 2 hours.

p N Pd-36 (3 mol%) O
CuBr (10 mol%) Z
7
=</ ™\ Cs,CO3 (4 equw)
o NvN DMF/H,O
Br-| Pd Br 100°C. 2N
oY
Pd-36
MeOC
98% 75% 80% 85%

Scheme 6.11: The Sonogashira reaction using Pd-36.%*

Further investigations of Ghosh and co-workers followed in 2009, introducing copper-free
conditions for the Sonogashira reaction.” A well-defined Pd(Il) complex bearing an abnormal
NHC and a PEPPSI (Pyridine-Enhanced Precatalyst Preparation, Stabilisation and Initiation)
ligand was introduced (Scheme 6.12). Ghosh and co-workers postulated that the strong
donating character of the abnormal NHC ligand weakened the Pd-N bond from the PEPPSI
ligand, aiding the reduction of Pd(Il) to Pd(0) as well as the catalysis.?> Furthermore the base

loading was reduced from 4 to 2 equivalents of Cs,COs.

Pd-37 (2 mol%)

= M ' Cs,CO; (2 equiv.) ~
\N@ (2 e DMF/H,0 B
N7 | R Z 90 °C, 3 h L
R
Br-PId Br
: J J J 9
]
X Z Z Z Z
ZE ool o gl o
Br MeOC MeO
85% 61% 83% 87%

Scheme 6.12: “Copper-free” Sonogashira.?®

In 2010 Plenio and co-workers reported an example of aqueous Sonogashira reaction, catalysed
by an in situ catalytic system of PdNa,Cl, and disulfonated NHC ligand, NHC-1 (Scheme 6.13).%

No copper was needed in this protocol; furthermore a low catalyst loading (0.25 mol% of Pd)
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was required. The developed protocol was successfully applied and aryl bromides and chlorides

were coupled with aryl and alkyl acetylenes in good to excellent yield.

Br . Na,PdCl, (0.25 mol%) —
©/ + R NHC-1 (0.5 mol%) Z
=z >
H,O / i-PrOH

90-95 °C, 12 h R
Pz
@/Q @/O -
N
99% 99% 99% 99%
( N\
P
M/\®
NN
N803S SOsNa
NHC-1
\ J

Scheme 6.13: Example of aqueous Sonogashira reaction.?®

Navarro and co-workers reported an example of a Sonogashira reaction using the
[Pd(CI)2(TEA)(SIPr)] (TEA = triethylamine, SIPr = N,N’-bis-[2,6-(di-iso-propyl)phenyl]imidazolidin-
2-ylidene) pre-catalyst, introduced in Chapter 3, in combination with [Cu(CI)(SIPr)] (Scheme
6.14).”” Both catalysts were used in very low catalyst loading (Pd: 0.01 mol%, Cu: 1 mol%). A
wide scope was conducted in air using electron-donating and electron-withdrawing aryl

bromides, although high reaction temperatures were needed.
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[PA(CI)»(TEA)(SIPr)] (0.01 mol%)
S Br p [Cu(CI)(SIPI] (1 mol%)
_ + K,COs (1.5 equiv.)
R'/ 4 DMSO (0.5 mL) I/

=
7
Z
120 °C '
o o o c/g
|
MeO | 2N
64% 63% O 92% 93%
(N - ) ( )
T\ = N Y
NN 2 NN >
T qCY?Q
Cl—Pd-Cl &
i Cl
)_\ [Cu(CI)(SIPr)]
\_ J
| Pa(CI(TEAYSIPY)] |

Scheme 6.14: The Sonogashira reaction catalysed by [Pd(Cl)2(TEA)(SIPr)].%

Based on the promising results of Pd-NHC pre-catalysts in the Sonogashira, an investigation was

conducted using the palladate pre-catalysts.
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6.2 Results and Discussion

Preliminary reaction conditions were chosen; [IPr-H][Pd(n3-cin)Cl,] (IPr = N,N’-bis-[2,6-(di-iso-
propyl)phenyllimidazol-2-ylidene) (1 mol%) was chosen as palladate pre-catalyst, K;COs; or
triethylamine (1.5 equiv.) as bases in ethanol. [Cu(Cl)(IPr)] was used as copper source (Table 6.1).
4-Bromotoluene and phenylacetylene were chosen as model substrates (Table 6.1). Firstly the
need of an activation step was investigated. When the reaction was set up without an activation
step, i.e. heating the pre-catalyst with the base, the catalysis did not proceed. The reaction
mixture instantly turned black from yellow after the addition of phenylacetylene. It was
proposed as seen in Chapter 3, that the palladate can react with the coupling substrates, in this
case with phenylacetylene. After the introduction of the activation step, the need of a copper
co-catalyst was assessed. Two bases were used for these experiments; triethylamine (a widely
used base in the Sonogashira) and an inorganic base, K;COs. When NEt; was used no conversion
towards the coupling product was observed. This could be an influence of the activation step of
the palladate complexes, where the Pd-NHC bond is formed, as NEts may not be suitable for this
step. In the case of K,CO3, 40% GC conversion was obtained, with or without copper. Based on

these experiments, the investigation was conducted without the use of copper as a co-catalyst.

Table 6.1 Preliminary reaction conditions for the Sonogashira.

[IPr-H][Pd(n3-cin)Cly] (1 mol%)
Br ([Cu(CI)(IPr)]) (1 mol%))
+ ——> //
_ K5>CO3 or NEt; (1.5 equiv.)
=z ethanol (0.5 M) O
80 °C
entry [Cu] base GC conversion (%)

1 no KzCOg 40
2 yes K2C03 40
3 no NEt; n.r.
4 yes NEt; n.r.

Reaction conditions: In the glovebox, a vial was charged with the [IPr-H][Pd(n3-cin)Cl,] (1 mol%),
[CuCI(IPr)] (1 mol%) for entry 2 and 4, K2COs or NEt; (1.5 equiv.), ethanol (0.5 M) and a magnetic
stir bar and sealed with a screw cap. The mixture was let to stir at 80 °C for 1 hour. The sample
was removed from the heating block and 4-bromotoluene (0.5 mmol) was added followed by
the phenylacetylene (0.75 mmol). The reaction was left to stir for 16 h at the 80 °C. GC
conversion based on 4-bromotoluene. An average of two reactions.
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In order to find the optimum catalytic system, a variety of palladate complexes, [NHC-H][Pd(n3-
cin)Cl,] were synthesised following the procedure discussed in Chapter 2. Different NHC ligands
were used with varying electronic and steric parameters (Scheme 6.14). The ITent series was
used to exploit their “flexible steric bulk” as well as IPr* (N,N’-bis-[2,6-bis(diphenylmethyl)-4-
methylphenyl]imidazol-2-ylidene) and |pr*OMe (N, N-bis-[2,6-bis(diphenyl)-4-

methoxyphenyllimidazol-2-ylidene) as the most bulky ligands in this investigation.

N/=\N
— R ROy R
r-N__N~ Cl_ H
2 'R+ (_Pd\ ,Pd_) —_— AN
R @Pid
XR'
Cl Cl
N— -~ N ~ PhpPh __ pPh_FPh
/e N e R CE Y/ e
N /N N /N N /N N /N
TS ey TS L
/H\ H /H\ 7\
CII Cl CI/ \\CI Cf ol Ph %\ Ph
opd opd ord opd
Pd(ate)-1 Pd(ate)-3 Pd(ate)-4 Pd(ate)-5
[IPr-H][Pd(n3-cin)Cl,]  [SIPr-H][Pd(n3-cin)Cl,]  [IPrCH][Pd(n3-cin)Cl,] [IPr*-H][Pd(n3-cin)Cl,]
Et Et
Pho Et \/Et Et—) CI>=<(CBI L
3 / 2 Z S N Z Z
Ve q TF q Eﬁ ECafe S
// \\ / Et /, \
Cl cl cl Cl
@\Pd/ d/ oprd
Pd(ate)-17 Pd(ate)-6 Pd(ate)-7
[IPr*OMe.Hi[Pd(n3-cin)Cl,] [IPent-H][Pd(n3-cin)Cl,] [IPent®-H][Pd(n3-cin)Cl,]
n-Pr\/n-:r_n;\l(Par\_,n-Pl’ n-Buvn-E/Mi:u\,n-BU
7 Z
e
n-Pr H n-Pr n-Bu H n-Bu
-Pr - \_ n-Pr / _n-Bu
cl /CI cl /CI
OPd OPd
O MA®
Pd(ate)-8 Pd(ate)-9
[IHept-H][Pd(n3-cinl)Cl,] [INon-H][Pd(n3-cin)Cl,]

Scheme 6.14: Palladate pre-catalysts used in the catalyst optimisation, Part 1.

136 |Page



Chapter 6: Palladium catalysed C-H activation of alkynes with aryl halides

Using K;COs as base, the palladate pre-catalysts were tested in the Sonogashira reaction.
Changing the electron-donating properties from IPr to its saturated analogue, SIPr and the
chlorinated analogue IPr® (N,N’-bis-[2,6-(di-iso-propyl)phenyl-4,5-dichloro]imidazol-2-ylidene),
caused a decrease in conversion (Table 6.2, entries 1-3). A large increase in conversion was
observed when [IPent®-H][Pd(n3-cin)Cl;] (IPent® = N,N’-bis-[2,6-bis(di-iso-pentylphenyl-4,5-
dichloro]imidazol-2-ylidene) (Table 6.2, entry 5) was used, whereas pre-catalysts bearing IPent
(N,N’-bis-[2,6-bis(di-iso-pentylyl)phenyl]limidazol-2-ylidene) (Table 6.2, entry 4), IHept (N,N’-bis-
[2,6-bis(di-iso-heptyly)lphenyllimidazol-2-ylidene) (Table 6.2, entry 6) and INon (N,N’-bis-[2,6-
bis(di-iso-nonyl)phenyl]imidazol-2-ylidene) (Table 6.2, entry 7) gave low conversions. It was
postulated that steric bulk on the NHC can be an advantage as [IPr*-H][Pd(n3-cin)Cl,] (IPr* =
N,N’-bis-[2,6-bis(diphenylmethyl)-4-methylphenyl]imidazol-2-ylidene) (Table 6.2, entry 8) and
[IPr*OMe.H][Pd(n3-cin)Cly] (IPr*°Me = N,N’-bis-[2,6-bis(diphenyl)-4-methoxyphenyl]imidazol-2-

ylidene) (Table 6.2, entry 9) gave moderate conversions.

Table 6.2: Pre-catalyst optimisation, Part 1

o INHC-HI[Pd(n’-cin)Cly] (1 mol%) O
/@/ . /© KoCOs (15 equiv) P
_ ethanol (0.5 M)
Z 80 °C, 16 h O
entry pre-catalyst GC conversion (%)
1 [IPr-H][Pd(n3-cin)Cl] 40
2 [SIPr-H][Pd(n3-cin)Cl,] 29
3 [IPrC-H][Pd(n3-cin)Cl,] 15
4 [IPent-H][Pd(n>-cin)Cly] 30
5 [IPent®-H][Pd(n3-cin)Cl,] 73
6 [IHept-H][Pd(n3-cin)Cl,] 34
7 [INon-H][Pd(n3-cin)Cl,] 32
8 [IPr*-H][Pd(n3-cin)Cl,] 64
9 [IPrOMe.H][Pd(n3-cin)Cly) 53

Reaction conditions: In the glovebox, the pre-catalyst, K,CO; (1.5 equiv.), ethanol (0.5 M) was
heated at 60 °C for 1 h. Then 4-bromotoluene (0.5 mmol) was added followed by
phenylacetylene (1.5 equiv.). The reaction was left to stir for 16 h at 80 °C. Average of two runs.

The effect of the R-allyl ligand was next investigated. Different [IPr-H][Pd(n3-R-allyl)Cl,] pre-
catalysts were tested in the reaction to determine the most suitable R-allyl ligand. Interestingly
changing from cinnamyl (Table 6.3, entry 4) to crotyl (Table 6.3, entry 2) decreased the
conversion significantly. Similar effects were obtained when changing to allyl (Table 6.3, entry

1) and 1-tert-butylindenyl (Table 6.3, entry 5). A large increase in conversion was observed for
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[IPr-H][Pd(n3-2-Me-allyl)Cl,] (Table 6.3, entry 4). The large increase indicates that the R-allyl
ligand is either involved in the activation step of Pd(ll) to Pd(0) or in the catalysis as ligand on

the active Pd(0) species.

Table 6.3: Pre-catalyst optimisation, Part 2

. [NHC-HI[Pd(n?-R-allyl)Cl,] (1 mol%) O
r .
/©/ . K,CO3 1.5 equiv.) > &
~ ethanol (0.5 M)
Z 80 °C, 16 h
entry pre-catalyst GC conversion (%)
1 Pd(ate)-16 25
2 Pd(ate)-22 22
3 Pd(ate)-18 90
4 Pd(ate)-1 40
5 Pd(ate)-23 15
N— ~ N— ~ N— ~
T [M/\® = s M/\@ = s M\® :
NYN NYN N\rN
H < H H ‘
7\ 7\ 7\
cl cl cl cl cl ol
\ \ \
opd opd opd
Pd(ate)-16 Pd(ate)-22 Pd(ate)-18

[IPr-H][Pd(n3-allyl)Cl,] [IPr-H][Pd(n3-crotyl)Cl,] [IPr-H][Pd(n3-2-Me-allyl)Cl,]

T o7 Y N/=\N@\—-_/
q ,Y\-g Y
H H
| CI ci Gt
ord
m
Pd(ate)-1 Pd(ate)-23
[IPr-H][Pd(n3—cin)CI2] [IPr-H][Pd(n3-lnd‘B“)CI2]

Reaction conditions: In the glovebox, the pre-catalyst, K,COs (1.5 equiv.), ethanol (0.5 M) was
heated at 60 °C for 1 h. Then 4-bromotoluene (0.5 mmol) was added followed by
phenylacetylene (1.5 equiv.). The reaction was left to stir (910 rpm) for 16 h at 80 °C. Average of
two runs.

Based on optimisation results, further pre-catalysts were synthesised and tested in the

Sonogashira reaction, namely [IPr*-H][Pd(n3-2-Me-allyl)Cl;], [IPr*-H][Pd(n3-crotyl)Cl,] and
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[IPent®-H][Pd(n3-2-Me-allyl)Cl;]. Very promising results were obtained as all experiments
resulted in high conversions (Table 6.4). Furthermore when [IPr*-H][Pd(n3-2-Me-allyl)Cl;] was

used as pre-catalyst, full conversion and an isolated yield of 98% were obtained.

Table 6.4: Pre-catalyst optimisation; Part 3.

. [NHC-H][Pd(n®-R-allyl)Cl,] (1 mol%) O
r .
K,COs (1.5 equiv.
. 2C03 (1.5 equiv.) -~ F
~ ethanol (0.5 M)
Z 80°C, 16 h
entry pre-catalyst GC conversion (%)
1 Pd(ate)-14 99
2 Pd(ate)-15 87
3 Pd(ate)-26 88
Ph Ph Et QI cl Et
P = Ph_Ph _ PhPh Bt TV, LEt

o e J ’N@}Q
Ph (N, Ph | ARt
/CI

4 \ Ph // Ph Et 7 \
(Ca'\ Ve ¢l L cl
G OPd ©Pd
4 | s
Y o~ Y
Pd(ate)-14 Pd(ate)-15 Pd(ate)-26

[IPr*-H][Pd(n3-2-Me-allyl)Cl,] [IPr*-H][Pd(n3-2-crotyll)Cl,] [IPent®!-H][Pd(n3-2-Me-allyl)Cl,]

Reaction conditions: In the glovebox, the pre-catalyst, K,COs (1.5 equiv.), ethanol (0.5 M) was
heated at 60 °C for 1 h. Then 4-bromotoluene (0.5 mmol) was added followed by
phenylacetylene (1.5 equiv.). The reaction was left to stir (910 rpm) for 16 h at 80 °C. Average of
two runs.

Pd(ate)-14 was used as pre-catalyst from this point onwards and the base/solvent optimisation
was conducted next. In total eight inorganic bases were tested with 10 different solvent systems.
Cross experiments were conducted were the best bases were tested against the best solvent

(Chapter 9.6.6).
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Table 6.5: Bases and solvents used in the optimisation.

Br Pd(ate)-14 (1 mol%) O
Base(1.5 equiv.) - Z
/©/ + //© Solvent (0.5 M) Z
=z

80 °C, 16 h
Base Solvent
K2CO3 EtOH
Cs,CO; EtOH/H,0 (1:1)
Na,CO3 MeOH
KOH iso-PrOH
CsOH n-BuOH
NaOH 1,4-Dioxane
KOBu Toluene
NaO'Bu CPME
2-Me-THF
Cyclohexane

Reaction conditions: In the glovebox, [IPr*-H][Pd(n3-2-Me-allyl)Cl;] (1 mol%), the base (1.5
equiv.) and solvent (0.5 M was heated at 60 °C for 1 h. Then 4-bromotoluene (0.5 mmol) was
added followed by phenylacetylene (1.5 equiv.). The reaction was left to stir (910 rpm) for 16 h
at 80 °C. Average of two runs.

The use of hydroxide bases such as NaOH and alkoxide bases, NaO‘Bu and KO'Bu in ethanol
resulted in full conversion. Therefore the catalyst loading in these conditions was lowered in an
attempt to find which base was optimal. The catalyst loading was halved to 0.5 mol% for NaOH,
NaO'Bu, KO'Bu and K3PO4(Table 6.6, entries 1-4), again resulting in full conversion for all bases.
The catalyst loading was then further reduced to 0.2 mol% and NaOMe was added as sodium
based bases showed promising results. Yet again, NaOH (Table 6.6, entry 5) and NaO'Bu (Table
6.6, entry 6) resulted in full conversion, as well as NaOMe (Table 6.6, entry 9). A further
reduction of the catalyst loading to 0.1 mol% determined the three best bases in this system,
namely NaOH (Table 6.6, entry 10), NaO'Bu (Table 6.6, entry 11) and NaOMe (Table 6.6, entry
12).
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Table 6.6: Optimisation of the pre-catalyst loading.

Br PE?(ate()1-154 (mql%),) O
ase (1.5 equiv. - .
/©/ }/@ ethanol (0.5 M) o Z
Z

80 °C, 16 h

entry base pre-catalyst loading (mol%) GC yield (%)

1 NaOH 0.5 99

2 NaO'Bu 0.5 99

3 KOBu 0.5 99

4 K3PO4 0.5 99

5 NaOH 0.2 99

6 NaO'Bu 0.2 99

7 KO'Bu 0.2 73

8 K3POy4 0.2 63

9 NaOMe 0.2 99
10 NaOH o1 79

1 NaO'Bu 0.1 82

12 NaOMe 0.1 81

Reaction conditions: In the glovebox, [IPr*-H][Pd(n3-2-Me-allyl)Cl,] (mol%), the base (1.5 equiv.)
and ethanol (0.5 M) was heated at 60 °C for 1 h. Then 4-bromotoluene (0.5 mmol) was added
followed by phenylacetylene (1.5 equiv.). The reaction was left to stir (910 rpm) for 16 h at 80
°C. Average of two runs.

The resulting three bases were then used in a solvent screen. For NaOH and NaO'Bu, the best
solvent was ethanol and the highest conversion achieved are illustrated in Table 6.7. NaOMe in

combination with iso-propanol resulted in 87% GC yield.

Table 6.7: Summary of the optimal base/solvent systems.

Br Pd(ate)-14 (0.1 mol%) O
Base (1.5 equiv.) Z
/©/ ;/© ethanol (0.5 M) ~
7

80°C,16 h
entry base solvent GC yield (%)
1 NaOH ethanol 79
2 NaO'Bu ethanol 82
3 NaOMe iso-propanol 87

Reaction conditions: In the glovebox, [IPr*-H][Pd(n3-2-Me-allyl)Cl,] (0.1 mol%), base (1.5 equiv.)
and ethanol (0.5 M) heated at 60 °C for 1 h. Then 4-bromotoluene (0.5 mmol) was added
followed by phenylacetylene (1.5 equiv.). The reaction was left to stir (910 rpm) for 16 h at 80
°C. Average of two runs.
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Furthermore by reducing the stoichiometry of NaOMe from 1.5 to 1.1 equivalents the GC yield
was increased to >99%. In summary, the optimal conditions are [IPr*-H][Pd(n3-2-Me-allyl)Cl;]
using a very low catalyst loading of 0.1 mol%, NaOMe (1.1 equiv.) as base in iso-propanol (0.25
M) at 80 °C. Lastly the reaction time was optimised to 2.5 h. To test the diversity of this system
a substrate scope was conducted. Firstly phenylacetylene was coupled with a variety of aryl
bromides (Scheme 6.16, 7a-g). High yields were obtained using electron-neutral groups on the
aryl bromide such as 4-bromotoluene (Scheme 6.16, 7a) and 1-bromo-4-tert-butylbenzene
(Scheme 6.16, 7d). Electron-donating (Scheme 6.16, 7b) and electron-withdrawing aryl
bromides (Scheme 6.16, 7c and 7f) resulted in high conversion, with no significant difference in
yields. Sterically hindered aryl bromides such as bromodurene (Scheme 6.16, 7g) was
successfully coupled with phenylacetylene in good yield (81%). Next substituted acetylenes were
investigated. Para-tolylacetylene was coupled with the sterically challenging 2-bromo-m-xylene
in 88% isolated yield (Scheme 6.16, 7h). Changing the substituent on tolylacetylene in the meta
position was possible and 7i was isolated in 71% yield. Changing the electronics of substituent
on the acetylene was also possible, 4-fluorophenylacetylene and 4-methoxyphenylacetylene
were coupled with 4-bromotoluene in moderate yield (Scheme 6.16 7j and 7k). 4-chlorotoluene

was tested with the optimised conditions but resulted in no conversion.
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/
X B A Z Pd(ate)-14 0.1mol%
. -
; Z A NaOMe (1.3 equiv.)
R R2 iso-propanol (0.5 M),

60-80 °C

S

=

Q

7a
99% 2%
g
COMe
7d,
89% 92%
FZ
»
79 7h 7i,
81% 88% 71%

/ F OMe
C ol

7j 7k,
65% 60%

Scheme 6.16: Scope of the Sonogashira reaction. Reaction conditions: In the glovebox,
[IPr*-H][Pd(n3-2-Me-allyl)Cl,] (0.1 mol%), NaOMe (1.3 equiv.) and iso-propanol (0.5 M) was
heated at 60 °C for 1 h. Then the corresponding aryl bromide (0.5 mmol) was added followed by

the corresponding acetylene (1.1 equiv.). The reaction was left to stir (910 rpm) for 2.5 h at 80
°C. Average of two runs. Isolated yield.
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6.3 Catalytic dimerisation of terminal alkynes

During the optimisation of the Sonogashira reaction, a side-product was detected by GC analysis.
Firstly the dimerization of the phenylacetylene was proposed as it is a known side-product
formation in the Sonogashira reaction, although this is mainly reported when copper is used as
a co-catalyst and known as the Glaser coupling.}* As our system is copper-free, the side-product
identified was not obvious and so it was isolated and fully characterised. *H and 3C {*H} NMR

analysis confirmed a conjugated 1,3-enyne (Scheme 6.17).

Pd(ate)-14 0.1 mol% O O
Br NaOMe (1.5 equiv.) _ =Z + S
/© t EOH (05 m0) > O O
4 80 °C, 16 h, in air

Scheme 6.17: The Sonogashira reaction illustrating the side-product.

This product results from the head to head catalysed dimerization of phenylacetylene. As this
was at first an unwanted side-product, the system was modified to supress its formation. It was
found that if the catalysis was carried out under an inert atmosphere using dry, degassed
solvent, this side-product formation was minimised as only traces (or less) could be detected in
the crude reaction procedure. If the catalysis was carried out using the same conditions but in

air using technical grade iso-propanol the side-product was almost exclusively obtained.

[PACI(n®-cin)(SIPP)] (0.25 mol%) O
2 KOH (3 equiv.) > S
& H,O/heptane O

in air

Scheme 6.17: Dimerisation of phenylacetylene using [PdCI(n3-cin)(SIPr)]

Interestingly the synthesis of (E)-1,3-enynes has been published using Pd-NHC catalysts.?2°

Furthermore enynes are useful building blocks in organic synthesis, such as the [4+2]

).3% They are also

benzannulation reaction between an enyne and a enynophile (Scheme 6.18
used in the synthesis of white organic light-emitting devices (WOLEDs)?! and can be converted

into conjugated polymers.32
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R2 R3 R R?
Pd
N )ﬁj
Z A ase, solvent, y

Scheme 6.18: [4+2] benzannulation reaction.3°

As enynes have been shown to be useful organic substrates and the optimised catalysis can
achieve full conversion towards the dimerization product by just changing the atmosphere, an
investigation was started. Initial experiments were conducted using phenylacetylene as model
substrate. Control experiments revealed that only catalytic amounts of base were needed in the

reactions. Scheme 6.19 is showing the conditions used in this study.

> Pd(ate)-14 0.1mol% O
5 ©// NaOMe (2 mg) _ =

. ™
iso-propanol (0.5 M), O
60-80 °C 9

Scheme 6.19: Conditions for the dimerisation of terminal alkynes.

0.5 mmol 9%

A closer look at the catalytic cycle was taken.?® Trost and co-workers firstly reported the
dimerization of terminal alkynes in 1987, where two different catalytic pathways were
proposed,®® namely the “carbopalladation” or “hydropalladation” pathway. The
carbopalladation pathway for the dimerization of terminal alkynes was hypothesised by Toste
and co-workers.3* The catalytic cycle starts with the oxidative addition of the terminal alkynes
with the Pd(0) species (Scheme 6.20, 1). This is followed by the addition of the second terminal
alkyne and the migratory insertion into the Pd-C bond (Scheme 6.20, Il). The product is released
via the reductive elimination and the incoming of a terminal alkyne (Scheme 6.20, Ill). Hagihara
and co-workers reported the oligomerisation of terminal acetylene, hypothesising an
hydropalladation pathway.3® The main difference from the carbopalladation pathway is the
migratory insertion. In the hydropalladation pathway, the second terminal alkyne will be
migratory inserted into the Pd-H bond (Scheme 6.20, IV).2% In the discussed system, both
pathways are possible and further mechanistic studies would be required to reveal the pathway

followed in this reaction.
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Scheme 6.20: Proposed mechanism for the dimerisation of terminal alkynes.?®

A scope was conducted, starting with different para substituents on the aryl ring. Firstly para-
tolylacetylene was tested, resulting in full conversion to the enyne (Scheme 6.21, 8b). When
changing to an electron-donating group (Scheme 6.21, 8c) no drop of reactivity was observed,
similar results were obtained when electron-withdrawing groups (Scheme 6.21, 8d) were used.
Changing the position of the substituent to the meta position was well tolerated as well (Scheme
6. 21, 8e and 8f). Substituents in the ortho position of the aryl ring although is not tolerated and
results in no conversion. Heteroaromatic substrates, such as 3-ethynylpyridine (Scheme 6.21,
8g) and 3-ethynylthiophene (Scheme 6.21, 8h) did result in full conversion and 98% isolated
yield. 1-Methyl-4-vinyl benzene was dimerised successfully resulting in 97% isolated yield,

indicating that aryl substituent of the alkyne starting material is not necessary for reactivity.
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// Pd(ate)-14 0.1mol%
2 A NaOMe (2 mg)

|
R// iso-propanol (0.5 M),
60-80 °C

OMO
-

\// \

8a, 99% 8b, 99% 8c, 98%
OMe
7 J J
=
= \
’/\/‘O\// ohdl C
F OMe
8d, 98% 8e, 99% 8f, 97%
3
N ST\ =
Ao o
B - =
7
N
89, 98% 8h, 98% 8i, 97%

Scheme 6.21: Scope of the dimerization of terminal alkynes Reaction conditions: In air,
[IPr*-H][Pd(n3-2-Me-allyl)Cl,] (0.1 mol%), NaOMe (2 mg) and iso-propanol (0.5 M) was heated at
60 °C for 1 h. Then the corresponding acetylene (0.5 mmol) was added. The reaction was left to
stir (910 rpm) for 2 h at 80 °C. Average of two runs. Isolated yield.

6.4 Conclusion

The applications of [NHC-H][Pd(R-n3-allyl)Cl,] pre-catalysts were extended to the Sonogashira
reactions. A wide optimisation was conducted, synthesising and testing different [NHC-H][Pd(R-
n3-allyl)Cl;] pre-catalysts. [IPr*-H][Pd(n3-2-Me-allyl)Cl,] was shown to be the optimal pre-
catalyst. A very highly catalytic activity protocol was established with very low catalyst loadings
(0.1 mol%). A scope was established, showing no significant loss of reactivity when changing the
electronic properties of the aryl bromides. Electronically different substituents were allowed on
the acetylene, resulting in moderate yields. The dimerization of 1,3-enynes was successfully
studied using [IPr*-H][Pd(n3-2-Me-allyl)Cl,] as pre-catalyst. Excellent yields were obtained in the

scope.
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Chapter 7

Synthesis and application of
[Au(NHC)(Bpin)] complexes

7.1 Introduction to gold chemistry

Gold has been present since the dawn of civilisation as one of the first metals known to mankind,
its use was mainly in form of money and jewellery, representing power and beauty. Although
gold has played such an important role in history, the knowledge of the chemistry of gold was
minimal.! The main area of interest was the recovery and purification of elemental gold.!

The most common oxidation states of gold are +1 and +3, although less common ones are
known; -1%, +23 and +5.% In this introduction the main focus will be on Au(l) complexes, which
will be expanded in Chapter 7. The unique reactivity of gold can be explained through the
relativistic effect.*® This effect is seen for atoms with a large atomic number, (Z > 50) such as
gold Z = 79. In a simplified explanation, the increase in velocity of electrons in the s orbital lead
to an increase of their mass, thus a relativistic contraction of the s orbitals occurs. Furthermore,
the contraction of s orbitals shields greatly the nuclear charge for the electrons on d and f
orbitals, which diffuse in to larger orbitals. The relativistic effects reflect greatly on the
coordination chemistry of gold. The energy difference between the s, p and d orbital is very
small, which results to the efficient formation of linear two-coordinate complexes in Au(l).. The
reactivity ia also affected as it results in the lowest unoccupied molecular orbital being relatively

low and hence gives the gold its associated high Lewis acidity.’

7.1.1 Reactivity of gold complexes

Gold complexes were seen as inert and catalytically inactive until the early 1970s, when Bond
and co-workers reported the hydrogenation of alkenes over a supported gold catatlyst.® After
initial studies on the carbophilic properties of gold, reports of gold as catalysts started to
emerge.??

Nowadays gold is seen as a potent “soft” carbophilic Lewis acid, with the ability to activate m-
systems such as alkynes, alkenes and allenes towards the addition of a nucleophile under very
mild conditions.” For example; the electrophilic gold complex withdraws electron density from

the alkyne via coordination, elongating the C-C bond, making the alkyne more electrophilic and
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hence more desirable for an attack of a nucleophile (Scheme 7.1). In detail, the gold complex
coordinates to the alkyne, followed by the attack of a nucleophile, which then undergoing a
deprotonation-reprotonation sequence, releasing the gold complex and subsequently the

desired product (Scheme 7.1).1°

L Au(l)

Nu R l

R H LA R—=R

Y N
N“; (R L@ R—=R
pr— ]

R, Aul, LnAu

©
Nu R
R Aul,

Scheme 7.1: Reactivity of gold complexes.”

Ito and co-workers showed in a seminal report that a chiral ferrocenylphosphine-Au(l) complex
could catalyse asymmetric aldol reactions in gold yield and enantioselectivity.!* Noteworthy
examples are the work from Utimoto® and Teles!? demonstrating the functionalisation of alkynes
using a gold catalyst (Scheme 7.2). Utimoto reported the use of a gold(lll) salt, NaAuCls.®° Teles
and co-workers used a cationic gold(l) complex for the catalytic addition of alcohols to alkynes

(Scheme 7.2).12

Utimoto and co-workers:

. ) NaAuCl, OMe o>
R'——R —veoHn &
MeOH R™ OMe

Teles and co-workers:

o)
_"~on [Au(PPha)(Me)], H,S0,
Ho\/ —3—>MeOH Meo/\)I\/OH

Scheme 7.2: Early example of the catalytic activity of gold complexes.>*?
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From then onwards, the interest in gold complexes and their catalytic activity in organic
synthesis was sparked. Toste and co-workers reported the Conia-ene cyclisation of a,f-
ketoesters using an Au(l) catalyst.?® The Conia-ene reaction is the cyclisation of ketones onto
alkynes to give a-vinylated ketones, however high reaction temperature is normally needed.
By using [Au(OTf)(PPhs)] as a catalyst, Toste and co-workers performed the Conia-ene reaction
at ambient temperature and neutral conditions, i.e. no use of strong acids. A mechanism was
proposed starting from the nucleophilic attack on the Au(l)alkyne complex, by the enol form of
the ketoester (Scheme 7.3, ll). This results in the vinyl-Au(l) intermediate (Scheme 7.3, 1ll). The

product is formed after the protodeauration of Ill.

) 6 0 MeOG e
e OMe .. »
| A v
[Au(OTf)(PPha)] "

H<
o. O M
C 2 028 _come
SN OMe trans-carboauroation 5_\
i) [Au]
] ]

Scheme 7.3: Gold catalysed Conia-ene reaction.®

The use of mild conditions such as low catalyst loading (1 mol%) in neutral media at room
temperature, is a clear advantage, as the usually used Brgnsted acids need harsh conditions,
resulting in possible numerous side-reactions of the carbocationic intermediate.* Furthermore
gold catalysed reactions are seen to be operationally safe, simple and practical, with no need
for an inert atmosphere.'® The use of gold catalysis enabled the conversion of simple starting
materials through an array of transformations into products with significantly increased
complexity in an atom-efficient manner.'

These days, Au(l) complexes find valuable applications in the synthesis of pharmaceuticals,>1®

liquid crystals,” chemical vapour deposition!® and optical devices.®
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7.2 Introduction to Au(I)- NHC complexes

The use of well-defined Au(l) complexes bearing monodentate ancillary ligands has been
extensively studied.?® The active species in catalytic reactions is believed to be a cationic, mono-
ligated gold species, where the use of N-heterocyclic carbene (NHC) ligands comes in favour as
the o-donating nature of the carbenes can stabilise the catalytically active gold species.?! The
Au(l)-NHC bond is a three-centre four-electron hyperbond, where the NHC ligand can donate
electron-density to the 6s orbital of the gold. The NHC-metal bond was discussed in Section 1.1,
where it was stated that o-bonding is the main bonding between the NHC and the metal, with
partial m-back donation of the metal to the NHC.

Au(l)-NHC complexes can show high back donation with a m-acceptance of around 50%, this was
intensely studied by Zuccaccia and co-workers.?? It was postulated that the Au-NHC bond can
adapt in a reaction depending on the substrates present, allowing the gold to undergo bond
cleavage or formation with different substrates during the catalysis.?> Nowadays gold-NHC

complexes are widely studied and reviewed.?%?3

7.2.1 Synthesis of cationic Au(I)-NHC complexes

Several syntheses have been reported for cationic Au(l)-NHC complexes; Lappert and co-workers
reported in 1974 the synthesis of a cationic [Au(NHC),]*species from cleavage of a dimeric
saturated NHC and [AuCI(PPhs)] (Scheme 7.4).2* However, only saturated NHCs can form dimers,

which limits the synthesis.?®

[ 1° P
M _NN—
_ NN~ [AUCI(PPh3)] T
i) - I toluene,100°C Au
NN~ Y
\_/ \N\:\JN/

Scheme 7.4: Synthesis of [Au(IMe),]*[CI] (IMe = N,N’-dimethylimidazol-2-ylidene).?

The synthesis of [Au(MeCN)(IPr)]*[X]" (IPr = N,N*bis-[2,6-(di-iso-propyl)phenyl]limidazol-2-
ylidene, X = PFs, BF;) was reported by Nolan and co-workers in 2006 (Scheme 7.5).% The facile
synthesis started from the well-defined [AuCI(IPr)] complex and stoichiometric amounts of
AgPFs or AgBF, in acetonitrile as solvent (Scheme 7.5). The cationic complexes were air stable
white solids, and fully described in their solution and solid state.?® The synthesis of

[Au(MeCN)(NHC]*[X] complexes was expanded using different NHCs, such as IMes (N,N“bis-
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[2,4,6-(trimethyl)phenyl]limidazol-2-ylidene), I'Bu (N,N’-(di-tert-butyl)imidazol-2-ylidene) and
IAd (N, N’-bis-(adamantyl)imidazol-2-ylidene).?’
[AUCI(NHC)] C—ﬁgié—’,\r [Au(CH;CN)(NHC)J*[XT
@ @
@?”_?@ @W@ B¢
Au® Au@
NCCHs NCCH3 NCCH;
[Au(CHZCN)(IPN)I*[X] [Au(CH3CN)(IMes)I*[XI" [Au(CH3CN)(IBBu)I*[XT

Scheme 7.5: Synthesis and examples of [Au(MeCN)(NHC]*[X]" complexes.?®%”

Furthermore, these complexes were used to synthesise a range of different cationic Au(l)-NHC
complexes,?” by addition of other coordinating organic substrates such as substituted pyridines
and norbornadiene (Scheme 7.6). Again, all obtained complexes were air-stable, white

complexes and obtained in good to excellent yield.?’

[AU(CHSCN)(IPP)'[PFgl”  + L DCM/THF_  [Au(L)(IPr)]"[PFel

S
—_ PFG : /—\ \_/ PFs > -_ PFG
NT/Nﬁ NT/N
5 Au@ < ; Au® 7 Au® (
\I \l @
[Au(pyr)(IPr)]*[PFg] [Au(2-Br-pyr)(IPr)]*[PFg] [Au(nbd)(IPr)]*[PFg]

L = pyr: pyridine
= 2-Br-pyr: 2-bromopyridine

= nbd: norbornadiene

Scheme 7.6: Synthesis and examples of [Au(L)(IPr)]*[PFe]".?’
7.2.2 Synthesis of neutral Au(I)-NHC complexes

Three main routes are used for the synthesis of neutral Au(l)-NHC complexes: The free carbene
route, is a common and widely applied synthesis for [AuCI(NHC)] complexes, starting from
[AuUCI(S(CHs),)] and the corresponding free NHC, which can be generated from its NHC salt, via
deprotonation of a strong inorganic base (KO'Bu) (Scheme 7.7, i).2® Lin and co-workers
developed the transmetallation route for [AuCI(NHC)], starting from the corresponding silver-
NHC complex as transmetallation agent (Scheme 7.7, ii).?#%° Nolan and co-workers applied this

method to synthesise a variety of different [AuCI(NHC)] complexes.®® A straightforward and
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facile synthesis of [AuCI(NHC)] complexes was reported simultaneously by Nolan3! and Gimeno3?
in 2013 starting from the corresponding NHC salt and [AuCI(S(CHs);)] or [AuCl(tht)] (tht =
tetrahydrothiophene). The synthesis was performed in air using a weak inorganic base (K,COs3)
(Scheme 7.7, iii).3*32 Of note, using these syntheses allows the preparation of [AuCI(NHC)]
complexes bearing a wide range of NHC ligands bearing different electronic and steric

character.?!

777\ [Ay
i N N~g: Ci
) R R (Stcy Hod)

i =\ cf 1)Ag0 RN TR
R-NN~R'  2))[AUCI(S(CH3),)]

Alu
Cl
IS QS o \(?\}J\
\@ Cl A or O
i) NN~ 2" 60°C
R~ R' %GO

Scheme 7.7: Synthesis of Au(lI)-NHC complexes. 23242832
7.2.3. Catalytic applications of Au(I)-NHC complexes

Au(l)-NHC complexes are very active catalysts in a wide range of different organic
reactions,%212333-37 due to the size of this field only selected examples were give. After the
successful synthesis of [AuCI(NHC)] complexes, different catalytic reactions were tested, such as
cycloisomerization reactions®® and rearrangement reactions.?*® For the neutral [AuCI(NHC)]
pre-catalyst, usually an activation step has to be introduced to release active species in situ prior
to catalysis. The activation of [AuCI(NHC)] to its catalytic active species can be achieved using a
silver(l) salt with a non-coordinating anion such as BF,, OTf or SbFs, which undergoes a salt
metathesis to form the catalytically active species [Au(NHC)]* and silver chloride (Scheme 7.8).%°
[Au(NHC)]* then can coordinate to the organic substrate and start the catalysis, however the
actual structure of the active species is not known as the activation is done in situ.** Although
this is a facile process, the silver salt showed catalytic properties that could co-catalyse or

interfere in the chosen reaction.*

R

Scheme 7.8: Proposed activation of [AuCI(NHC)] complexes.*
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Therefore, the elimination of silver(l) salts did improve the understanding of pure gold catalysis.
Examples of the silver-free gold catalysed reactions will be given in this section.

Nolan and co-workers reported the Meyer-Schuster rearrangement of propargylic alcohols,
catalysed by [AuCI(IPr)], in the presence of a silver(l) salt.** The synthesis of a,B-unsaturated
ketones was reported using low catalyst loading (2 mol%) to achieve high yields (Scheme 7.9).%3

Challenging substrates such as tertiary- and sterically hindered alcohols were allowed in the

[AuCI(IPT)/AgSbF (2 mol%)
MeOH/H,0, //

60 °C, over night

rearrangement.

( N\

NVN O)\
q/ Y
up to 17 examples
O
_J O Bu

81% 86% 92%

Scheme 7.9: The Meyer-Schuster rearrangement of propargylic alcohols catalysed by

[AuCI(IPr)].*3

Widenhofer and co-worker described the intermolecular hydroalkoxylation of allenes with
alcohols to yield alkyl allylic ethers using [AuCI(IPr)] as catalyst.** The reaction was regio- and
stereoselective and a wide scope was obtained by using also 1,1- and 1,3-disubstituted allenes
as well as tri-and terta-substituted allenes as starting materials (Scheme 7.10, i).** The same
group reported the hydration of allenes to form (E)-allylic alcohols using [AuCI(IPr)] in the
presence of AgOTf (Scheme 7.10, ii).** Control experiments were conducted to prove the need
of both catalysts, i.e. the gold and silver species. Furthermore, the reaction proceeded in good

yield when a water miscible solvent was used.

[AUCI(IPr)] (5 mol%),
AgOTf (5 mol%), _ Me

i Ph 2
i ~ + Me Ph >
) OH ~* toluene, 23 °C Ph\/\o)\/\ph

[AuCI(IPr)] (5 mol%),
AgOTf (5 mol%) OH

y o = Me
14-dioxane, 23°C BzO_A_ -~ * 820"

Z “Me OH

ii BZO\/\.%/Me + H,0O
(1.5 equiv.)

Scheme 7.10: Hydroalkoxylation and hydration of allenes catalysed by [AuCI(IPr)] complex.*+4®

The unique propertied of NHCs as ligand in organometallic complexes was mentioned in Section
1.1. The NHC ligand in a gold complex, stabilises generally unstable Au(l) species and allows the

isolation of new Au(l) species. This was illustrated by Sadighi and co-workers in 2005, as the first
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isolable Au(l) fluoride complex was reported.*® The metal-F bond is of interest due to n-donating
nature of fluoride ions, which can lead to a destabilising interaction with filled d-orbitals on gold.
This potentially can result in synthetically very interesting complexes, with unique reactivity such
as a potential C-F bond formation.*>° [AuCI(SIPr)] was reacted with one equivalence of NaO‘Bu
to give [Au(O'Bu)(SIPr)] in high yield, followed by the addition of one equivalence of HF in the
form of triethylamine tri(hydrofluoride) to give [AuF(SIPr)] (Scheme 7.11).%6

t
NaO'Bu Et;N-3HF
N\/N 1 eqUIV N\/N 1 equw) N\/N
Q‘ \r benzene r.t. Q‘ Y benzene rt Q‘ Y
’Bu
[AuCI(SIPr)] [Au(O'Bu)(SIPr)] [AuF(SIPr)]
93% 48%

Scheme 7.11: Synthesis of [AuF(SIPr)].%

The same group reported three years later the synthesis of a monomeric terminal hydride Au(l)
complex bearing a NHC ligand.>? This, again was the first isolated Au(l) hydride complex,
furthermore [AuH(IPr)] was fully characterised.” Gold hydride complexes have been discussed
before in the literature as intermediates in gold catalysed reactions, but they had never been
isolated.> The reactivity of [AuH(IPr)] was investigated as well, which revealed a trans addition
to an electrophilic alkyne (Scheme 7.12, i) and deprotonation of a diazo compound to the a-

aurated derivative (Scheme 7.12, ii).>!
(i) (i)
NvN DMAD N\/N EDA NvN
% \r benzene -dg % Y benzene-dg % \r

MeO,C 2
CO,Me [AuH(IPr)] o)

DMAD = dimethyl acetylendicarboxylate
EDA = ethyl diazoacetate,

Scheme 7.12: Reactivity of [AuH(IPr)].>!

In 2010, Nolan and co-workers reported the synthesis of [Au(OH)(IPr)],>® firstly reported as an
in-situ generated catalytic species in the catalysis of a,B-unsaturated carbonyl compounds.>* It
was reasoned that a gold hydroxide complex could be used in a more environmentally friendly
way, therefore the synthesis was attempted starting from [AuCI(IPr)].>®> A metathesis reaction
was performed using different alkali metals such as CsOH, NaOH and KOH.>® [Au(OH)(IPr)] was

isolated in high yields, and the reaction proceeded in air with technical grade solvent, showing
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an unprecedented robustness of this synthesis.>® The synthesis was later applied to different

[AUCI(NHC)] complexes, bearing a wide range of NHC ligands (Scheme 7.13).%°

NVN N\/N
%\r NaOH (2 equiv.), %Y
THF/toluene (1:1),
60 °C, 24 h
[AuCI(IPr)] [AU(OH)(IPr)]

Scheme 7.13: Synthesis of [Au(OH)(IPr)] from [AuCI(IPr)].>3

This new air-stable Au(l) hydroxide complex was studied by Nolan and co-workers. The
treatment with an acid such as HCI, gave the precursor [AuCI(IPr)].>® [Au(OH)(IPr)] was treated
with different organic reagents, such as trimethylsilyl cyanide, which lead to [Au(CN)(IPr)] in high
yield. Furthermore protonolysis with acetic acid resulted in the formation of [Au(OAc)(IPr)],
similarly the treatment with malonate gave [Au(CH(CO,Me),)(IPr)] in excellent yield. The
Gagosz-type complex [Au(NTf)(IPr)]*®> (NTf, = bis-(trifluoromethane suflonyl)imidate) was
synthesised starting from HN(Tf), in benzene in good yield. In Scheme 7.14, the vast applications

of [Au(OH)(IPr)] are presented.
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OMeOMe
91%

90%

Scheme 7.14: Reactivity of [Au(OH)(IPr)] complexes.>3

The reactivity of [Au(OH)(NHC)] was evaluated extensively. Gold hydroxide complexes have the
ability to fix CO,,%® this was illustrated with [Au(OH)(NHC)] in combination with the digold
hydroxide complex, [{Au(IPr)}>(u-OH)][BF4].The digold hydroxide complexes can be synthesised
in a straightforward manner starting from [Au(OH)(NHC)] and HBF; in aqueous media.*®
Interestingly [{Au(IPr)},(u-OH)][BF4] showed high catalytic activity in the Meyer-Schuster
rearrangement enabling low catalyst loading (2 mol%). The CO, feedstock is abundant and cheap
and therefore the storage of CO, is very interesting. By exposing [Au(OH)(NHC)] and
[{Au(IPr)}2(u-OH)][BF4] to CO, a trigold carbonate complex was formed (Scheme 7.15).%® This
reaction was reversible and the newly obtained complex behaved with two basic and one

cationic gold centres.

'Fl’r o O—Au(IPr)| BF4
H -0=x(’
A N * oo, (IPr)AU-O § + H,0
| (PrAd” Au(IPr) CcDCls, /
OH 5min, r.t. (IPr)Au

Scheme 7.15: Trapping of CO, with gold(l) hydroxide and digold OH complexes.>®
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The synthesis of novel gold(l)-acetonyl complexes [Au(CH,(O)CHs)(IPr)] were investigated by
Nolan and co-workers, by reacting Au precursors with acetone in K,COs (Scheme 7.16).%° Firstly
seen as side-products, these Au(l)-NHC complexes showed many interesting reactivities.®® The
authors illustrated three synthetic routes to obtain these complexes in good yield. All routes
start from NHC-HCI, but three different gold precursors such as [AuCI(S(CHs)).], [AuCI(NHC)] or
[Au(OH)(NHC)].%° A library of different Au(l)-acetonyl complexes bearing different NHCs was
synthesised. These complexes can be used as precursors for different Au(l)-NHC complexes such
as the Gasgosz complex [Au(NTf2)(NHC)] or [AuH(NHC)].®° Furthermore, [Au(CH2(O)CHs)(IPr)]
showed catalytic activity in the hydration of alkynes to ketones (Scheme 7.16, i) and the
rearrangements of propargylic acetate to substituted indene or allenes varying the reaction

times (Scheme 7.16, ii).%°

r N

N— -~
H [\ E O [Au],
N\?N . Z HBF,H . O
Au ) O 1,4- d|oxane/H20 O
kfo 80 °C
n-Bu [Aul],
[Au(CH,COCH)(PT)] | ACQ/ HBF 4 H,0

\ J 1,4-dioxane/H,0™ Ph™ O‘
Ph 80 °C

nBu

Scheme 7.16: Catalytic reactivity of [Au(CH2(O)CHs)(IPr)].%°

Lastly, a very recent example will be discussed. Earlier this year Hemmert and Gornitzka
reported a series of [AuCI(NHC)] complexes with functionalised NHC ligands (Scheme 7.17). The
complexes were synthesised using the transmetallation route with Ag,0 in good to excellent
yields.®* Furthermore these complexes were screened in vitro for antileishmanial activities.
Leishmania is a parasitic diseases, which is currently threatening 350 million people all around
the world.®* Promising results were obtained showing that [AuCI(NHC)] could be potential

metallodrugs, showing selective action against the pathologically relevant form of Leishmania.

6\,*“”@ CvaNﬁk TG
/ N
\

Scheme 7.17: Examples of [AuCI(NHC)] complexes synthesised by Hemmert and Gornitzka.5!

V

Several papers were published in the last years investigating Au(l)-NHC complexes in medicinal

chemistry.®? Rigobello, Kiihn and Casini reported a series of Au(l) complexes bearing sulfonated
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bis(NHC) ligands and hydroxylated Au(l) mono(NHC) complexes as promising anticancer
reagents.®® These complexes were tested as potent thioredoxin reductase inhibitors, showing
promising results.®® The group of Veige reported the synthesis of cationic Au(l)-NHC complexes

and the study for anti-tumour activities, resulting in highly cytotoxic Au(l)-NHC complexes.®*

In conclusion, the use of NHCs as ligands for the synthesis of novel Au(l) complexes is an active
and vibrant field in organometallic chemistry, shown by the examples in this introduction.
Furthermore Au(l)-NHC complexes shown interesting and unique catalytic reactivity. Therefore
the synthesis of new Au(l)-NHC complexes could reveal novel organometallic complexes

together with new catalytic transformations.

7.3 Introduction to transition metal-boron complexes

Metal boron bonds have been extensively studied experimentally and theoretically in the last
decades to understand their structure and reactivity.®>®° Initially reported in 1963, metal-
boron complexes are important intermediates in catalytic hydroboration, diboration and
selective C-H bond activation. Nonetheless, the first proven metal-boron complex was reported
thirty years later.®>’7® There are three different coordination modes for metal-boron
complexes, namely metal-borane-, metal borylene- and metal boryl complexes (Figure 7.18).7*
Transition-metal-boryl complexes have especially been investigated as intermediates in many
organic/organometallic reactions,”>’® such as in the Suzuki-Miyaura reaction. Thomas and
Denmark reported three different species containing a palladium-oxygen-boron linkage as
possible intermediates in the Suzuki-Miyaura reaction.”” The synthesis of copper(l) B-boroalkyl
complexes from alkene insertion into [Cu(IPr)(Bpin)] was shown by Sadighi and co-worker.”®
Miyaura and co-workers reported the synthesis of nucleophilic B-boryl copper species starting
from B,pin,. a-B-unsaturated carbonyl compounds and terminal alkynes were added to the boryl

copper species in order to afford new access to B-boryl carbonyl compounds and

alkenylboronates.”
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/R LnM\
LnM—B\,,,/R /B—R L,M=B—R
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Metal-borane  Metal-borylene (bridging) Metal-borylene (terminal)
complex complex complex

This work:

R 0
/ /
ML,—B = IPr—-Au-B_
\R 0

Metal-boryl complexes  [Au(IPr)(Bpin)]
Figure 7.18: Examples of different metal-boron complexes.”* (M = metal, L, = ligand, R = rest)

A metal boryl complex has a boron ligand with a coordination number of three, linking a BR;
group to a metal centre. The bond between the transition-metal and the boron can be described
as a two electron two centre bond. The M-BR; bond is understood as having a weak 1
component and a strong o-donating component due to the strong trans influence of the boryl
ligand. The electronics of the boryl ligand can be altered by changing the nature of the
substituents on the boron atom, this means the boryl ligand can either have an electrophilic
character or a nucleophilic character.®

Gold-boron complexes have only rarely occured in the literature until 2006. The main issue was
the challenge of the insufficient reducing strength of Au(l) or nucleophilicity to break boron-
halide bonds or to donate to a nonbridging Lewis acidic borane. There are four main syntheses
to introduce a boron ligand; 1) The salt elimination of an anionic metal carbonyl complex
followed by the reaction with a haloborane.” 2) The oxidative addition of a boron-heteroatom
bond to a low-valent transition metal.®! 3) The o-bond metathesis reaction either between an
alkyl metal complex and a hydroborane® or an oxygen-substituted metal complex and a
diborane.”?#%84 4) The nucleophilic substitution by boryl lithium compounds on metal chloride
complexes. The latter was reported by Yamashita and Nozaki, who synthesised the first boryl
anion; a boryl lithium compound, which can react with several electrophiles including metal
complexes (Scheme 7.19).%88788 This was the first report of a boryl gold complex with a two

centre two electron metal-boron bond.
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Scheme 7.19: Synthesis of a boryl gold complex reported by Yamashita and Nozaki.®®

As Yamashita and Nozaki concentrated on the boryl gold (Au-B) interaction, Bourissou and co-
workers were more interested in the borane gold interaction.”®8°! A borane gold complex was
synthesised containing a monophosphine-borane ligand, which behaved like a bidentate

ambiphilic ligand. This resulted in a P to M to B interaction (Scheme 7.20).%

iPr,P  BRY _Au(SMe,)ClT PR BR,
BR', = BCy, or BFlu Alu
Cl

Scheme 7.20: Monophosphine borane gold complex.*?

These donor (Au) to acceptor (B) contribution interactions were previously not reported for 14

electron complexes.
Hashmi and co-workers on the other hand reported the synthesis of a stable zwitterionic -
alkyne gold complex containing a borate moiety.*® This was synthesised by reacting gold

acetylides with B(CsFs)3 in CHyCl,. Interestingly this can then form a gem-diaurated complex with

a borate counterion (Scheme 7.21).

JAu(IPr)
IPr —_<: ':
IPr “Au(IPr)
Au |® R
B(CsFe)3 CH,Cl, Au o -
l rt. = B(CeFe)3 — g(c;6|:6)3

Scheme 7.21: Reaction of a zwitterionic nt-alkyne gold complex containing a borate moiety.*
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A similar intermediate formation was reported by Li and Wang in the reaction between an
ammonium alkynylhydridoborate salt and [Au(PPhs)Cl] (Scheme 7.22).°* The gold-alkyne -
intermediate, then undergoes concerted 1,2-hydride migration and the formation of an Au-C o-

bond.

R—==—H + DABCO
l (1.5 equiv.)
n R H
H /- \® — MAF
| N/\__N —H|+ [Au(PPhs)Cl] —| R BAT2 | .
R gAr 2 OA Al BAF,
+ PPh, PhsP
DABCO
(0.5 equiv.)

Scheme 7.22: Boroauration of terminal alkynes.%

A unique bonding pattern was reported by Braunschweig and co-workers, in the form of an
unprecedented Mn-B-Au bonding in a trimetallic dimanganese boryl gold complex (Scheme

7.23).5°

©
oC co [Tol
oo | e
ocC co /b THF Mn= B—Mnc,
OC co
[Lidme),)

OO

ITol

Scheme 7.23: Dimanganese boryl gold complex.®®

By changing from [Li(dme)s][{(n>-CsHisMe)(OC).Mn}B] to  [(n>-CsHs)(OC),Mn=BtBu]
Braunschweig and co-workers synthesised an anionic o-coordinated metal-haloboryl complex,
where the gold cation is coordinating by a transition metal-B single bond.*> As depicted in
Scheme 7.24, [(n°-CsHs)(0OC),Mn=BBu] was reacted with [Au(PPhs)Cl] in a stoichiometric amount

to form the product via halide transfer from Au(l) to boron.*®

[Tol ,LTUOI
& Au &
Mn=B—-gy AuITONCl |\/|n/—\B’CI —_— n---B
oc o od to “eu od Lo Bu

Scheme 7.24: Synthesis of an anionic o-coordinated metal-haloboryl complex.®
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In order to get a better understanding of the nature of the transition metal boron bond, it was
attempted to synthesis a stable transition metal boron complex. Our attention was drawn to Au-

NHC complexes in order to synthesis a NHC-gold-boron complex specifically [Au(NHC)(Bpin)].

7.4 Synthesis of [Au(NHC)(Bpin)] complexes

The conditions for the synthesis of [Cu(Bpin)(IPr)] reported by Sadighi and co-workers® used
using B,pin; as boron source. Sadighi started the investigation by using [CuF(SIPr)], but changed
the copper source to [Cu(O'Bu)(SIPr)] due to an unwanted side-reaction, limiting the yield to
50%. Having this in mind different gold complexes (Figure 7.2) were reacted with excess of

szinz.

Y

[Au(IPr)(CF3)] [Au(IPr)(CH,COCHS3)]

Figure 7.2: Complexes used in the synthesis of [Au(IPr)(Bpin)].

Firstly the complexes were mixed with B,pin; at room temperature for 16 hours and analysed
via H NMR spectroscopy. All complexes were fully recovered after the reaction. Harsher
conditions were applied, gradually heated to 60 °C for 1 hour but unfortunately no change in
the *H NMR spectrum was observed. As the stability of the targeted [Au(IPr)(Bpin)] complex was
not known, we tried to avoid conditions that are too harsh due to the possibility of
decomposition of the new complex. In the final attempt, the complexes were heated at 60 °C
for 16 hours. The mixture showed slight decomposition of the gold complexes and no formation
of a new species. Since all complexes could be recovered after reaction, with a slight loss of the
formation of gold nanoparticles, it was postulated that a more labile bond could favour the
formation of the Au-Bpin bond. To test this hypothesis, the relatively unstable [Au(OMe)(IPr)]

was formed in situ by dissolving [Au(OH)(IPr)] in anhydrous methanol. The solvent was then
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removed under reduced pressure at 45-50 °C. The resulting [Au(OMe)(IPr)] complex was not
isolated but directly dissolved in benzene under inert atmosphere, followed by the addition of
excess B,pin,. The reaction was left to stir at room temperature for 16 hours resulting in the

formation of the desired [Au(IPr)(Bpin)] complex (Scheme 7.25).

excess B,pin,

N u N methanol N (2 2 equiv.)
reduced : ? benzene
% pressure, rt,16 h
45-50 °C
3}{’\
80%

Scheme 7.25: Synthesis of [Au(IPr)(Bpin)].

The amount of B,pin, was optimised to 1.1 equivalent resulting in 84% isolated yield. The newly
synthesised complex was analysed using *H NMR, 1B NMR and 3C {*H} NMR spectroscopy and
elemental analysis. Interestingly the chemical shift of the C2(carbene) in the *C {*H} NMR
spectrum is at 216.7 ppm. For a transition metal-NHC complex, this is significantly shifted
downfield and resembled more the shift of a free NHC than a metal bound one. This
characteristic was also observed for Yamashita and Nozaki’s reported gold boryl complexes.®
Single crystals were grown of [Au(IPr)(Bpin)] by diffusion of dichloromethane in pentane under
inert atmosphere. The X-ray analysis showed an almost linear structure with a Au-B bond length

of 2.065(8) A and an Au-C(carbene) bond length of 2.079(6) A (Figure 7.3).

Figure 7.3: Crystal structures of [Au(IPr)(Bpin), Hydrogen atoms are omitted for clarity.

The synthesis of [Au(NHC)(Bpin)] complexes bearing different NHC ligands was attempted next.
[Au(IPr*)(Bpin)] (70% yield), [Au(IPr")(Bpin)] (56% yield) and [Au(SIPr)(Bpin)] (65% yield) were
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successfully synthesised using the developed synthesis (Scheme 7.8). Pleasingly, crystal

structures were also obtained for [Au(IPr*)(Bpin)] and [Au(IPr“)(Bpin)] (Figure 7.3).

1) methanol,
reduced pressure,
45-50 °C
> Au(NHC)(Bpin
[Au(NHC)(OH)] 2) Byping (1.1 equiv,) [Au( )(Bpin)]

benzene, r.t., 16 h

CI
\:/ S ~ _Ph
< N E =
4 \ . \ . \ ,B\
N S S Y
Au-1 Au-2 Au-3 Au-4
[Au(IPr)(Bpin)] [Au(SIPr)(Bpin)] Chrps AU(IPE(Boi
84% 65% [AU(IP5r6;(Bpln)] [Au( 7r0 )/(0 pin)]

Scheme 7.26: Scope of [Au(NHC)(Bpin)] complexes.

Figure 7.3: Crystal structures of Au(IPr®)(Bpin)] (left) and [Au(IPr*)(Bpin)] (right). Hydrogen

atoms are omitted for clarity.

Surprisingly, all four complexes were air- and moisture-stable which readily enabled their full

characterisation.

167 |Page



Chapter 7: Synthesis and application of [Au(NHC)(Bpin)] complexes

7.5 Initial reactivity studies of [Au(IPr)(Bpin)]

Initially, all reactivity studies were conducted using [Au(IPr)(Bpin)] under inert atmosphere.
[Cu(IPr)(Bpin)] was used as a guideline for the initial reactivity of [Au(IPr)(Bpin)]. Sadighi and co-
workers reported the catalytic reduction of CO, to CO using [Cu(IPr)(Bpin)].%® It was shown that
[Cu(IPr)(Bpin)] reacted with CO, under atmospheric pressure in benzene within minutes to form
[Cu(IPr)(OBpin)] and CO as side-product (Scheme 7.27).%° This reactivity is not observed in the

case of [Au(IPr)(Bpin)] as it is air stable and does not react with CO,.

Bypi co .
[CUlP(OBU)] 7oiiees™ [CUPT(BRIN] onzerarg > [CUIPIIOBRIN) + CO

Scheme 7.27: Synthesis and reactivity of [Cu(IPr)(Bpin)] by Sadighi and coworkers.*®

Furthermore, Sadighi and co-workers reported the alkene insertion into [Cu(IPr)(Bpin)]?’ as well
as the catalytic diboration of aldehydes.”® The copper-boron bond in [Cu(IPr)(Bpin)] is prone to
react with electron-rich organic molecules, a similar reactivity was expected for the
[Au(IPr)(Bpin)] complex. Therefore, preliminary experiments were conducted using electron-

rich organic molecules such as alkene, alkynes and aldehydes (Scheme 7.28).
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Scheme 7.28: Preliminary experiments with [Au(IPr)(Bpin)]. Reaction conditions: [Au(IPr)(Bpin)]
(0.11 mmol, 8 mg) was transferred to a NMR tube inside the glovebox, benzene-ds was added
followed by the substrate (0.11 mmol). Condition a: The NMR tube was stirred at room
temperature for 16 min, then 'H NMR spectrum was taken. Conditions b: The NMR tube was
heated to 60 °C for 16 h, then *H NMR spectrum was taken.
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Styrene (Scheme 7.28, i), benzaldehyde (Scheme 7.28, ii), diphenylacetylene (Scheme 7.28, iii)
and phenylacetylene (Scheme 7.28, iv) were separately mixed with Au-1 in benzene-ds in a 1:1
ratio; however, no reactivity was observed resulting in recovery of all starting materials. No
decomposition of the starting materials was observed, even after 24 hours. Afterwards, harsher
conditions were applied; starting with an excess of the organic substrates (2-3 equivalents). Yet
again, no reactivity nor decomposition was observed. Lastly, high temperatures (60 °C,

overnight) were applied to the all reactions (Scheme 7.28, i-iv).
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Interestingly when heated, Au-1 did not react with the organic substrates, demonstrating an
unexpected high stability. After extensive heating for 24 hours, slight decomposition is detected
in form of gold nanoparticles. As mentioned in the introduction, gold is prone to react with -
bonds, this made us conclude that this new complex is not behaving as expected based on
literature precedents. To investigate this Au-Bpin bond and therefore elucidate its properties,

computational studies were conducted by our collaborators.
7.6 Computational studies of [Au(IPr)(Bpin)]

The electronic structure of Au-1 was investigated by Dr. Laura Falivene and Prof. Luigi Cavallo.
The Gaussian09 package was used for the study (for more information, see experimental
section). Au-1 was compared with two reported and widely studied Au(l)-NHC complexes,

namely [AuF(IPr)] and [Au(OH)(IPr)] (Figure 7.5).

NT/Nﬁ NT/N NT/N
% A|u Alu Au
F OH O’IL\O

[AuF(IPr)] [Au(OH)(IPr)] %
Au-1

Figure 7.5: NHC-Au complexes used in the computational studies.

Firstly, the accurate dissociation free energy in CH,Cl; of the anionic L ligand (L = Bpin-, F,, OH)
and of IPr from the IPr-Au-L system was calculated. This was computed as the free energy
difference between the fully optimised IPr-Au-L complexes and the optimised fragments, i.e. IPr-
Au* and L, for the anionic bond as well as IPr and Au-L for the Au-IPr bond. The energy to
dissociate the anionic L ligand increases in the order F (212 kj/mol) < OH (263 Kj/mol) < Bpin
(376 kj/mol). Looking at the dissociation free energy of IPr, it decreases in the order F (272
Kj/mol) > OH (236 Kj/mol) > Bpin (105 Kj/mol). Straight away a significant difference between
Au-1 and [Au(IPr)F] and [Au(IPr)(OH)] was noticed. The weakening of the Au-IPr bond by the
Bpin ligand was a remarkable feature, since it is widely known that the NHC-TM bond is a very
strong bond;*1% however, it is somewhat expected due to the significant trans effect of boryl
ligand.

Energy decomposition analysis (EDA) was performed to further investigate and understand the

difference between Au-Bpin, Au-F and Au-OH bonds, as well as to investigate the impact of the
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L ligand (Bpin, F and OH) on the IPr-Au bond. In these calculations, the geometry of the metal
fragment was kept rigid and the heterolytic BSE was calculated, which means fragmenting the
complex into cationic and anionic fragments. The BSE consists of two main components; the
steric interaction AEo and the orbital interaction AEir (Equ. 1).

% BSE = -[ AEo + AEind] (Equ. 1)

< AEo = AEeistat + AEpaui (EQu. 2)

% AEin: = L. AESq: (EQu. 3)

The steric interaction term AEo can be divided into an electrostatic interaction term AEeistat and
a Pauli repulsion term AEpaui (Equ. 2).

AE.istat functions as the stabilising contribution whereas the Pauli repulsion is the destabilising
contribution and it is the relative size of the electrostatic interaction. The Pauli repulsion is
directly related to the two orbital electron interaction between the occupied orbitals on both
fragments. Therefore, AEpaui is the one determining the overall character of AEo. The orbital
interaction term AEi: consists of the orbital interaction within the various irreproducible
representations 1t of the overall symmetry group of the system. All molecules studied herein
possess Cs symmetry; the NHC and the L ligand are located in the oy, mirror plane of the
molecule. This means that A’ contributes to the orbital interaction energy representing o-
bonding, whereas A” is representing the orbital interaction energy of m-bonding. It is further
divided into both o/rt donation and o/mt backdonation.

As expected, electrostatic interaction is the most important attractive bonding force since the
fragments are ions. The total steric interaction AE, is stabilizing, indicating that the attractive
electrostatic interaction overcompensates the Pauli repulsive term (-1740 vs +1320 kj/mol for
the Au-Bpin bond).

Studying the Au-Bpin bond in the [Au(IPr)(Bpin)] system, it was found that the orbital term is
mainly o-interaction, consisting of 60% ligand to metal o-donation and the remaining 40%
derived from metal to ligand o-backdonation. The m-interactions consists of 55% ligand to metal
ni-donation and 45% of metal to ligand n-backdonation. The overall bond strength of this system
was determined to be almost 50:50 shared between the steric (420 Kj/mol) and orbital (418
Kj/mol) terms (Table 7.1).
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Table 7.1: Bond decomposition analysis (in Kj/mol) for Au-1, [Au(IPr)F] and [Au(IPr)(OH)].

IPr-Au-Bpin|IPr-Au-F |IPr-Au-OH|IPr-Au-Bpin | IPr-Au-F|IPr-Au-OH
AEgistat -1740 -800 -947 -619 -923 -882
AEpyii 1320 408 -547 620 887 877
AE -420 -392 -399 52 -36 -5
ABin() -366 -243 -276 -188 -264 -249
ABint(r) -52 -62 -81 -34 -71 -71
AEint -418 -305 -357 -22 -335 -320
BSE -838 -696 -756 -170 -371 -325

As comparison, the [AuF(IPr)] and the [Au(OH)(IPr)] systems were considered and the BSE
analysis of the Au-F and Au-OH bonds was performed (Table 7.1). The decreased strength of the
Au-L (L = F, OH; 696 and 756 kj/mol, respectively) bonds, compared to the Au-BPin bond, 838
kj/mol, is mainly ascribed to the much lower orbital interaction term AE., which is 113 and 61
kj/mol weaker for the Au-F and the Au-OH bonds, respectively; while the steric term AE is
substantially the same for both systems (oscillating in a 20 kj/mol window). Interestingly, despite
the similar magnitude in AEo, the AEeistat and AEpaui components of AEp are remarkably lower in
the Au-F and Au-OH bonds, which indicate that these bonds are less polarized than the Au-Bpin
bond.

This result is confirmed by the Hirshfeld charge analysis showing a charge of -0.71e and -0.38e
on F and OH, respectively, versus a charge of -0.82e on BPin. Correspondingly, the positive
charge on Au is larger in the [Au(IPr)(F)] and the [Au(IPr)(OH)] systems (0.75e and 0.52¢,
respectively) than in the BPin system (0.83e). As for the orbital interaction term, the m
contribution is marginally larger in the Au-F and Au-OH systems, while the o term is clearly larger
in the Au-Bpin system due to the strong o-back-donation from the Au to the Bpin (the first empty
o orbital on Bpin~is clearly more stable than that on F and OH). Overall, these results suggest
that the increased strength of the Au-Bpin bond is consequence of its high ionic character,
leading to stronger electrostatic interaction, and of increased orbital interaction correlated to a
stronger o-backdonation from the metal to the ligand.

Moving to the Au-IPr bond, a bond decomposition analysis was performed by fragmenting the
complex into the neutral [Au-L] and [IPr] fragments. The BSE analysis shows the opposite trend
relative to the one reported above for the [(IPr)Au]-L bond. In fact, the Au-IPr bond is 200 and
155 kj/mol stronger in the [AuF(IPr)] and the [Au(OH)(IPr)] complexes, relative to the

[Au(IPr)(Bpin)] system. The clearly weaker IPr-Au bond in presence of Bpin is almost equally
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distributed in the overall steric interaction term AEq and the overall orbital interaction term AEnt

(Table 7.1).

The HOMO and LUMO analysis showed that the LUMO is almost identical for all three systems
and that the main difference is with the HOMO. The HOMO differs significantly. The most
surprising finding was the large Au contribution of 47.6% in the Bpin system, compared to the
Au contribution of 31.5% and 19.4% in the F and OH systems, respectively. The orbitals involved
for Au-1 are mainly Au dy..,2, with a small contribution of Au d,,. This resulted in a strong bonding
interaction from the Au centre to the O-B-O moiety with the B atom mainly participating with s
and py orbitals. On the other hand, the HOMO in [AuF(IPr)] or [Au(OH)(IPr)] corresponds to an

anti-bonding interaction between the Au d,; and the p, of F or OH.

In conclusion, the data obtained via DFT calculations showed that Au-1 could offer some new

and unique reactivity, which drastically differs from the [Cu(IPr)(Bpin)] complex.

It is widely known that the reactivity of boryl-transition-metal complexes switches depending
on the nature of the transition metal. For example, boryl-copper complexes seem to react in a
complementary manner to boryl-palladium complexes with a,B-unsaturated ketones (Scheme
7.29). The copper-mediated B-boration to a,B-unsaturated carbonyl compounds was first
developed by Miyaura and co-workers” and by Hosomi and co-workers.'°* From a theoretical
point of view, Lin and Marder provided evidence that the boryl moiety could act as a nucleophile
and thus attack at the beta carbon of the substrate, promoting the formation of B-boryl carbonyl
compounds (Scheme 7.29).22 |n contrast, the analogous reaction of trans-
[PAC{B(NMeCH,CH,NMe)}(PMe;),] with an a,B-unsaturated ketone was reported by Onozawa
and Tanaka, which suggested that the insertion of the substrate into the Pd-B bond took place
with reversed regioselectivity, thereby providing the 1,4-addition product in which the Pd was
bonded to the B-carbon atom and the boryl unit was bonded to the oxygen atom (Scheme
7.29).1% Compared to both copper and palladium systems, we argued that a reaction between
Au-1 and a,B-unsaturated carbonyl compounds would resemble more the palladium initiation
pathway than the copper version. In that manner, the lone pair of the oxygen will react with the
empty orbital on the boron, weakening the Au-B bond and resulting with the Au moiety bonded

to the B-carbon and the boryl moiety bound to the oxygen.
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Scheme 7.29: Proposed reactivity for Cu- and Au-Bpin complexes.

In summary, initially the reactivity of Au-1 was assumed to be similar to the copper complex,
where the boryl moiety initiates the reactivity towards the electron rich organic substrates
(Scheme 7.29, i). Although the computational studies showed that the reactivity of Au-1is more
likely to be initiated by the lone pair of electrons of an organic molecule, which reacts with the
empty p orbital on the boron atom. This newly gained knowledge was used to design more

appropriate experiments to investigate the reactivity of Au-1.

7.7 Investigation into the reactivity of [Au(IPr)(Bpin)]

7.7.1. Reactivity with Lewis bases and H; activation

Hydrogen is one of the most important energy resources, mainly due to its abundance and

105 and

cheapness. H, activation is widely studied and used in energy storage,'* hydrogenation
many more applications.’%1% The main challenge is the cleavage of the very strong H-H o-bond.
The d-o* back-donation of transition metal complexes into the H, bond is widely studied, where
the most famous example is the Wilkinson’s catalyst, [RhCI(PPhs)3].1%° Based on the Au-Bpin
bond data, we suggested that the boron moiety can be used as a mild Lewis acid; and by adding
the appropriate Lewis base, a FLP (frustrated Lewis pair) system would form that can perform
H, splitting. In the presence of hydrogen and Au-1, phosphines (PPh; and PCys) were first tried
leading to no reaction and/or decomposition. When triethylamine was added to Au-1 and
hydrogen in benzene at 60 °C for 16 hours, we observed the formation of [AuH(IPr)] (Au-6) and
HBpin in the *H NMR spectrum; Au-6 was isolated in a 97% yield. Interestingly, Au-1 did not react

with Hy, nor with triethylamine by itself to form possible Lewis adduct, such as Au-5. In order to
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observe H; splitting, all three components have to be present in the reaction (Scheme 7.30). It

should be noted that conducting the same experiments with CO,, did not result in any reaction.
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Scheme 7.30: Homoleptic cleavage of H, with [Au(IPr)(Bpin)]

7.7.2. Reactivity with Lewis acids

Our group recently reported the synthesis of NHC-Au(l) complexes from different acids such as
HNOs, H,S04, H3PO4, HCl and NEts-2HF.11%112 |n these reports, [Au(OH)(IPr)] was reacted with
the corresponding acids, where the resulting complexes were tested in various organic
transformations, such as hydration, hydrofluorination and hydroalkoxylation of alkynes as well

as the Meyer-Schuster rearrangement 4110111113114 Alsq different Au(l)-NHC complexes such as
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[Au(OH)(IPr)]**> and [Au(OCOCHS;)(IPr)]®° have been reacted with carboxylic acids, affording gold
carboxylate complexes, [Au(OCOR)(IPr)]. These complexes have been proposed intermediates

in carboxylation/decarboxylation reactions.®

So far, experiments and DFT calculations have showed that the Bpin moiety, in these
[Au(NHC)(Bpin)] complexes, does not act as a nucleophile. Therefore, we were curious to see if
it will at least react as a Br@nsted base when in the presence of various acids. When we reacted
Au-1 with HCl in benzene-dg at 24 °C for 16 hours, no reaction occurred and the starting material
was recovered. This seems to support previous experiments and calculations. However, when
Au-1 was reacted with 1.1 equiv. of HNOs, the formation of Au-7 and HBpin was observed

(Scheme 7.31). Au-7 was isolated in 98% yield after just 5 min.

5 N/_\N z Y A W
~ N N
Y+ o, XTYTSS v
A|u rt., 5 min Alu
5% 0.9.0
|
%_(\ Oe
Au-7

Scheme 7.31: Reaction with nitric acid.

At first glance, it might look like a typical acid-base reaction; however, based on previous
experiments and the fact that HNOs has a higher pka than HCI, this seemed unlikely. We argued
that, in a similar manner to the previously predicted a,B-unsaturated ketone reactivity towards

these complexes, it is actually the oxygen-based acid that is initiating the reaction (Scheme 7.32).

o

B—Ay—IPr

Q

H-Cl ‘><;o)

O=N
O@

]

H—Au—IPr
O,NO—Au—IPr <€—— +
O,NO—Bpin

ks
pra
I
>
c
1
3

Scheme 7.32: Possible mechanism for nitric acid activation using Au-1.

The reactivity with acids was further investigated using carboxylic acids. In that manner, Au-1

was reacted with formic acid at room temperature. After 3 hours, a new species in *H NMR
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spectrum was detected. This species was fully analysed and a single crystal X-ray structure was

obtained. The expected [Au(OCOH)(IPr)] was not observed; instead, a cationic bis(Au-NHC)

hydride dimer was obtained with a four-coordinated Bpin-diformato species (Scheme 7.32, Au-

8). This remarkable dimer species goes to support our initial hypothesis (see Scheme 7.29), since

a hydride species is now confirmed as a possible intermediate.

\/ \/
= /:\
NﬁJ/N
; Au + H OH benzene, rt,
B 3h
o0 3 equiv.

-~
\s/N/=\N :
%Y
Alu
0. _0
Y

H
Not observed

=

[N)>-—Au/—\Au—-<( ]

| e

Au-8

( @ 2\

o
H H
0

N/

(0] B

4

0]

++

ofork

Scheme 7.33: Reaction with formic acid.
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Figure 7.6: Single crystal X-ray structure of Au-8.

The cationic hydride-bridged IPr-Au complex was reported by Sadigi and coworkers,>? firstly by
reacting [AuH(IPr)] with a trityl salt, [PhsC]*[BF4],, which is a known hydride acceptor, but later
by reacting [AuH(IPr)] with [Au(IPr)(OTf)] which affords the gold dimer with a OTf counterion.
Sadighi reported the hydride resonance in the 'H NMR spectrum at 6 = 0.42 ppm, this is in close
approximation with the hydride peak in Au-8 at 6 = 0.29 ppm. The short intramolecular
separation of the two gold atoms is observed as well, being 2.7500(6) A. Similar boron diformate
species has been reported, by Datta and Mandal*'” with an abnormal NHC as counter ion. Also,
various boron diformate species have been reported, either as intermediates or as catalysts in

the reduction of CO,.}18120

As this was an unexpected outcome, a closer look towards the mechanism was taken. The
proposed mechanism starts with a 1:1 reaction between Au-1 and HCOOH, forming Au-10 and
(HCOO):Bpin in a 1:1 ratio (Scheme 7.34, 1). Next, 0.5 equivalence of Au-10 react with 0.5
equivalence of HCOOH to form Au-10 (Scheme 7.34, 2). This then reacts with the previously
formed Bpin-formate species to produce IPrAu* and the final Bpin-diformato species,
Bpin(OOCH), (Scheme 7.34, 3). Meanwhile, IPrAu* in the presence of Au-10 will give the Au-IPr

hydride dimer, thus affording the final complex, Au-8.
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0 0 O—B'o
IPrAu—B + » |PrAu—H + \
1) 0 HJ\OH H—~ © i

Au-1 Au-10 0
1 equiv. 1 equiv. 1 equiv. 1 equiv.
2) IPrAu—H i He i
rAu— + >
HJJ\OH IPrAu—O/U\H
Au-10 Au-9
0.5 equiv. 0.5 equiv. 0.5 equiv.
O H
IPrAu—H
0 0 (Au-11, 0.5 equiv.) 71 o 0
3) O-B, + > -B,
/H\ O O
H—ﬁo 0 IPrAu—0" H PrAV—AUPT [
Au-9 H™ "0
0.5 equiv. 0.5 equiv.
Au-8
(0.5 equiv.)

Scheme 7.34: Proposed reaction mechanism of Au-8.

Mechanistic studies were carried out next. Firstly, Au-9 was synthesised from [Au(OH)(IPr)] and
HCOOH (1.1 equiv.) in toluene. Au-9 was isolated in 97% vyield. It should be noted that Au-9 is
also formed when Au-10 is reacted with formic acid thus confirming step 2 in the proposed
mechanism. Then, Au-9 and HBpin were reacted together in a 1:1 ratio to afford Au-10 and the
Bpin-formate species. This reaction was done to allow us to mimic the formation of the mixture
from the first equation of the proposed mechanism (Scheme 7.34, 1), in a controlled manner
(the absence of any formic acid, should allow the reaction to stop at this stage). After 5 min, the
formation of Au-10 was clearly observed. Making use of this mixture, we reacted Au-9, HBpin
and HCOOH in a 1:1:1 ratio. Since we know we are forming the mixture of Au-10 and the Bpin-
formato species (products from the first step of the proposed mechanism) starting from Au-9
and HBpin, the formic acid present in the reaction mixture should theoretically afford the same
hydride dimer Au-8 that was obtained previously. This was observed experimentally carrying

out an *H NMR experiment (Scheme 7.35).
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O H

o o) 0 + Y 0

/ | (ONIY)

IPrAu—OJ\H + HB\Oi + HJ\OH benzene-dg H iB\O

7z
AU-9 rt. 16 h IPrAu—AulPr ) o
1 equiv. 1 equiv. 1 equiv.

Au-8

Scheme 7.35: Control experiments of the proposed mechanism of Au-8.

7.7.3 Reactivity with alkyl/aryl iodide.

The reactivity towards alkyl/aryl iodide was investigated using methyl iodide and tolyl iodide
respectively. The Au-B bond in Au-1 is more polarised than the previously reported Au-NHC
complexes, therefore the reactivity towards methyl iodide was not a typical one. Au-1 and
methyl iodide were mixed in a 1:1 ratio in benzene-ds at room temperature (Scheme 7.36).

Firstly, 'TH NMR experiments were set up, monitoring the reaction over time.

N— -~
>—N N O/ \ =
T ™ e 0
u + HyC—l benzene-dg, \r Sy C—B/
/é\ rt Au ’ \O
o0 |
I

A

Au-11

Scheme 7.36: Reaction of Au-1 with methyl iodide.

The reaction proceeding over 16 hours resulted in the full conversion of Au-1 to Au-11. Both

products were isolated and characterised by NMR spectroscopy.
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Figure 7.7: Time optimisation for formation of Au-11.

Next, Au-1 was reacted with tolyl iodide to investigate the difference of alkyl and aryl iodide
substrates. Different equivalence of tolyl iodide were reacted with Au-1, but no reactivity was
observed under inert atmosphere (Scheme 7.37). Surprisingly, the reaction only proceeded

under air in 48 hours.

\/ =\ \/
~ g /=\ =

:§ ? : E NN /@/
)é/ benzene-dg, %T + &B

& .

Scheme 7.37: Synthesis of Au-11 using tolyl iodide.

Au-11 and p-tolylpinacolboronate were isolated and characterised via 'H NMR and 3C {*H} NMR
spectroscopy. Aryl boronates are widely used in organic chemistry. One important example is
cross-coupling chemistry, i.e. the Suzuki-Miyaura reaction. Therefore, the preparation of aryl

boronates from aryl halides is an interesting approach and has been investigated in the past
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using copper catalysts.’?! In that context, we sought to investigate the possible catalytic

borylation of tolyl iodide using the newly synthesised [Au(NHC)(Bpin)] complexes (Scheme 7.38).

0 0 [Au(SIPr)(Bpin)] 5 mol%= .. /@/
+ B=E NaOMe (1.5 equiv.), B
| O o o)

THF (0.5M), r.t.,
0.25 mmol 2 equiv. 16 h
95%
NMR yield

Scheme 7.38: Preliminary conditions for the borylation of tolyl iodide.

Au-2 was first tested as the SIPr ligand was showed to be the best ligand in the copper system.®’
A catalytic cycle was proposed (Scheme 7.39), starting with the borylation of tolyl iodide to
tolylpinacolboronate and Au-11. Next, a base is needed to form an alkoxide species
[Au(SIPr)(OR)]. When NaOH and KOH were used, no reaction was observed. This was justified
with the fact that Au-2 cannot be synthesised from [Au(OH)(SIPr)] and B,pin; (as seen previously
during the synthesis). To overcome this issue, the base was exchanged to NaOMe to form Au-
12, as this is the starting complex in the synthesis of Au-2. The reported condition from Lin and
Marder were used for the initial studies,'?* using THF as solvent at room temperature. The
reaction was left to stir for 16 hours, then analysed via *H NMR spectroscopy. The crude *H NMR
spectrum showed full conversion of tolyl iodide to p-tolylpinacolboronate, resulting in an
isolated yield of 95%. Considering these promising results, Au-1, Au-3 and Au-4 were tested in
the catalysis, resulting in no conversion for Au-1 and Au-3 and only 6% GC conversion for Au.4.
Lastly the catalyst loading was lowered to 3 mol% and 1.5 mol%, resulting in 63% and 52% GC

conversion.
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OMe N -
Au-12 B [\ z
N\?N
; Alu
I
Au-11
B
Nal
NaOMe

Scheme 7.39: Proposed catalytic cycle of the borylation of tolyl iodide using Au-2.
7.8 Conclusion

In conclusion four new Au(l)-NHC-Bpin complexes have been synthesised and fully
characterised. The reactivity was closely studied including computational studies into their
bonding character. Hydrogen splitting was investigated for Au-1. Different acids were reacted
with Au-1 showing unique characteristics in the reactivity of these new complexes. Lastly,
alkyl/aryl iodides were reacted with Au-1 and Au-2 resulting in borylation of both alkyl and aryl
iodides. Furthermore the catalytic borylation of tolyl iodide was investigated and successfully

established.
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Chapter 8

Conclusions and Future Work

8.1 Conclusions

This thesis described the synthesis and catalytic applications of novel palladium and gold-NHC

complexes.

The synthesis of [PdCl(n3-R-allyl)(NHC)] complexes was improved by establishing an air and moisture
stable protocol using mild conditions, making it operationally simple. The synthesis was successfully
applied to a range of complexes varying the NHC ligand as well as the allyl ligand, resulting in high
yields, comparable or higher than the previous reported syntheses. Furthermore the new preparation

can be scaled up to 5 g, which highlights its efficiency.

The procedure was extended to the formation of palladate complexes, [NHC-H][Pd(n3-R-allyl)Cl,].
These complexes were isolated, fully characterised using NMR spectroscopy, elemental analysis and
X-ray diffraction. The synthesis was optimised, resulting in a solvent-free synthesis, with no loss of
palladium, which makes it a very atom-economic and environmentally friendly synthesis. This protocol
was applied to a wide range of NHC bearing palladate complexes (26 complexes). Eleven NHC-HCl were
used ranging from smaller NHCs (SIMes) to bigger NHCs (IPr*, ITent) in combination with five different

palladium dimers, [Pd(n3-R-allyl)(u-Cl)]..

The catalytic activity of the palladate complex was extensively investigated in the Suzuki-Miyaura
reaction (Chapter 3); the Buchwald-Hartwig reaction and ketone arylation (Chapter 4); the Mizoroki-
Heck reaction (Chapter 5) and the Sonogashira reaction and dimerization of terminal alkynes (Chapter
6).

An environmentally friendly protocol was established for the Suzuki-Miyaura reaction using a mild
inorganic base, K,COs, in ethanol, coupling aryl chlorides with a variety of aryl boronic acids. The
substrate scope included sterically hindered as well as heteroatom containing aryl chlorides. The

electronic properties of the aryl boronic acid could be varied without significant loss of reactivity.

The catalytic activity of [IPr*-H[Pd(n3-cin)Cl,] was investigated in the Buchwald-Hartwig reaction. A
highly efficient system was developed using low catalyst loading (0.2 mol%) and an environmentally
friendly solvent (CPME). Primary and secondary amines were coupled in high yields with aryl chlorides.
Biologically interesting substrates, namely N-ethylindolylphenylpropenones, were successfully

coupled with a primary and a secondary amine. Furthermore the established protocol was applied to
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the ketone arylation coupling aryl chlorides with different ketones, extending the applications of the

palladate pre-catalyst.

The catalytic activity of the palladate pre-catalysts in the Mizoroki-Heck reaction was extensively
studied. Several different palladates were tested bearing electronically and sterically different NHC
ligands as well as different allyl ligands, resulting in [SIPr-H][Pd(n3-2-Me-allyl)Cl,] being the optimal
pre-catalyst. Very low catalyst loading (0.1 mol%) was required to achieve high yield in a variety of
substrates. Different aryl bromides and chlorides were successfully coupled with styrene. Steric bulk
on the aryl bromide is tolerated, without loss of reactivity. Biologically interesting heteroatom-
containing aryl bromides were successfully coupled with styrene using the optimised protocol

including a significant improvement in the synthesis of E-6-styrylisatin.

The coupling of aryl halides with alkynes was investigated where [IPr*-H][Pd(n3-2-Me-allyl)Cl,] was the
optimal pre-catalyst. A very efficient protocol was established with very low catalyst loadings (0.1
mol%). The established scope showed no significant loss of reactivity when changing the electronic
properties of the aryl bromides. Electronically different substituents were allowed on the acetylene,
resulting in moderate yields. The dimerization of 1,3-enynes was successfully studied using

[IPr*-H][Pd(n3-2-Me-allyl)Cl,] as pre-catalyst, resulting in excellent yields.

In summary the optimised reaction conditions for the catalytic protocols developed focused on
environmentally friendlier reagents, such as mild inorganic bases and green solvents. All catalytic
reactions required low catalyst loadings (0.3-0.1 mol%). Heteroatom-containing and biologically
interesting substrates were targeted on and several interesting substrates were synthesised using the

palladate pre-catalyst in cross-coupling chemistry.

Novel Au(l)-NHC complexes were synthesised and fully characterised. [Au(NHC)(Bpin)] showed
remarkable characteristics, such as being air and moisture stable complexes. The reactivity was closely
studied including computational studies into their bonding character. The reactivity of [Au(IPr)(Bpin)]
was studied with Lewis bases, resulting in H activation. The synthesis of a novel Au(l)-NHC complex,
[Au(IPr);H][Bpin(OCOH),] was established starting from [Au(IPr)(Bpin)] and formic acid. The new
complex was fully characterised and initial mechanistic studies were carried out. The reactivity

towards alkyl and aryl iodide was investigated, resulting in the catalytic borylation of tolyl iodide.
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8.2 Future Work

8.2.1. Investigation of the activation pathway of [NHC-H][Pd(n3-R-allyl)Cl;]

The activation pathway of [NHC-H][Pd(n3-R-allyl)Cl,] pre-catalysts is still unknown. Attempts were
made to study this reactions using in-situ IR spectroscopy and mass spectroscopy but all results
obtained were inconclusive. As the palladate pre-catalysts show different catalytic activity and
characteristic to the [PdCI(n3-R-allyl)(NHC)] pre-catalysts, an investigation into the activation pathway
and active species would provide a better understanding of these activity of these complexes. As

experimental studies failed so far, computational studies could be beneficial.
8.2.2. Extension of the “mild base approach synthesis”

Earth-abundant metals, such as nickel are of increasing interest in the catalysis community. Several
different nickel complexes as catalysts have been studied in different organic reactions, for example
in cross-coupling chemistry.! The main disadvantages are the instability of many nickel complexes as
well as the high catalyst loading used. Nolan and co-workers reported [NiCl(R-allyl)(NHC)] complexes
and its high catalytic activity in the a-ketone arylation.? Taking this into account the synthesis of
[NiX(L)2] complexes could be improved and the use of these complexes more attractive. The synthesis

of NHC based nickelate complexes could be of interest and their potential catalytic activity.
8.2.3. [Au(Bpin)(NHC)] complexes

The synthesis of Au(l)-NHC complexes bearing different boron ligands could be a interesting extension
to the developed Au(l) -NHC complexes. Different commercially available boron dimers can be tested
using the optimised synthesis. The different Au(l)-NHC complexes could be used to study the Au-B
bond gaining more insides. More reactivity studies should be attempted, focusing on the possible

catalytic activity of [Au(NHC)(Bpin)] complexes.
8.2.4 References
(1) Hazari, N.; Melvin, P. R.; Beromi, M. M. Nat. Rev. Chem. 2017, 1, 25.

(2) Ferndndez-Salas, J. A.; Marellj, E.; Cordes, D. B.; Slawin, A. M. Z.; Nolan, S. P. Chem. Eur. J. 2015,
21, 3906-39009.
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Chapter 9:

Experimental Section

9.1 General informations

If reactions were carried out under argon, then a glovebox and Schlenk technique were used. All
aryl halides and boronic acids were used as received. All bases were used as received (in air) or
dried under vacuum at 100 °C (under inert atmosphere). All solvents were used as received when
experiments were conducted in air. Degassed solvents were used when experiments were
conducted under inert atmosphere. All [NHC-H][Pd(n3-R-allyl)Cl,] were prepared from
commercially available NHC-HCI and [Pd(R-allyl){u-Cl)]a.

Flash chromatography was performed on silica gel 60 A pore diameter and 40-63 pm particles
size.

'H, °F and *3C Nuclear Magnetic Resonance (NMR) spectra were recorded on a Bruker-400 and
500 MHz spectrometers at ambient temperature in CDCls or C¢Ds, purchased from Acros and
dried over molecular sieves. Chemical shifts are expressed in ppm = parts per million and
coupling constants, J, are given in Hertz. 'H NMR spectra were recorded with solvent residual
peak (CDCls: 7.26 ppm or CsDe: 7.16 ppm) as internal reference. 3C NMR spectra were recorded
with CDCl3 (77.00 ppm) or CsDs (128.06 ppm) as internal reference. Abbreviations used in the
designation of the signals: s = singlet, d = doublet, dd = doublet of doublets, ddd = doublet of
doublet of doublets, dt = doublet of triplets, t = triplet, td = triplet of doublets, m = multiplet, br.
= broad, hept = heptuplet.

Elemental analyses were performed at London Metropolitan University 166-220 Holloway
Road, London, N7 8DB. Mass spectrometry was performed by the EPSRC National Mass
Spectrometry Service Centre at Swansea University, Grove Building, Singleton Park, Swansea,

SA2 8PP, Wales, UK.
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9.2 Chapter 2: A simple and facile synthesis of

[PdC](n3-R-allyl)(NHC)] complexes.

9.2.2 General procedure for the synthesis of [PdCl(n3-R-allyl)(NHC)]

NHC-HCI, [Pd(n3-R-allyl)(u-Cl)]2 (1.00 equiv.), a magnetic stir bar and acetone (0.28 M) were
charged into a vial or round-bottomed flask, followed by K,COs (2.00-2.40 equiv.). The mixture
was stirred at 60 °C for the corresponding time. After the reaction was complete, the solvent
was removed under vacuum. The residue was re-dissolved in CH,Cl, (1.00-2.00 mL) and filtered
through a pad of silica. The filter cake was washed with CH,Cl; (20.00 mL). The resulting solution
was concentrated and dried under vacuum until a powder was obtained. In some cases, washing
with pentane (5.00 mL) was necessary in order to remove the residual CH,Cl,. The product was

analysed using 'H NMR and 3C {*H} NMR spectroscopy and elemental analysis.

9.2.3. Synthesis and optimisation of [PdCl(n3-cin)(IPr)]

SN N—
N— ~ Ph in air < 2 />\_\>
R /—\® =
2 NN z(—Pd/CLPd—) S, I\
* f acetone, ellg ’)
© 60 °C
cl Ph Ph

Small scale: Following the general procedure; IPr-HCI (50.00 mg, 0.12 mmol), [Pd(n3-cin)(p-Cl)]2
(25.30 mg, 0.05 mmol) and K,CO5 (13.50 mg, 0.09 mmol) were used. The reaction was left to stir
for 5 h. The product was obtained as a microcrystalline material in 98% (60.90 mg) yield.

Large scale: Following the general procedure; IPr-HCl (4.01 g, 9.44 mmol), [Pd(n3-cin)(u-Cl)],
(2.04 g, 3.93 mmol) and K,CO3 (1.08 g, 7.87 mmol) were used. The reaction was left to stir for 24
h. The product was obtained as a microcrystalline material in 97% (4.94 g) yield.

1H NMR (400 MHz, CDCls): 6 (ppm) = 8 7.50 (t, J = 7.7 Hz, 2H), 7.28 (d, J = 7.7 Hz, 4H), 7.19-7.12
(m, 7H), 5.12-5.05 (m, 1H), 4.36 (d, J = 12.9 Hz, 1H), 3.06-2.96 (m, 5H), 1.77 (d, J = 11.4 Hz, 1H),
1.43-1.36 (m, 12H), 1.16 (d, J = 7.1 Hz, 12H).

13C {"H} NMR (100 MHz, CDCl3): 6 (ppm) = 6 184.8 (Ccarbene), 145.9 (C), 137.7 (C), 135.7 (C), 129.7
(CH) 128.0 (CH), 127.9 (CH), 127.1 (CH), 126.5 (CH), 124.0 (CH), 123.6 (CH), 108.6 (CH), 90.0 (CH),
46.1 (CHy), 33.9 (CH,), 28.4 (CH), 26.0 (CHs3), 22.8 (CH3).

Elemental Analysis: Expected: C 66.66, H 7.15, N 4.32. Found: C 66.73, H 7.27, N 4.38.

Analytical data obtained were in agreement with the reported values.!
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Table S-1: Optimisation of the synthesis of [PdCI(n3-cin)(IPr)].

Entries IPr-HCI (equiv.) K»COs (equiv.) t (h) Yield (%)?
1 1.00 2.00 3 94’
2 1.10 2.00 3 100"
3 1.20 1.10 5 98’
4 1.30 1.10 5 100"
5 1.50 1.10 5 100"
6 1.20 0.90 5 99°
7 1.20 1.00 5 98
8 1.20 1.30 5 100"
9 1.20 1.50 5 96"
10 1.20 0.60 5 65°
11 1.20 0.40 5 69°
12 1.20 0.20 5 52"
13 1.20 1.00 5 94°
14 1.20 1.00 5 99™
15 1.20 1.00 6 99¢

*IH NMR shows impurities in the spectra. ?Isolated yield after filtration through silica gel using
CH2Cl.. All reactions were carried out in air using technical grade acetone (0.24 M in respect to
IPr-HCl). PConcentration = 0.12 M. “Concentration = 0.06 M. IPr-HCl and [Pd(n3-cin)(u-Cl)]2 were
stirred in acetone for 1 h at 60 °C, then K2COs was added and the mixture was left to stir for 5 h
at 60 °C.
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9.2.4. Synthesis and optimisation of [PdCl(q3-allyl)(IPr)]

\/ /—\®\/ in air
N__N _KoCOs Pd
%v Pd Pd PLS|
acetone

Small scale: Following the general procedure; IPr-HCI (50.00 mg, 0.12 mmol), [Pd(n3-allyl)(u-Cl)]2
(17.80 mg, 0.05 mmol) and K,CO3 (13.50 mg, 0.09 mmol) were used. The reaction was left to stir
for 5 h. The product was obtained as a microcrystalline material in 85% (47.60 mg) yield.

Large scale: Following the general procedure; IPr-HCl (2.70 g, 6.55 mmol), [Pd(n3-allyl)(u-Cl)]2
(1.00 g, 2.73 mmol) and K>COs (755.00 mg, 5.47 mmol) were used. The reaction was left to stir
for 24 h. The product was obtained as a microcrystalline material in 92% (2.87 g) yield.

1H NMR (400 MHz, CDCls): & (ppm) = 6 7.42 (t, J = 7.3 Hz, 2H), 7.28-7.25 (m, 4H), 7.15 (s, 2H),
4.86-4.76 (m, 1H), 3.91 (d, J = 5.6 Hz, 1H), 3.16-3.03 (m, 2H), 3.04 (d, J = 6.3 Hz, 1H), 2.89-2.82
(m, 2H), 2.77 (d, J=13.6 Hz, 1H), 1.59 (d, /= 12.1 Hz, 1H), 1.39(d, J= 7.1 Hz, 6H), 1.34 (d, /= 6.8
Hz, 6H), 1.18 (d, J = 7.1, 6H), 1.09 (d, J = 7.1 Hz, 6H).

13¢C {*H} NMR (100 MHz, CDCls): & (ppm) = & 186.1 (C carbene), 146.0 (C), 145.8 (C), 135.6 (C), 129.7
(CH), 123.9 (CH), 123.7 (CH), 123.6 (CH), 114.0 (CH), 72.3 (CH,), 49.3 (CH>), 28.4 (CH,), 28.3 (CH,)
26.4 (CHs), 25.6 (CH3), 22.7 (CH3), 22.6 (CH3).

Elemental Analysis: Expected: C 62.93, H 7.39, N 4.89. Found: C 63.06, H 7.55, N 5.02.

Analytical data obtained were in agreement with the reported values.?

Table S-2: Optimisation of the synthesis of [PdCI(n3-allyl)(IPr)]

Entries IPr-HCI (equiv.) [Pd(n3-allyl)Cl]; K2COs (equiv.) | t(h) Yield (%)
(equiv.)
1 1.00 0.50 2 5 85"
2 1.10 0.50 2 5 75"
3 1.00 0.55 1.1 5 60"
4 1.00 0.60 1.1 5 57"
5 1.20 0.50 1 5 85

"4 NMR shows impurities in the spectra. 2lsolated yield after filtration through silica using CH>Cl>. All
reactions were carried out in air using technical grade acetone (0.23 M).
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9.2.5. Synthesis and optimisation of [PdCl(n3-cin)(IPr*)]

Ph Ph

\/Ph Ph\/

N ~.N
in air
KoCOs : ;me’h
S: > Pd Pd
/qph Pé acetone Ph ) Ph
cl 60 °C

Ph Ph

Small scale: Following the general procedure; IPr*-HCl (110.00 mg, 0.11 mmol), [Pd(n3-cin)(u-
Cl)]2(30.00 mg, 0.06 mmol) and K,CO3 (13.50 mg, 0.09 mmol) were used. The reaction was left
to stir for 1 h at 60 °C before the base was added. The product was obtained as a microcrystalline
material in 94% (127.00 mg) yield.

Large scale: Following the general procedure; IPr*-HCI (3.00 g, 3.86 mmol), [Pd(n3-cin)(u-Cl)].
(1.00 g, 1.93 mmol) and K,COs3 (1.07 g, 7.72 mmol) were used. The reaction was left to stir for
30 h. The product was obtained as a microcrystalline material in 98% (4.23 g) yield.

H NMR (400 MHz, CDCls): & (ppm) = & 7.50 (d, J = 7.1 Hz, 2H), 7.41 (t, J = 7.4 Hz, 4H), 7.37-7-18
(m, 16H), 7.13-7.08 (m, 14H), 6.82-6.77 (m, 14H), 6.09 (s, 2H), 5.70 (s, 2H), 5.31 (s, 2H), 5.01-4.96
(m, 1H), 4.64 (d, J=12.8 Hz, 1H), 2.59 (d, J = 5.8 Hz, 1H), 2.23 (s, 6H).

13¢C {*H} NMR (100 MHz, CDCls): & (ppm) = & 182.3 (Cearbene), 144.3 (C), 143.5(C), 143.4 (C) 141.1
(C), 140.3 (C), 138.1(C), 137.5(C), 135.6 (C), 130.3 (CH), 130.0 (CH), 129.0 (CH), 128.9 (CH), 128.3
(CH), 128.1 (CH), 127.9 (CH), 127.4 (CH), 126.9 (CH), 126.1 (CH), 126.1 (CH),123.2 (CH) 108.7 (C),
91.0(C), 53.3 (CH), 47.1 (CH), 21.7 (CHs).

Elemental Analysis: Expected: C 79.85, H 5.67, N 2.39. Found: C 79.64, H 5.81, N 2.36.

Analytical data obtained were in agreement with the reported values.?
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Table S-3: Optimisation of the synthesis of [PdCI(n3-cin)(IPr*)]

Entries | IPr*.HCl (equiv.) | K.COs(equiv.) | t(h) Yield® (%) | Acetone (M)
1 2.00 4.00 5 80™ 0.12
2 2.00 4.00 20 81" 0.12
3 2.00 4.00 5 70" 0.12
4 2.20 2.00 5 84" 0.11
5 2.00 4.00 5 74 0.11
6 2.00 2.00 5 59" 0.11
7 2.00 4.00 5 73 0.11
8 2.00 2.00 5 60" 0.11
9 2.00 4.00 5 78™ 0.11
10 2.00 4.00 20 99¢ 0.11
11 2.00 4.00 24 944 0.23
12 2.00 3.00 20 73" 0.23
13 2.00 4.00 24 93¢ 0.11
14 2.00 4.00 24 98" 0.06

*1H NMR shows impurities in the spectra. Isolated yield after filtration through silica using CH2Cl,. All
reactions were carried out in air using technical grade acetone. "Clean NMR spectrum obtained but
difficulties in reproducing it. €IPr*-HCl and [Pd(n3-cin)(u-Cl)]2 in acetone were stirred at 60 °C for 7 min,
then K2COs was added and left to stir for 5 h at 60 °C. ¢IPr*-HCl and [Pd(n3-cin)(u-Cl)]2 in acetone were
stirred at 60 °C for 1 h, then K2COs was added and the mixture was stirred at 60 °C for the indicated time.
eIPr*-HCl and [Pd(n3-cin)(u-Cl)]2 in acetone were stirred at 60 °C for 3 h, then K2CO3 was added and the
mixture was stirred at 60 °C for 24 h.
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9.2.6. Synthesis of [PdCl(n3-cin)(SIPr)]

Y N/%\N Y
%Cl,m'f

Ph

Following the general procedure; SIPr-HCI (110.00 mg, 0.23 mmol), [Pd(n3-cin)(u-Cl)]2 (49.70 mg,
0.09 mmol) and K,CO3 (26.90 mg, 0.19 mmol) were used. The product was obtained as a
microcrystalline material in 78 % (122.00 mg) yield.
1H NMR (400 MHz, CDCls): 6 (ppm) =8 7.38-7.35 (m, 2H), 7.26 (d, J = 7.5 Hz, 4H), 7.14-7.13 (m,
5H), 5.09-5.01 (m, 1H), 4.33 (d, J = 13.3 Hz, 1H), 4.02 (s, 4H), 3.78 (s, 1H), 3.44 (br. s, 4H),2.88
(br.s., 1H), 1.43-1.41 (m, 12H), 1.27 (d, J = 6.3 Hz, 12H).
13¢C {1H} NMR (100 MHz, CDCls): & (ppm) = 6 212.1 (Cearbene), 147.2 (C), 137.7 (C), 136.4 (C), 129.1
(C), 128.3 (CH), 127.4 (CH), 126.8 (CH), 124.3 (CH), 109.2 (CH), 91.7 (CH), 54.1 (CH), 46.0 (CH,),
28.6 (CHs), 26.7 (CHs).

Elemental analysis: Expected: C 66.56, H 7.29, N 4.31. Found: C 66.62, H 7.36, N 4.27.

Analytical data obtained were in agreement with the reported values.*

9.2.7. Synthesis of [PdCl(n3-cin)(SIMes)]

NG
Ph

Following the general procedure; SIMes-HCI (100.00 mg, 0.29 mmol), [Pd(n3-cin)(u-Cl)]2 (62.90

mg, 0.11 mmol) and K,COs (33.50 mg, 0.24 mmol) were used. The product was obtained as a

microcrystalline material in 80% (135.00 mg) yield.

'H NMR (400 MHz, CDCl;): 6 (ppm) = & 7.26-7.12 (m, 3H), 7.06-7.04 (m, 2H), 6.96 (s, 2H), 6.93

(s, 2H), 5.30 (s, 1H), 5.12-5.04 (m, 1H), 4.27 (d, J = 12.9 Hz, 1H), 3.99 (br.s., 4H), 3.27 (d, /= 6.9

Hz, 1H), 2.44 (s, 6H), 2.31 (s, 6H), 1.92 (d, J = 12.0 Hz, 6H).

13C {*H} NMR (100 MHz, CDCls): 6 (ppm) = 6 211.2 (Ccarbene), 138.3 (Car), 138.1 (Car), 136.6 (Car),

136.5 (Car), 136.0 (Car), 129.5 (CH), 128.3 (CH), 127.9 (CH), 127.4 (CH), 126.7 (CH), 125.9 (CH),

109.7 (CHcin), 92.4 (CHcin), 90.3 (CHcin) 51.3 (CHzgmig).), 46.8 (CHzgmia).), 21.2 (CHzpmes)), 18.7

(CH3(mes)), 18.6 (CH3z(mes))-

Elemental analysis: Expected: C63.72, H 6.24, N 4.95. Found: C 63.84, H 6.35, N 4.96.
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9.2.8. Synthesis of [PdCl(n3-cin)(IPr*2-Np)]

2-Np._2-Np 2-Np._,2-Np

X N Np\
2-NpE ; \r 2-Np

2Ng g PP Ne
Ph

Following the general procedure; IPr*2NP.HC| (171.20 mg, 0.12 mmol), [Pd(n3-cin)(u-Cl)]2 (30.00
mg, 0.06 mmol) and K2COs (32.00 mg, 0.23 mmol) were used. The reaction was left to stir for 1
h at 60 °C before the base was added. The product was obtained as a microcrystalline material
in 94% (170.00 mg) yield.
1H NMR (400 MHz, CDCls): & (ppm) = & 7.86-7.84 (m, 12H), 7.71 (d, J = 6.9 Hz, 2H), 7.62 (d, J =
7.8 Hz, 4H), 7.67-7.51 (m, 6H), 7.47-7.41 (m, 10H), 7.39-7.29 (m, 9H), 7.26-7.16 (m, 14H), 7.16
(d, J=15.6 Hz, 4H), 7.12 (s, 4H), 6.94 (d, J = 8.0 Hz, 2H), 6.60 (d, J = 9.7 Hz, 2H), 5.37 (s, 2H), 5.05
(d, /=129 Hz, 1H), 3.15 (d, J = 7.1 Hz, 1H), 2.24 (s, 6H), 1.94 (d, J = 11.3 Hz, 1H).
13C {TH} NMR (100 MHz, CDCl3): & (ppm) = & 182.0 (Ccarbene), 141.2 (C), 138.5 (C), 135.9 (C), 133.0
(C), 132.9(C), 132.0 (CH), 131.8 (CH), 130.7 (CH), 129.2 (CH), 128.9 (CH), 128.6 (CH,), 127.9 (CH,),
127.8 (CH,), 127.7 (CH,), 127.4 (CH,), 127.3 (CH,), 127.0 (CH,), 125.7 (CHy), 125.6 (CH,), 125.5
(CH3), 109.6 (CH,), 92.1 (CH,), 51.5 (CH>), 47.1 (CH3), 21.7 (CHs).
Elemental analysis: Expected: C 84.01, H 5.19, N 1.78. Found: C 83.87, H 5.23, N 1.91.

Analytical data obtained were in agreement with the reported values.®

9.2.9. Synthesis of [PdC](n3-cin)(IPent)]

v ! =
%CI’Pd’\)g

Ph

Following the general procedure; IPent-HCI (100.00 mg, 0.18 mmol), [Pd(n3-cin)(u-Cl)], (48.20
mg, 0.09 mmol) and K>COs (51.40 mg, 0.37 mmol) were used. The reaction was left to stir for 1
h at 60 °C before the base was added. The product was obtained as a microcrystalline material
in 85% (123.00 mg) yield.
'H NMR (400 MHz, CDCls): & (ppm) = 6 7.41-7.37 (m, 2H), 7.18-7.09 (m, 11 H), 5.21-5.13 (m, 1H),

4.41 (d, J = 13.4 Hz, 1H), 2.58-2.58 (br. m, 4H), 2.34 (br.s. 1H), 2.11-1.97 (m, 4H), 1.76-1.72 (m,
4H), 1.63-1.60 (m, 4H), 1.52-1.43 (m, 4H), 1.26 (s, 1H), 1.01-0.97 (m, 12H), 0.77-0.74 (m, 12H).
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13C {*H} NMR (100 MHz, CDCls): & (ppm) = & 181.5 (Cearbene), 143.6 (C), 137.5 (C) 137.5 (C), 128.8
(CH), 128.2 (CH), 127.2 (CH), 126.6 (CH), 124.8 (CH), 124.2 (CH), 108.2 (C), 91.4 (CH), 41.5 (CH),
27.9 (CH,), 27.2 (CH,), 12.8 (CHs), 11.2 (CHs).

Elemental analysis: Expected: C 69.55, H 8.09, N 3.69. Found: C 69.49, H 8.19, N 3.80.

Analytical data obtained were in agreement with the reported values.®

9.2.10. Synthesis of [PdCl(n3-cin)(IHept)]

Pr\_/Pr <

3 N/i\NPr :

%fm’l\?
Ph

Following the general procedure; IHept-HCI (100.00 mg, 0.15 mmol), [Pd(n3-cin)(u-Cl)]2 (39.80
mg, 0.07 mmol) and K;CO3 (42.50 mg, 0.31 mmol) were used. The reaction was left to stir for 1
h at 60 °C before the base was added. The product was obtained as a microcrystalline material
in 81% (109.00 mg) yield.
'H NMR (400 MHz, CDCls): & (ppm) = & 7.40-7.36 (m, 2H), 7.19-7.13 (m, 9H), 7.06 (s, 2H),
5.18-5.10 (m, 1H), 4.44 (d, J= 13.8 Hz, 1H), 2.61 (br.s., 4H), 1.98-1.91 (m, 4H), 1.56-1.26 (m, 22H),
1.15-1.11 (m, 8H), 0.90-0.80 (m, 24H).
13¢ {*H} NMR (100 MHz, CDCls): & (ppm) = & 181.4 (Ccarbene), 144.2 (C), 137.5 (C), 137.2 (CH,),
128.9 (CH), 128.1 (CH), 127.3 (CH), 126.5 (CH), 124.7 (CH), 124.2 (CH), 108.1 (C), 91.5 (CH), 39.1
(CHs), 39.0 (CH), 37.8 (CH,), 21.4 (CH>), 20.3 (CH,), 14.5 (CHs).
Elemental analysis: Expected: C 71.62, H 8.90, N 3.21. Found: C 71.50, H 8.75, N 3.30.

Analytical data obtained were in agreement with the reported values.®

9.2.11. Synthesis of [PdCl(n3-cin)(IPr*oMe)]

Ph Ph

~Ph _ Ph

o E S o
Ph-PaS)\Ph
Ph
Following the general procedure; IPr*°Me.HC| (100.00 mg, 0.10 mmol), [Pd(n3-cin)(u-Cl)]2 (26.70
mg, 0.05 mmol) and K>COs (28.50 mg, 0.21 mmol) were used. The reaction was left to stir for 1

h at 60 °C before the base was added. The product was obtained as a microcrystalline material

in 85% (107.00 mg) yield.
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H NMR (400 MHz, CDCls): & (ppm) = & 7.49 (d, J = 7.4 Hz, 2H), 7.40 (t, J = 7.1 Hz, 2H), 7.30-7.19
(m, 22H), 7.10-7.09 (m, 12H), 6.85 (d, J = 7.2 Hz, 4H), 6.80 (d, J = 6.6 Hz, 4H), 6.55 (s, 4H), 6.07 (s,
2H), 5.73 (s, 2H), 5.23 (s, 2H), 5.13-5.05 (m, 1H), 4.69-4.66 (m, 1H), 3.57 (s, 6H), 2.67-2.66 (m,
1H).

13C {!H} NMR (100 MHz, CDCls): & (ppm) = & 182.9 (Cearbene), 158.6 (C), 144.0 C), 130.2 (C), 129.0
(C), 128.9 (C), 128.4 (C), 128.1 (C), 128.0 (CH), 127.4 (CH), 127.0 (CH), 126.3 (CH), 126.1 (CH),
123.3 (CH), 114.8 (CH), 114.7 (CH), 108.7 (C), 91.7 (CH), 54.8 (CH,), 51.4 (CHs), 47.0 (CHs).
Elemental analysis: Expected: C 77.80, H 5.44, N 2.33. Found: C 77.59, H 5.35, N 2.36.

Analytical data obtained were in agreement with the reported values.’

9.2.12. Synthesis of [PdCl(n3-cin)(IPrc)]

Cl Cl
%@/Pd'\)

Ph

Following the general procedure; IPr¢-HCI (100.00 mg, 0.20 mmol), [Pd(n3-cin)(u-Cl)]2(52.20 mg,
0.10 mmol) and K,CO; (55.70 mg, 0.40 mmol) were used. The product was obtained as a
microcrystalline material in 92% (113.20 mg) yield.
H NMR (400 MHz, CDCls): & (ppm) = 8 7.52 (t, J = 7.7 Hz, 2H), 7.33 (d, J = 7.7 Hz, 4H), 7.16-7.10
(m, 5H), 5.07 (dt, J = 12.6, 9.3 Hz, 1H), 4.34 (d, J = 12.6 Hz, 1H), 3.09 (br.s., 1H), 2.91 (br.s., 4H),
1.84 (bs, 1H), 1.36-1.35 (m, 12H), 1.20 (d, J = 6.8 Hz, 12H)
13C {*H} NMR (100 MHz, CDCls): & (ppm) = & 188.6 (Cearbene), 147.0 (C), 137.8 (C), 133.2 (C), 130.9
(CH), 128.4 (CH), 127.7 (CH), 127.1 (CH), 127.1 (CH), 124.6 (CH), 119.9 (C), 109.0 (CH), 90.6 (CH),
49.0 (CH,), 28.2 (CH), 25.2 (CHs), 24.1 (CH3)

Elemental analysis: Expected: C 60.66, H 6.47, N 3.82. Found: C 60.58, H 6.35, N 3.93.

Analytical data obtained were in agreement with the reported values.®
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9.2.13. Synthesis of [PdCl(n3-cin)(IPrBr)]

Br. Br
%m/l’dl\)

Ph

Following the general procedure; IPr®-HCI (100.00 mg, 0.17 mmol), [Pd(n3-cin)(u-Cl)]2 (44.20 mg,
0.08 mmol) and K;COs (47.30 mg, 0.34 mmol) were used. The product was obtained as a
microcrystalline material in 90% (103.10 mg) yield.
'H NMR (400 MHz, CDCls): 6 (ppm) =6 7.51 (t, J = 7.8 Hz, 2H), 7.33 (d, J = 7.8 Hz, 4H), 7.16-7.10
(m, 5H), 5.07 (dt, J = 12.6, 9.3 Hz, 1H), 4.34 (d, J = 12.6 Hz, 1H), 3.14-3.02 (m, 1H), 2.93-2.87 (m,
4H), 1.86 (br.s., 1H), 1.36 (d, J = 6.7 Hz, 12H), 1.23 (d, / = 6.7 Hz, 12H).
13¢C {IH} NMR (100 MHz, CDCls): & (ppm) = & 190.3 (Cearbene), 146.8 (C), 137.7 (C), 134.8 (C),
130.8 (CH), 128.4 (CH), 127.7 (CH), 127.1 (CH), 124.6 (CH), 111.1 (C), 109.0 (CH), 90.8 (CH), 49.4
(CH,), 28.8 (CH), 25.3 (CH3), 24.5 (CHs).

Elemental analysis: Expected: C 52.68, H 5.38, N 3.48. Found: C 52.23, H 5.25, N 3.69.

Analytical data obtained were in agreement with the reported values.®

9.2.14. Synthesis of [PdCl(n3-crotyl)(IPr)]

q/” ?Q
H

Following the general procedure; IPr-HCl (151.00 mg, 0.35 mmol), [Pd(n3-crotyl)(u-Cl)]2 (50.00

mg, 0.13 mmol) and K,COs (35.00 mg, 0.25 mmol) were used. The product was obtained as a

microcrystalline material in 82% (121.00 mg) yield.

H NMR (400 MHz, CDCl3): 6 (ppm) = 6 7.43 (t, J = 7.8 Hz, 2H), 7.27-7.25 (m, 4H), 7.14 (s, 2H),

4.53 (td, /=12.0, 6.8 Hz, 1H), 3.48 (dd, /= 12.5, 6.2 Hz, 1H), 3.10 (hept, J = 7.5 Hz, 2H), 2.90 (hept,

J=6.8Hz, 2H), 2.71 (d, J = 6.2 Hz, 1H), 1.37-1.34 (m, 16H), 1.51 (d, /= 6.9 Hz, 6H), 1.11 (d, /= 6.9

Hz, 6H).

13C {*H} NMR (100 MHz, CDCls): 6 (ppm) = & 186.8 (Ccarvene), 146.2 (C), 146.1 (C), 129.9 (C),

124.7 (CH), 123.9 (CH), 123.9 (CH), 113.2 (CH), 96.1 (C), 44.8 (CH), 28.7 (CH3), 26.5 (CH3), 25.9

(CHs), 23.1 (CHs), 17.1 (CHs3).

Elemental analysis: Expected: C 63.59, H 7.40, N 4.78. Found: C 63.41, H 7.27, N 4.79.

Analytical data obtained were in agreement with the reported values.*
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9.2.15. Synthesis of [PdCl(n3-2-Me-allyl)(IPr)]

Y N/\—:(\N ~
A
Following the general procedure; IPr-HCI (151.00 mg, 0.36 mmol), [Pd(n3-2-Me-allyl)(u-Cl)],
(50.00 mg, 0.13 mmol) and K>COs (35.00 mg, 0.25 mmol) were used. The product was obtained
as a microcrystalline material in 81% yield (120.00 mg).
1H NMR (400 MHz, CDCls): & (ppm) = 6 7.44 (t, J = 7.8 Hz, 2H), 7.31-7.27 (m, 4H), 7.16 (s, 2H),
5.34-5.34 (m, 1H), 3.71 (d, J = 3.0 Hz, 1H), 3.14 (hept, J = 6.7 Hz, 2H), 2.96 (hept, J = 6.4 Hz, 2H),
2.76(d,J=2.9 Hz, 1H), 2.69 (s, 1H), 1.43 (d, J = 6.7 Hz, 6H), 1.32 (d, J = 6.8 Hz, 6H), 1.22 (s, 3H),
1.18 (d, J = 6.9 Hz, 6H), 1.07 (d, J = 6.9 Hz, 6H).
13¢C {*H} NMR (100 MHz, CDCls): & (ppm) = & 187.4 (Cearbene), 146.3 (C), 146.1 (C), 136.3 (C),
129.9 (CH), 129.1 (CH), 124.2 (CH), 124.0 (CH), 123.9 (CH), 71.5 (C), 53.6 (CH), 49.5 (CH), 28.6
(CHs), 28.5 (CHs), 26.6 (CHs), 26.0 (CHs), 23.1 (CHs), 22.8 (CH3), 22.5 (CHs).
Elemental analysis: Expected: C 63.59, H 7.40, N 4.78. Found: C 63.62, H 7.56, N 4.90.

9.2.16. Synthesis of [PdCl(n3-IndBu)(IPr)]

Y A
)
P

S

Cl” \

S8

Following the general procedure; IPr-HCI (57.00 mg, 0.13 mmol), [Pd(n3-Ind®¥)(u-Cl)]2(30.00 mg,
0.05 mmol) and K,CO; (13.10 mg, 0.09 mmol) were used. The product was obtained as a
microcrystalline material in 84% yield (60.00 mg).

'H NMR (400 MHz, CDCls): & (ppm) =8 7.49 (t, J = 7.7 Hz, 2H), 7.36 (d, J = 7.5 Hz, 2H), 7.22 (d, J =
7.7 Hz, 2H), 7.11 (d, J = 7.7 Hz, 1H), 7.09 (s, 2H), 6.72 (t, J = 7.5 Hz, 1H), 6.36 (t, / = 7.5 Hz, 1H),
5.02 (d, J = 2.5 Hz, 1H), 3.18 (dt, J = 13.6, 6.8 Hz, 2H), 2.75 (dt, J = 13.5, 6.7 Hz, 2H), 1.45 (d, J =
6.7 Hz, 6H), 1.26 (d, J = 8.5 Hz, 12H), 1.20 (d, J = 6.8 Hz, 6H), 1.11 (d, J = 6.7 Hz, 6H), 0.96 (d, J =
6.9 Hz, 6H).

13C {'H} NMR (100 MHz, CDCl): & (ppm) = & 176.3 (Ccarbene), 146.1 (C), 146.0 (C), 139.0 (C),
138.3 (C), 136.4 (C), 129.8 (CH), 124.7 (CH), 119.0 (CH), 116.6 (CH), 107.3 (C), 63.3 (CH), 34.0
(CHa), 29.6 (CHs), 28.8 (CHs), 28.6 (CHs), 26.6 (CHs), 25.5 (CHs), 23.6 (CHs), 22.3 (CHs).
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Elemental analysis: Expected: C 68.46, H 7.33, N 3.99. Found: C 68.38, H 7.32, N 4.11.

Analytical data obtained were in agreement with the reported values.®

9.2.17. General procedure of [NHC-H][Pd(L)Cl:]
In air, the corresponding NHC-HCI (2 equiv.) and [Pd(n3-R-allyl)(u-Cl)]2 (1 equiv.) were added to
a mortar. The two solids were mixed and ground using a pestle for 5 min. A crystalline solid was

obtained in quantitative yield.

9.2.17.1 Synthesis of [IPr-H][Pd(n3-cin)Cl;] Pd(ate)-1

Following the general procedure from IPr-HClI (82.10 mg, 0.19 mmol) and [Pd(n3-cin)(u-Cl)]2
(35.30 mg, 0.09 mmol), the product was obtained as a yellow powder in 99% yield (117.00
mg).

1H NMR (400 MHz, CDCl3): & (ppm) = 6 9.19 (s, 1H, Cncin), 8.32 (d, J = 1.6 Hz, 2H, CHimia), 7.54
(t, J=8.1Hz, 2H, CHa/), 7.45 (dd, J = 7.7, 1.6 Hz, 2H, CHar(cin)), 7.33 (d, J = 7.9 Hz, 4H, CHa/), 7.21-
7.19 (m, 3H, CHar(cin)), 5.69-5.62 (m, 1H, CH(cin)), 4.46-4.44 (m, 1H, CHa(cin)), 3.86 (d, J = 6.6 Hz,
1H, CHa(ciny), 2.90 (d, J = 11.9 Hz, 1H, CHicin)), 2.48-2.41 (m, 4H, CHyen), 1.27 (d, J = 6.8 Hz, 12H,
CHsqpn), 1.19 (d, J = 6.7 Hz, 12H, CHsen).

13C {*H} NMR (100 MHz, CDCls): 6 (ppm) = & 145.1 (Car), 136.9 (CHncn), 132.1 (CHar), 129.9 (Car),
128.7 (CHcin), 127.9 (CHcin), 127.7 (CHimia), 124.7 (CH), 105.2 (CHcin), 81.8 (CHcin), 58.4 (CHa(ciny),
29.0 (CHyen), 24.7 (CHs(py), 23.9 (CHsgen).

Elemental Analysis: Expected: C 63.02, H 7.05, N 4.08. Found: C63.11, H6.95, N 4.14.
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9.2.17.2. Synthesis of [IPr-H][Pd(n3-allyl)Cl.] Pd(ate)-2

Following the general procedure from IPr-HCI (82.04 mg, 0.19 mmol) and [Pd(n3-allyl)(u-Cl)].
(35.30 mg, 0.09 mmol), the product was obtained as a yellow powder in 99% yield (117.00 mg).
H NMR (400 MHz, CDCls): & (ppm) = 9.16 (s, 1H, Cnein), 8.28 (d, J = 1.6 Hz, 2H, CHimia), 7.54-7.50
(m, 2H, CHar), 7.32 (d, J = 7.2 Hz, 4H, CHa/), 5.16-5.10 (m, 1H, CHaiy), 3.76 (s, 2H, CHauy), 2.67 (d,
J=11.6 Hz, 2H, CHaiy), 2.48-2.44 (m, 4H, CHipr), 1.27 (d, J = 6.8 Hz, 12H, CH3z(py), 1.20 (d, J = 7.2
Hz, 12H, CHser).

3¢ {*H} NMR (100 MHz, CDCls): 6 (ppm) = 6144.9 (Car), 136.8 (CHncn), 131.8 (Car), 129.7 (Car),
127.3 (CHar), 124.4 (CHany), 108.9 (Caiyi), 60.3 (CHanyi), 28.8 (CHier), 24.4 (CHs(iery), 23.8 (CHs(ier).
Elemental analysis: Expected: C 59.07, H 7.27, N 4.59. Found: C 58.90, H 7.17, N 4.57.

9.2.17.3. Synthesis of [IPr* -H][Pd(n3-cin)Cl;] Pd(ate)-3

Ph Ph

~Ph __ Phe
B @

N__ N—Z
qpl@hﬁ
Ph Y Ph
cl cl
\ /

@Pld
A"Ph

Following the general procedure from IPr*-HCl (108.57 mg, 0.12 mmol) and [Pd(n3-cin)(u-Cl)].
(30.00 mg, 0.06 mmol), the product was obtained as a yellow powder in 99% yield (147.00 mg).
'H NMR (400 MHz, CDCls): 6 (ppm) = 6 12.52 (s, 1H, Cncun), 7.31-7.23 (m, 20H, CHa/), 7.19-7.06
(m, 19H, CHa), 6.77-6.75 (m, 10H, CHa), 5.87-5.75 (br. m, 1H, CHan), 5.41 (s, 4H, CHper), 5.33 (s,
2H, CHqin), 4.60-3.85 (br. m, 2H, CHcin), 2.97-2.58 (m, 1H, CHin), 2.18 (s, 6H, CH3).

13¢C {*H} NMR (100 MHz, CDCls): & (ppm) = & 142.6 (Car), 142.5 (CHnen), 142.1 (Car), 140.7 (Car),
140.6 (Car), 130.7 (CHar), 130.2 (CHar), 129.1 (CHar), 128.3 (CHar), 127.9 (CHar), 126.6 (CHa/), 126.5
(CHar), 122.8 (CHimig), 105.6 (CHcin), 82.2 (CHcin), 59.3 (CHcin), 51.0 (CHgpr+), 21.7(CHsgprv)).
Elemental analysis: Expected: C 77.38, H 5.66, N 2.31; Found: C 77.25, H 5.47, N 2.36.
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9.2.17.4. Synthesis of [SIMes -H][Pd(n3-cin)Cl;] Pd(ate)-4

Following the general procedure from SIMes-HCl (52.10 mg, 0.11 mmol) and [Pd(n3-cin)(u-Cl)].
(40.00 mg, 0.07 mmol), the product was obtained as a yellow powder in 99% vyield (91.00 mg).
'H NMR (400 MHz, CDCls): & (ppm) = 6 8.99 (s, 1H, Cncun), 7.93 (d, J = 8.7 Hz, 2H, CHimid), 7.21-
7.18 (m, 3H, CHar), 6.94 (s, 4H, CHx(mig)), 5.56 (br.s., 1H,CHcin), 4.51 (br.s., 1H, CHcin), 4.24-4.21 (m,
1H, CHqn), 3.79-3.75 (m, 1H, CHdn), 2.72 (br.s., 1H, CHdn), 2.37 (s, 12H, CHsgmes)), 2.29 (s, 6H,
CHs(ives)).-

3¢ {*H} NMR (100 MHz, CDCls): 6 (ppm) = 6 159.9 (CHncn), 140.5 (Car), 135.5 (Car), 130.6(Car),
130.1 (Car), 128.7 (CHar), 128.0 (CHcin), 127.6 (CHcin), 105.3 (Ccin), 58.4 (CHzsimves)), 52.2 (CH3(simes)),
21.2 (CHs(sives)), 18.4 (CHs(simes))-

Elemental Analysis: Expected: C 59.86, H 6.03, N 4.65. Found: C 60.05, H 6.15, N 4.65.

9.2.17.5. Synthesis of [SIPr-H][Pd(n3-cin)Cl;] Pd(ate)-5
N— -

Following the general procedure from SIPr-HCI (65.00 mg, 0.15 mmol), [Pd(n3-cin)(u-Cl)]2 (40.00
mg, 0.07 mmol), the product was obtained as a yellow powder in 99% vyield (107.00 mg).
1H NMR (400 MHz, CDCls): 6 (ppm) = 6 7.71 (s, 1H, Cxcin), 7.53-7.48 (m, 4H, CHarpr + cin)), 7.31-
7.26 (m, 7H, CHargpr + cin)), 5.80-5.72 (m, 1H, CHin), 4.97 (s, 4H, CHaumig)), 4.55 (d, J = 11.1 Hz, 1H,
CHein), 3.96 (d, J = 6.7 Hz, 1H, CHcin), 3.15-3.08 (m, 4H, CHsppr), 3.01 (d, J = 11.9 Hz, 1H, CHan), 1.42
(d, J = 6.3 Hz, 12H, CHs(sip), 1.23 (d, J = 6.3 Hz, 12H, CHs(sipr).

13C {*H} NMR (100 MHz, CDCls): & (ppm) = 6 156.9 (CHncn), 146.6 (Car), 131.6 (CHar), 129.5 (Car),
129.1 (CHcin), 128.4 (CHcin), 128.1 (CHcin), 125.1 (CHar), 105.9 (CHcin), 81.3 (CHcin), 59.0 (CHz(ciny),
56.0 (CHa(imid)), 29.1 (CHyen), 25.6 (CHsqen), 24.1 (CH3qen).

Elemental analysis: Expected: C 63.02, H 7.05, N 4.08. Found: C 63.28, H 6.96, N 4.15.
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9.2.17.6. Synthesis of [IPr¢!-H][Pd(n3-cin)Cl;] Pd(ate)-6

Cl Cl
N— H@\/

Following the general procedure from IPr®-HCl (75.00 mg, 0.15 mmol) and [Pd(n3-cin)(p-Cl)].
(40.00 mg, 0.07 mmol), the product was obtained as a yellow powder in 99% vyield (144.00 mg).
H NMR (400 MHz, CDCls): 6 (ppm) = & 12.85 (s, 1H, Cncun), 7.63 (t, J = 7.4 Hz, 2H, CHa), 7.48-
7.44 (m, 3H, CHa/), 7.38 (d, J = 7.9 Hz, 4H, CHa/), 7.34 (d, J = 7.8 Hz, 2H, CHa/), 5.79 (s, 1H, CH.in),
4.60 (s, 1H, CHein), 3.96 (s, 1H,CHcin), 3.20 (s, 1H, CHein), 2.37 (quant, J = 7.4 Hz, 4H, CHipr), 1.37 (d,
J=6.7 Hz, 12H, CHs(py), 1.29 (d, J = 6.9 Hz, 12H, CHs(er)

13¢ {*H} NMR (100 MHz, CDCls): 6 (ppm) = 8 145.7 (Car), 132.9(CHnen), 129.1 (CHar), 128.1 (CHa/),
127.3 (CHar), 125.1 (CHcin), 124.6 (CHcin), 121.2 (CHcin)), 106.0 (CHaz(cin)), 29.9 (CHpr), 24.9 (CH3gen),
23.5 (CH3sen)

Elemental analysis: Expected: C 56.42, H 5.89, N 3.72. Found: C 56.57, H 6.03, N 3.70.

9.2.17.7. Synthesis of [IPent-H][Pd(n3-cin)Cl;] Pd(ate)-7
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Following the general procedure from IPent-HCl (62.20 mg, 0.12 mmol) and [Pd(n3-cin)(u-Cl)],
(30.00 mg, 0.06 mmol), the product was obtained as a yellow powder in 99% (92.00 mg).
'H NMR (400 MHz, CDCls): 6 (ppm) = 6 8.43 (d, J = 1.6 Hz, 2H, CHimig), 8.37 (br. s, 1H, Cncun), 7.60
(t, J=7.9 Hz, 2H, CHa), 7.50 (d, J = 7.5 Hz, 2H, CHar(cin)), 7.27-7.25 (m, 7H, CHa:), 5.75 (br. s, 1H,
CHcin)), 4.60 (br. s, 1H, CHaz(cin)), 3.93 (br. s, 1H, CHzcin)), 3.00 (br. s, 1H, CHcn)), 1.96 (sept, J = 8.1
Hz, 4H, CHpeny), 1.75-1.60 (m, 16H, CHx(peny), 0.86 (t, J = 7.1 Hz, 12H, CHs(penyy), 0.76 (t, J = 7.4 Hz,
12H, CH3(|Pent)).
13C {"H} NMR (100 MHz, CDCl3): 6 (ppm) = & 142.7 (Car), 134.9 (CHncn), 132.8 (Car), 132.0 (CHar),
129.2 (CHcm), 128.9 (CHcm), 128.3 (Ccin), 128.1 (CH|m|d), 125.4 (CHAr), 105.6 (CHcm), 81.2 (CHcm), 59.2
(CHZ(cin)), 43.5 (CH(|Pent)), 29.4 (CHZ“Pent)), 28.5 (CH2(|Pent)), 12.6 (CH3(|Pent)), 12.4 (CH3(|Pent)).

Elemental analysis: Expected: C 65.07, H 7.85, N 3.52. Found: C 64.77, H 7.94, N 3.68.
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9.2.16.8. Synthesis of [IPentc!-H][Pd(n3-cin)Cl;] Pd(ate)-8
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Following the general procedure from IPent-HCl (50.00 mg, 0.08 mmol) and [Pd(n3-cin)(u-Cl)]2
(21.00 mg, 0.04 mmol), the product was obtained as a yellow powder in 99% yield (71.00 mg).
'H NMR (400 MHz, CDCls): 6 (ppm) = 6 12.41 (s, 1H, Cncun), 7.60 (t, J = 7.7 Hz, 2H, CHar), 7.48 (d,
J=7.3Hz, 2H, CHar(cin)), 7.29 (d, J = 7.7 Hz, 4H), 7.24-7.23 (m, 3H, CHar(cin)), 5.74 (br. s, 1H, CHcin),
4.56 (br. s, 1H, CHy(cin)), 3.92 (br. s, 1H, CHy(cin)), 2.97 (br. s, 1H, CH(cin)), 1.96-1.95 (m, 4H, CHpentcy)),
1.86-1.78 (m, 8H, CHzppentcy), 1.69-1.63 (m, 8H, CHaqpentcy), 0.89-0.84 (m, 24H, CH3ppentci)).
3¢ {*H} NMR (100 MHz, CDCl3): & (ppm) = & 143.4 (Car), 142.8 (CClimia), 137.3 (CHnen), 132.2
(CHar), 129.6 (CHar), 128.1 (CHar), 126.1 (CHas), 121.1 (CaJ), 105.9 (CHcin), 81.9 (CHein), 59.2
(CHz(cin)), 43.4 (CHpentcn), 29.3 (CHagpentcyy), 27.2 (CHagpentcr), 12.4 (CHsqpentcy), 11.9 (CHsqpentcy)-
Elemental analysis: Expected: C61.08, H 6.99, N 3.24. Found: C 60.90, H 6.78, N 3.14.

9.2.16.9. Synthesis of [IHept-H][Pd(n3-cin)Cl;] Pd(ate)-9
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Following the general procedure from IHept-HCl (50.00 mg, 0.08 mmol) and [Pd(n3-cin)(u-Cl)],
(20.00 mg, 0.04 mmol), the product was obtained as a yellow powder in 96% yield (67.00 mg).
'H NMR (400 MHz, CDCls): § (ppm) = & 8.51 (s, 2H, CHimia), 7.95 (s, 1H, Cncrn), 7.60 (t, J = 7.8 Hz,
2H, CHa/), 7.49 (d, J = 9.1 Hz, 2H, CHar(cin)), 7.27-7.25 (m, 4H, CHar), 7.21-7.19 (m, 3H, CHar(cin)),
5.68 (br. s, 1H, CHcin), 4.47 (br. s, 1H, CHz(cin)), 3.88 (d, J = 6.0 Hz, 1H, CHa(cin)), 2.94 (d, J = 11.6 Hz,
1H, CHcin)), 2.08-2.01 (m, 4H, CH{hepy), 1.65-1.49 (m, 16H, CHagpeny)), 1.34-1.25 (m, 4H, CHanept),
1.11-0.95 (m, 12H, CHy(hep), 0.89-0.81 (m, 24H, CHs(nept)-

13C {*H} NMR (100 MHz, CDCls): & (ppm) = 6 143.1 (Car), 134.2 (CHncn), 132.0 (CHar + Car), 129.3
(CHimia), 128.6 (CHcin), 128.0 (CHcin), 125.3 (CHa/), 105.1 (CHcin), 68.9 (CHcin), 58.1 (CHx(ciny), 40.5
(CH{nepty), 39.5 (CHaqinept), 38.3 (CHarept)), 21.4 (CHzqmept), 21.0 (CHagrepy), 14.5 (CH3qmepy), 14.2
(CHs(iHepn).-
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Elemental analysis: Expected: C 68.59, H 8.86, N 3.08. Found: C 68.75, H 9.03, N 2.96.

9.2.16.10. Synthesis of [INon-H][Pd(n3-cin)Cl;] Pd(ate)-10
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Following the general procedure from INon-HCI (50.00 mg, 0.06 mmol) and [Pd(n3-cin)(u-Cl)]2
(17.00 mg, 0.03 mmol), the product was obtained as a yellow powder in 99% vyield (70.00 mg).
1H NMR (400 MHz, CDCl): 6 (ppm) = & 8.45 (s, 2H, CHimia), 7.94 (s, 1H, Cncin), 7.61 (t, J = 7.8 Hz,
2H, CHar), 7.47 (d, J = 7.6 Hz, 2H, CHar(cin)), 7.27 (d, J = 7.9 Hz, 4H, CHa), 7.20 (d, J = 7.2 Hz, 3H,
CHar(cin)), 5.65 (br. s, 1H, CHn), 4.46 (br. s, 1H, CHn), 3.84 (br.'s, 1H, CHin), 2.88 (br. s, 1H,
CHcin)), 2.03-1.94 (m, 4H, CHinon)), 1.67-1.52 (m, 16H, CH2(inon)), 1.28-1.20 (m, 20H, CHanon)), 1.10-
0.91 (m, 12H, CHa(on), 0.87 (t, J = 7.1 Hz, 12H, CHgnon)), 0.79 (t, J =7.3 Hz, 12H, CHs(non)).
13C {*H} NMR (100 MHz, CDCls): & (ppm) = & 143.1 (Car), 134.3 (CHnen), 132.2 (CHar), 132.0 (Car),
129.1 (CHimig), 128.6 (CHcin), 128.0 (CHcin), 125.4 (CHar), 105.2 (CHcin), 68.9 (CHcin), 58.0 (CHa(ciny),
40.7 (CHein), 37.0 (CHagnon)), 35.6 (CHagnon), 30.2 (CHanon), 30.0 (CHaunon), 23.1 (CHagnon)), 22.8
(CH2gnon)), 14.1 (CHsginon)), 13.9 (CHs(inon))-
Elemental analysis: Expected: C 70.60, H 9.28, N 2.74. Found: C 70.42, H 9.48, N 2.81.

9.2.16.11. Synthesis of [SIPr-H][Pd(n3-crotyl)Cl:] Pd(ate)-11
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Following the general procedure from SIPr-HCI (86.90 mg, 0.21 mmol) and [Pd(n3-crotyl)(u-Cl)]2
(40.00 mg, 0.10 mmol), the product was obtained as a yellow powder in a 99% yield (126.00
mg).

1H NMR (400 MHz, CDCls): & (ppm) = & 7.75 (s, 1H, Cnein), 7.47 (t, J = 7.8 Hz, 2H, CHimia), 7.27-
7.24 (m, 4H, CHay), 5.09 (br.s., 1H, CHein), 4.97 (s, 4H, CHasien), 3.76-3.75 (m, 2H, CHerotyl), 3.15 (dit,
J=13.6, 6.8 Hz, 4H, CHsppr), 2.63 (d, J = 11.6 Hz, 1H, CHeroryt), 1.41 (d, J = 6.8 Hz, 12H, CHs(sipr)), 1.34
(d, J = 6.3 Hz, 3H, CHs(crotyy), 1.22 (d, J = 6.9 Hz, 12H, CHssien).
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13C {1H} NMR (100 MHz, CDCl3): & (ppm) = & 157.1 (CHuen), 146.5 (Car), 131.5 (Car), 129.5 (CHal),
125.0 (CHen), 110.0 (Cen), 56.7 (CHacin)), 56.0 (CHagmig)), 29.1 (CHssien), 25.6 (CHasien), 24.0
(CHs(sipr), 18.2 (CHs(crotyn).

Elemental analysis: Expected C 59.67, H 7.43, N 4.45. Found: C 59.56, H 7.52, N 4.57.

9.2.16.12. Synthesis of [SIPr-H][Pd(n3-2-Me-allyl)Cl;] Pd(ate)-12

Following the general procedure from SIPr-HCI (86.90 mg, 0.20 mmol) and [Pd(n3-2-Me-allyl)(u-
Cl)]>(40.00 mg, 0.10 mmol), the product was obtained as a yellow powder in 99% yield (125.70
mg).

1H NMR (400 MHz, CDCl3): & (ppm) = & 7.62 (s, 1H, Cncin), 7.48 (t, J = 7.8 Hz, 2H, CHimia), 7.28 (d,
J=7.8 Hz, 4H, CHa,), 5.01 (s, 4H, CHamia)), 3.73 (s, 2H, CHeroy)), 3.19 (quant, J = 6.8 Hz, 4H, CHsip),
2.73 (s, 2H, CHeroty), 2.03 (s, 3H, CHs(erotyy), 1.43 (d, J = 6.8 Hz, 12H, CHs(sipy), 1.23 (d, J = 6.9 Hz,
12H, CHzsipr).

13¢ {*H} NMR (100 MHz, CDCl3): & (ppm) = & 156.9 (Car), 146.6 (CHwen), 131.6 (CHar), 129,5 (CHal),
125.1 (CHar), 107.7 (CHanyi1), 60.5 (CHaiyi), 56.1 (CH2gmig)), 29.1 (CHsier), 25.6 (CHs(sier)), 24.1 (CH3(sien),
22.9 (CHsp-me-aliy))-

Elemental analysis: Expected C 59.67, H 7.43, N 4.45. Found: C 59.53, H 7.29, N 4.19.
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9.2.17.13. Synthesis of [SIPr-H][Pd(n3-Ind)Cl;] Pd(ate)-13

Following the general procedure from SIPr-HCl (54.60 mg, 0.13 mmol) and [Pd(n3-Ind®")(u-Cl)],
(40.00 mg, 0.06 mmol), the product was obtained as a yellow powder in 99% yield (94.00 mg).
'H NMR (400 MHz, CDCls): 6 (ppm) = 6 7.64 (s, 1H, Cncun), 7.49 (t, J = 7.8 Hz, 2H, CHimia), 7.29 (d,
J=7.8 Hz, 4H, CHa/), 7.13-7-09 (m, 1H, CHind), 6.80-6.77 (m, 3H, CHing), 6.37 (br.s, 1H, CHing), 5.50
(br.s, 1H, CHing), 4.90 (s, 4H, CHsier), 3.10 (quant, J = 7.3 Hz, 4H, CHgper), 1.42 (d, J = 6.8 Hz, 12H,
CHssipn), 1.42-1.39 (m, 9H, CH3(t-butyy), 1.22 (d, J = 6.9 Hz, 12H, CHz(sier).

3¢ {*H} NMR (100 MHz, CDCl3): 6 (ppm) = & 157.0 (Car), 146.5 (CHnen), 131.6 (CHar), 129.5 (Car),
125.1 (CHar), 118.9 (CHar), 117.4 (CHysipr), 107.1 (CHysien), 55.9 (CHing), 34.3 (CHing), 29.2 (CH3(x
buty)), 29.1 (CHs(t-butyt), 25.7 (CH3sipr), 24.0 (CHs(sipr)).

Elemental analysis: Expected C 64.91, H 7.35, N 3.78. Found: C 64.73, H 7.20, N 3.81.

9.2.16.14. Synthesis of [IPr*-H][Pd(n3-crotyl)Cl.] Pd(ate)-14

Following the general procedure from IPr*-HCl (50.00 mg, 0.05 mmol) and [Pd(n3-crotyl)(u-Cl)],
(10.30 mg, 0.03 mmol), the product was obtained as a yellow powder in 99% yield (60.00 mg).
1H NMR (400 MHz, CDCl): 6 (ppm) = & 11.60 (s, 1H, Cncin), 7.30-7.27 (m, 15H, CHas), 7.16-7.10
(m, 16H, CHar), 6.79-6.77 (m, 13H, CHa/), 5.43 (s, 6H, CHipr+,), 5.04 (br.s. 1H, CHcrory), 3.71-3.69
(M, 2H, CHagerotyp), 2.56 (br. s, 1H, CHeroty), 2.14 (s, 6H, CHsqprs), 1.29 (d, J = 5.6 Hz, 3H, CHs(croty))-
13C {*H} NMR (100 MHz, CDCls): 6 (ppm) = 6 142.6 (Ca), 142.2 (CHncn), 141.4 (Car), 141.0 (Car),
130.9 (Car), 130.3 (CHar), 129.2 (CHa/), 128.6 (CHar), 128.5 (CHar), 126.9 (CHar), 126.7 (CHar), 110.3
(CHimid), 79.6 (CHcroty1), 57.3.0 (CHcrotyl), 51.1 (CHa(crotyn), 21.8 (CHsqipry), 18.1 (CHs(crotyn)-

Elemental analysis for C73HesCloN2Pd CHCl,: Expected: C 72.32, H 5.50, N 2.48. Found: C 72.11,
H5.44, N 2.78.
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Vimax (thin film) 3057 (C-H), 2360 (N=C=N), 1929 (C=C=N), 1494 (C-H), 1029 (C-H).

9.2.16.15. Synthesis of [IPr*-H][Pd(n3-2-Me-allyl)Cl;] Pd(ate)-15

Ph—Ph Ph\/Ph

i -
Ph o ‘. Ph

@\Pld/

h
Following the general procedure from IPr*-HCI (50.00 mg, 0.05 mmol) and [Pd(n3-2-Me-allyl)(p-
C1)]2(10.30 mg, 0.03 mmol), the product was obtained as a yellow powder in 99% vyield (61.00
mg).
H NMR (400 MHz, CDCls): 6 (ppm) = 6 11.89 (s, 1H, Cncin), 7.29-7.03 (m, 32H, CHal), 6.77-6.76
(m, 8H, CHar), 6.71 (s, 4H, CHa,), 5.44 (s, 4H, CHpr+)), 5.37 (s, 2H, CHimia), 3.85 (br. s, 2H, CHagany),
2.81 (br. s, 1H, CHauy), 2.53 (br. s, 1H, CHany), 2.16 (s, 6H, CH3(pe+), 2.08 (br. s, 3H, CHs(aiy).
3¢ {H} NMR (100 MHz, CDCl3): & (ppm) = & 142.9 (Car), 142.3 (Cnen), 141.9 (Car), 141.1 (Car),
140.7 (Car), 131.1 (CHar), 130.5 (CHar), 129.4 (CHas), 128.7 (CHar), 128.2 (CHar), 126.9 (CHa/), 126.8
(CHar), 123.3 (CHimia), 105.9 (CHaiy), 60.5 (CHany1), 59.5 (CHaiiy), 51.3 (CHgers)), 22.0 (CHagers), 14.3
(CHs(anyn)-
Elemental analysis for C73HsaCloN2Pd 2CH,Cl,: Expected: C 67.40, H5.59, N 2.14. Found: C 67.88,
H 5.30, N 2.14.
Vimax (thin film) 3055 (C-H), 2206 (N=C=N), 1973 (C=C=N), 1492 (C-H).

9.2.16.16. Synthesis of [IPr*-H][Pd(n3-2-IndBu)Cl;] Pd(ate)-16
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Following the general procedure from IPr*-HCl (50.00 mg, 0.05 mmol) and [Pd(n3-Ind®")(u-Cl)],
(16.30 mg, 0.03 mmol), the product was obtained as a brown powder in 99% yield (67.00 mg).
1H NMR (400 MHz, CDCl3): & (ppm) = 6 12.02 (s, 1H,Cncin), 7.26-7.09 (m, 34H, CHa,), 6.91-6.75
(m, 15H, 10 CHar+ 5 CHing), 5.53-5.50 (m, 1H, CHing), 5.42 (s, 2H, CHimia), 5.38 (s, 4H, CHpr) 2.16
(s, 6H, CHagere)), 1.39-1.27 (m, 9H, CHsna).
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13C {1H} NMR (100 MHz, CDCls): & (ppm) = & 142.0 (Ca/), 142.3 (CHnen), 142.1 (Car), 141.1 (Car),
140.6 (Car), 131.1 (CHar), 130.4 (CHa:), 129.4 (CHa), 128.6 (CHar), 127.6 (CHing), 127.3 (CHind),
126.9 (CHar), 126.8 (CHar), 125.4 (CHing), 123.2 (CHimig), 120.2 (CHina), 118.8 (CHing), 118.7 (CHina),
107.6 (CHing), 73.4 (CHing), 51.2 (CH2), 34.3 (CHyng)), 29.0 (CHsgng)), 28.8 (CHs(ing)), 22.0 (CHsqpr)).
Elemental analysis for Cs;H7,Cl,N2Pd CH,Cla: Expected: C 73.97, H 5.03, N 2.02. Found: C 74.27,
H 4.86, N 2.35.

Vimax (thin film) 3057 (C-H), 2951 (C-H), 1598 (C-H), 1029 (C-H).

9.3 Chapter 3: Investigation into the catalytic activity of
[NHC-H][Pd(R)Clz] complexes in the Suzuki-Miyaura reaction

9.3.1. General procedure of [NHC-H][Pd(L)Cl;]
In air, the corresponding NHC-HCI (2 equiv.) and [Pd(n3-R-allyl)(u-Cl)]2 (1 equiv.) were added to
a mortar. The two solids were mixed and ground using a pestle for 5 min. A crystalline solid was

obtained in quantitative yield.

9.3.2. Synthesis of [IPr-H][Pd(n*-2-Me-allyl)Cl.] Pd(ate)-17
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Following the general procedure from IPr-HCl (80.90 mg, 0.19 mmol) and [Pd(n3-2-Me-allyl)(p-
C1)]2(37.50 mg, 0.09 mmol), the product was obtained as a yellow powder in 99% yield (118.00
mg).
'H NMR (400 MHz, CDCls): 6 (ppm) = & 9.20 (s, 1H, NCHNmia), 8.36 (s, 2H, CHimig), 7.58 (t, J = 8.5
Hz, 2H, CHar), 7.36 (d, J = 9.1 Hz, 4H, CHay), 3.72 (br. s, 2H, CHaguy), 2.69 (br. s, 2H, CHagauyy), 2.51
(sept, J = 7.1 Hz, 4H, CHpy), 2.03 (br. s, 3H, CHsanyy), 1.31 (d, J = 6.8 Hz, 12H, CHsqpy), 1.23 (d, J =
7.1 Hz, 12H, CH3er)).
3¢ {*H} NMR (100 MHz, CDCl;): & 145.3 (Car), 136.9 (CHncn), 132.2 (CHa/), 130.0 (Car), 127.8
(CHimia), 124.8 (CHar), 60.5 (CHaaiyy), 29.2 (CHgpr), 24.8 (CHsgpr), 24.1 (CHser), 22.8 (CHs(aiyy)-
Elemental analysis: Expected C 59.86, H 7.13, N 4.50. Found: C 59.58, H 7.19, N 4.67.
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9.3.3. Synthesis of [IPr-H][Pd(n*-crotyl)Cl.] Pd(ate)-18
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Following the general procedure from IPr-HCl (80.90 mg, 0.19 mmol) and [Pd(n3-crotyl)(u-Cl)].
(37.50 mg, 0.09 mmol), the product was obtained as a yellow powder in 99% yield (118.00 mg).
1H NMR (400 MHz, CDCls): & (ppm) = 6 9.20 (s, 1H,Cncin), 8.33 (s, 2H, CHimia), 7.56 (t, J = 10.5 Hz,
2H, CHar), 7.33 (d, J = 7.3 Hz, 4H, CHa/), 5.08 (br. s, 1H, CHicrotyy), 3.07 (br. s, 2H, CHa(crotyn), 2.57
(br.'s, 1H, CHcroty), 2.48 (sept, J = 13.5 Hz, 4H, CHpy), 1.30 (s, 3H, CHs(crotyy), 1.28 (d, J = 7.2 Hz,
12H, CHsen), 1.20 (d, J = 7.2 Hz, 12H, CHsen).

13C {*H} NMR (100 MHz, CDCls): & (ppm) = 6 145.2 (Car), 137.0 (CHncn), 132.2 (CHar), 130.0 (Car),
127.7 (CHimia), 124.8 (CHar), 110.3 (CH@uyy), 79.4 (CH@nyy), 57.0 (CHaganyy), 29.1 (CHsgen), 24.8
(CHsqen), 24.0 (CH3qen), 18.1 (CH3aiyy)-

Elemental analysis: Expected C 59.86, H 7.13, N 4.50. Found: C 59.70, H 6.95, N 4.69.

9.3.4. Synthesis of [IPr-H][Pd(n3*-Ind®v)Cl;] Pd(ate)-19
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Following the general procedure from IPr-HCI (100.00 mg, 0.23 mmol) and [Pd(n3-Ind®")(u-Cl)],
(74.00 mg, 0.12 mmol), the product was obtained as a brown/beige powder in 99% yield (173.00
mg).

'H NMR (400 MHz, CDCls): & (ppm) =6 9.22 (s, 1H, Cnchn), 8.27 (s, 2H, CHimia), 7.57 (t, J = 8.2 Hz,
2H, CHa,), 7.34 (d, J = 7.8 Hz, 4H, CHa,), 7.11-7.07 (m, 1H, CHing), 6.80-6.57 (m, 4H, CHing), 5.51-
5.41 (m, 1H, CHina), 2.47 (hept, J = 7.2 Hz, 4H, CHgpy), 1.36-1.31 (m, 9H, CHs(ng), 1.29 (d, J = 7.2
Hz, 12H, CHsqen), 1.20 (d, J = 6.9 Hz, 12H, CHsp).

13C {*H} NMR (100 MHz, CDCls): & (ppm) = 6 145.2 (Car), 137.0 (CHncn), 132.2 (CHar), 130.0 (Car),
127.7 (CHimid), 127.4 (CHing), 125.4 (CHing), 125.3 (CHina), 124.8 (CHar), 124.1 (CHing), 120.2-117.7
(CHing), 109.1-107.0 (CHing), 70.7 (CHing), 34.3 (CHina), 29.2 (CHs(py), 29.0 (CH3(ing)), 28.8 (CH3(n)),
24.9 (CHsger), 24.0 (CH3qen)-
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Elemental Analysis: Expected C 65.08, H 7.10, N 3.79. Found: C64.87, H 7.17, N 3.94.

9.3.5. Synthesis of [IPr*oMe-H][Pd(n3-cin)Cl;] Pd(ate)-20
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Following the general procedure from IPr*°Me.HC| (50.00 mg, 0.05 mmol) and [Pd(n3-cin)(p-Cl)]2
(13.00 mg, 0.02 mmol), the product was obtained as a yellow powder in 99% vyield (63.00 mg).
1H NMR (400 MHz, CDCls): & (ppm) = & 12.29 (s, 1H, Cncun), 7.34-7.08 (m, 35H, CHa), 6.79 (d, J =
7.2 Hz, 10H, CHar), 6.46 (s, 4H, CHa,), 5.80-5.60 (br. m, 1H, CHcn), 5.45 (s, 4H, CHgpreome)), 5.23 (s,
2H, CHimia), 3.85 (br. s, 1H, CHcn), 3.76 (br. s, 1H, CHn)), 3.51 (s, 6H, CHsgpreome)), 2.87 (br. s, 1H,
CHcin)-
13¢C {!H} NMR (100 MHz, CDCls): & (ppm) = & 160.5 (Car), 143.2 (CHnen), 143.0 (Car), 142.7 (Car),
142.2 (Car), 130.4 (CHar), 129.3 (CHar), 128.6 (CHar), 128.6 (CHar), 128.2 (CHar), 127.0 (CHar), 126.9
(CHar), 125.8 (CH), 123.1 (CHimia), 115.7 (CHar), 105.7 (CHcin), 69.0 (CHein), 55.2 (OCHs(pr+ome)), 51.5
(CHyprome))-
Elemental analysis: Expected: C 75.39, H 5.52, N 2.25. Found: C 75.33, H 5.64, N 2.32.

9.3.6. Preliminary Investigation into the Suzuki-Miyaura reaction

cl . B(OH)2  k,C0; (1.1 equiv.) O
—2ves s T
Method A, B or C
MeO

MeO
Method A:

The vial containing the pre-catalyst 7a-c was transferred into the glovebox. Inside the glovebox,
the vial was charged with a stirring bar, 4-chloroanisole (0.50 mmol), phenylboronic acid (1.00
equiv.) and K2COs (1.10 equiv.). The vial was then sealed with a screw cap fitted with a septum.
The reaction mixture was taken outside the glovebox. 1 mL of an ethanol/water (1:1) mixture
(degassed) was added and the reaction was left to stir at 80 °C for 4 h.

Method B:

The vial containing the pre-catalyst 7a-c was transferred into the glovebox. Inside the glovebox,
the vial was charged with a stirring bar, 4-chloroanisole (0.50 mmol), phenylboronic acid (1.00

equiv.) and K,COs (1.10 equiv.). The vial was sealed with a screw cap fitted with a septum. The
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reaction mixture was taken outside the glovebox. 1 mL of ethanol (degassed) was added and the
reaction was left to stir at room temperature for 20 h.

Methods C1, C3:

The vial was charged with a stirring bar, 7a-c (0.30 mol%) and K,COs3 (1.10 equiv.) under argon.
The mixture was stirred for 1 h at 60 °C (C1) or 30 min at 60 °C (C3), then 4-chloroanisole (0.50
mmol) and phenylboronic acid (1.00 equiv.) were added and the reaction was left stirring at
room temperature for 20 h.

For entries 7-9: Pd dimer (0.15 mol%) and NHC-HCI (0.30 mol%) were used instead of 7a-c.
Methods C2:

The vial containing the 7a-c (0.30 mol%) was transferred into the glovebox. Inside the glovebox,
the vial was charged with a stirring bar, 4-chloroanisole (0.50 mmol), phenylboronic acid (1.00
equiv.) and K,COs (1.10 equiv.). The vial was sealed with a screw cap fitted with a septum. The
reaction mixture was taken outside the glovebox. 1 mL of ethanol (degassed) was added and the

reaction was stirred for 1 h at 60 °C, then 20 h at room temperature (23 °C).

Table S-4: Table for the investigation of the Suzuki-Miyaura coupling of phenylboronic acid and

4-chloroansiole®

K,CO3
cl B(OH), (1.10 equiv.)
+ B
Method A,BorC
MeO

MeO
o Meth. A Meth. B Meth. C (conv. %)
Entry Catalyst (0.30 mol%) (conv. %) (conv. %) 1 _c2 o3
1 [Pd(IPr)(cin)CI] 71 82
2 [Pd(IPr)(allyl)CI] 61 58
3 [Pd(IPr*)(cin)CI] 70 73
4 [IPr-H][Pd(cin)Cly] NR NR 82 9 43
5 [IPr-H][Pd(allyl)Cl,] NR NR 50 NR 13
6 [IPr*-H][Pd(cin)Cl,] NR NR 83 28 97
7 [Pd(cin)Cl], + 2 IPr-HCI NR NR NR
8 [Pd(allyl)Cl], + 2 IPr-HCI NR NR NR
9 [Pd(cin)Cl], + 2 IPr*-HCI NR NR NR

NR: no reaction. Reaction conditions: 4-chloroanisole (0.50 mmol), phenylboronic acid (1.00 equiv.), K2CO3
(1.10 equiv.) in 1 mL of solvent. The reactions were all charged under inert atmosphere and all reagents
and catalysts were charged initially except for method C1 and C3. Method A: ethanol/water (1:1) at 80 °C.
for 4 h. Method B: ethanol at room temperature for 20 h. Method C: palladate pre-catalysts (entry 4-6)
(or Pd dimer, 0.15 mol% and NHC-HCI, 0.30 mol% for entry 7-9), K2COs and ethanol were heated for 1 h
at 60 °C (C1) or 30 min at 60 °C (C3), then the coupling partners were added and the reaction was left
stirring at room temperature for 20 h. C2: All reagents and catalysts were added from the start and heated
for 1 h at 60 °C then stirred at room temperature for 20 h. Conversion determined by GC.
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9.3.7. The effect of different boron sources in the Suzuki-Miyaura reaction
[IPr-H][Pd(n3-cin)Cl3] (0.50 mol%), K,COs (0.70 mmol) and a stirring bar were added to a screw-
cap vial. Ethanol (1 mL) was then added. Afterwards, 4-chloroanisole (0.50 mmol) and the
corresponding aryl boron source (0.55 mmol) were added through an ethanol solution (1 mL).
The reaction was left to stir at 40 °C for 16 h. The GC yield was determined using mesitylene as

internal standard.

Table S-5: Boron Source effect

Entries Boron source (0.55 mmol) GCyield (%) GCyield (%)?
1 Phenyl boronic acid 0 99
2 Potassium phenyltrifluoroborate 8 90
3 Aryl boronic pinacol ester 40 94

3An activation step of 1 h was used: [IPr-H][Pd(n3-cin)Cl2] and K.COs were stirred for 1 h in ethanol,
before the substrates were added.

9.3.8. Optimisation of the Suzuki-Miyaura reaction

9.3.8.1 General procedure

In air, a vial was charged with [IPr-H][Pd(n3-cin)Cl,], K»COs, ethanol and a magnetic sitr bar and
sealed with a screw cap. The mixture was allowed to stir at 60 °C for 1h. The vial was removed
from the heating block and the corresponding aryl chloride was added, followed by the
corresponding aryl boronic acid. The reaction was allowed to stir for the corresponding time at
the corresponding temperature.

9.3.8.2 Pre-catalyst optimisation

The general procedure was followed using phenylboronic acid (60.90 mg, 0.50 mmol),
4-chloroanisole (61.00 uL, 0.50 mmol) with K,CO3 (76 mg, 0.55 mmol) in ethanol (1 mL). The GC

yield was determined using mesitylene as internal standard.
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Table S-5: Pre-catalyst optimisation

Cl ©B(OH)2
: : +
MeO

Pd (0.50 mol%)
K,CO3 (1.10 equiv.)

[Pd] precatalyst (0.50 mol%) GCyield? (%)
[IPr-H][Pd(n3-cin)Cly] 93
[IPr-H][Pd(n*-allyl)Cl;] 55
[IPr*-H][Pd(n3-cin)Cly) 88
[SIPr-H][Pd(n3-cin)Cl,] 30

[IPr-H][Pd(n3-2-Me-allyl)Cl,] 80

[IPr-H][Pd(n3-crotyl)Cl,] 8

[IPr-H][Pd(n3-Ind®Y)Cl;] n.r.

[IPr*OMe.H][Pd(n3-cin)Cly] 20
[IPent-H][Pd(n3-cin)Cl,] n.r.
[IPrC-H][Pd(n3-cin)Cl;] 60

2 The GC yield was determined using mesitylene as internal standard. Average of two runs. n.r. = no

reaction.

9.3.8.3 Solvent optimisation

The general procedure was followed using [IPr-H][Pd(n3-cin)Cl;] (1.70 mg, 0.50 mol%),

phenylboronic acid (61.00 mg, 0.50 mmol), 4-chloroanisole (61.00 pL, 0.50 mmol) with K,COs;

(76.00 mg, 0.55 mmol) in the corresponding solvent (1 mL). The GC yield was determined using

mesitylene as internal standard.
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Table S-6: Solvent optimisation

Entries Solvent GCyield (%)°
1 Ethanol 92
2 iso-Propanol 45
3 n-Butanol 53
4 Acetone n.r.
5 Water <5
6 Toluene n.r.
7 Dioxane n.r.
8 THF n.r.
9 Methanol 5
10 Ethanol:water 1:1 35
11 Ethanol:water 2:1 55
12 Ethanol:water 9:1 73
13° iso-Propanol 23
142 n-Butanol trace
15° Toluene n.r.

@ The temperature used in the activation step was altered to the boiling point of the corresponding
solvents.  The GC yield was determined using mesitylene as internal standard. Average of two runs.

9.3.8.4 Base optimisation

The general procedure was followed using [IPr-H][Pd(n3-cin)Cl;] (1.70 mg, 0.50 mol%),

phenylboronic acid (61.00 mg, 0.50 mmol), 4-chloroanisole (61.00 pL, 0.50 mmol) with the

corresponding base (0.55 mmol) in the corresponding solvent (1 mL). The GC yield was

determined using mesitylene as internal standard.
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Table S-7: Base optimisation in ethanol

Entries Base (0.55 mmol) GCyield (%)?
1 K2COs 92
2 Na,COs 5
3 Cs,COs 27
4 KHCOs traces
5 NaHCO; traces
6 KOH 72
7 NaOH 80
8 LiOH 20
9 NaHPO4 n.r
10 K:HPO4 n.r
11 KsPOa4 40
12 KO'Am 78
13 KO'Bu 75
14 NaOOCH n.r
15 Imidazole n.r

2 The GC yield was determined using mesitylene as internal standard. Average of two runs.
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Table S-8: Base optimisation using iso-propanol

Entries Base (1.10 equiv.) GCyield (%)?
1 K,COs 47
2 Na,CO3 0
3 Cs,COs 0
4 KHCO3 0
5 NaHCO; 0
6 KOH 55
7 NaOH 60
8 LiOH trace
9 NaHPO4 0
10 K;HPO, 0
11 K3PO4 55
12 KO'Am 70
13 KO'Bu 72
14 NaOOCH trace
15 Imidazole trace

2 The GC yield was determined using mesitylene as internal standard. Average of two runs.

Table S-9: Base optimisation using n-butanol

Entries Base (1.10 equiv.) GCyield (%)?

1 K,COs 53

2 Na,COs n.r.
3 Cs,CO3 17

4 KHCO3 traces
5 NaHCO; 0

6 KOH 65

7 NaOH 80
8 LiOH 17

9 NaHPO, 0
10 K:HPO4 0
11 K3PO4 traces

2 The GC yield was determined using mesitylene as internal standard. Average of two runs.
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9.3.8.5 Optimisation of the aryl boronic acid

The general procedure was followed using [IPr-H][Pd(n3-cin)Cl;] (0.50 mol%), phenylboronic acid
(varying equivalents), 4-chloroanisole (61.00 uL, 0.50 mmol) with K,CO3 (76.00 mg, 0.55 mmol)
in the corresponding solvent (1 mL). The GC yield was determined using mesitylene as internal
standard.

Table S-11: Optimisation of the equivalents of aryl boronic acid.

Entries PhB(OH); (equiv.) GCyield (%)?
1 1.00 90
2 1.10 82
3 1.20 87
4 1.30 82
5 1.40 85

2 The GC yield was determined using mesitylene as internal standard. Average of four runs.

9.3.8.6 Optimisation of the equivalence of K>CO;

The general procedure was followed using [IPr-H][Pd(n3-cin)Cl,] (0.50 mol%), phenylboronic acid
(61.00 mg, 0.50 mmol), 4-chloroanisole (61.00 uL, 0.50 mmol) with K,COs; (varying equivalents)
in the corresponding solvent (1 mL). The GC yield was determined using mesitylene as internal
standard.

Table S-11: Optimisation of the equivalents of K,CO3

Entries K2COs (equiv.) GCyield (%)?
1 1.00 93
2 1.10 95
3 1.20 93
4 1.30 97
5 1.40 99

2 The GC yield was determined using mesitylene as internal standard. Average of four runs.
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9.3.8.7 Optimisation of the pre-catalyst loading

The general procedure was followed using [IPr-H][Pd(n3-cin)Cl;] (0.10-0.50 mol%),
phenylboronic acid (61.00 mg, 0.50 mmol), 4-chloroanisole (61.00 L, 0.50 mmol) with K>COs;
(97.00 mg, 0.70 mmol) in the corresponding solvent (1 mL). The GC yield was determined using

mesitylene as internal standard.

Table S-12: Optimisation of the precatalyst loading

Entries [1Pr-H][Pd(n3-cin)Cl,] (mol%) GCyield (%)
1 0.50 99
2 0.30 99
3 0.20 70
4 0.10 31

2 The GC yield was determined using mesitylene as internal standard. Average of four runs.

9.3.8.8. Time and temperature optimisation

cl
/©/ + OB(OH)Z 0.50 mol% [IPr-H][Pd(n®~cin)Cl] O
MeO K,COs (1.40 equiv.) Moo O
e

0.50 mmol 1.00 equiv. ethanol (1 mL), r.t.,
16 h, in air

The general procedure was followed (Section 9.3.9.1) and aliquots were taken and analysed by

gas chromatography.

Table S-13: Time optimization at room temperature

Time (min) GCyield (%)
10 0
30 0
60 0
120 33
180 75
240 88
300 88
360 89
420 90

2 The GC yield was determined using mesitylene as internal standard. Average of four runs.
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Graph 1: Time optimisation at room temperature
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Table S-14: Time optimization at 40 °C

Time (min) GCyield (%)
10 0
30 19
60 66
120 91
180 99
240 99
300 99

2 The GC yield was determined using mesitylene as internal standard. Average of four runs.
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Graph S-2: Time optimisation at 40 °C.
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Table S-15: Time optimization at 60 °C

Time (min) GCyield (%)
0 0
10 17
30 88
60 89
120 89
180 90
240 90

300 90
360 90
420 90

2 The GC yield was determined using mesitylene as internal standard. Average of four runs.
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Graph S-3: Time optimisation at 60 °C.
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9.3.8.8. Comparison of different Pd(II)-IPr pre-catalyst in the optimized

protocol
/©/ c . OB(OH)z Kzlztga(?ffor:;:l:/:\/).) _ O
TN G
Entries Pd pre-catalyst Molecular weight Mass GC conversion

(g/mol) (mg) (%)
1 [Pd(CI)2(PEPPSI)(IPr)] 679.9 1.00 79
2 [PdCl(acac)(IPr)] 630.6 0.90 75
3 [PACI(n3-cin)(IPr)] 647.6 1.00 80
4 [PdCI(n3-allyl)(IPr)] 578.5 0.90 74

2 The GC yield was determined using mesitylene as internal standard. Average of four runs.
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9.3.9. Scope

General procedure: In air, a vial was charged with [IPr-H][Pd(n3-cin)Cl;] (1.70 mg, 0.50 mol%),
K2CO3 (0.70 mmol, 97.00 mg), ethanol (1 mL) and a magnetic stir bar and sealed with a screw
cap. The mixture was left stirring at 60 °C for 1 h. The vial was removed from the heating block
and the corresponding aryl chloride (0.50 mmol, 1 equiv.) was added followed by the
corresponding aryl boronic acid (0.05 mmol, 1 equiv.). The reaction was left to stir (1000 rpm)
for the corresponding time at 40 °C. Work up: To the crude mixture, ethyl acetate (10 mL) and
water (10 mL) were added. The aqueous phase was extracted 3 times with ethyl acetate (3 x 10
mL). The organic phase was dried over MgS0,. The resulting crude product was dried under
reduced pressure. The crude was filtered through silica gel and recrystallized using

dichloromethane and pentane.
4-Methoxybiphenyl, 1a

O Chemical Formula: C43H4,0
O Molecular Weight: 184.24

Following the general procedure, from phenylboronic acid (60.90 mg, 0.50 mmol) and 4-

MeO

chloroanisole (61.00 pL, 0.50 mmol), the product was obtained in 97% yield (90.00 mg) as a
white solid.

1H NMR (400 MHz, CDCl3): & (ppm) = § 7.57 (t, J = 8.1 Hz, 4H), 7.42 (t, J = 7.3 Hz, 2H), 7.31 (t, J =
7.5 Hz, 1H), 7.00 (t, J = 2.9 Hz, 1H), 6.98 (t, J = 2.1 Hz, 1H), 3.86 (s, 3H).

3¢ {*H} NMR (100 MHz, CDCl3): & (ppm) = & 159.3 (Car), 141.0 (Car), 133.9 (Car), 128.9 (CHa/),
128.3 (CHar), 126.9 (CHar), 126.8 (CHar), 114.3 (CHar), 55.5 (CH3).

Analytical data obtained were in agreement with the reported values.?

1-phenyl-4-(trifluoromethyl)benzene, 1b

O Chemical Formula: C43HgF3
O Molecular Weight: 222.21
F5;C

Following the general procedure, from phenylboronic acid (60.90 mg, 0.50 mmol) and 1-chloro-
4-trifluoromethyl benzene (122.00 pL, 0.50 mmol), the product was obtained in 98% yield
(109.00 mg) as a white solid.

H NMR (400 MHz, CDCl3): & (ppm) = & 7.70 (s, 4H), 7.61-7.60 (m, 2H), 7.50-7.48 (m, 2H), 7.41
(dt, J=4.7,1.9 Hz, 1H).
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13C {*H} NMR (100 MHz, CDCls): & (ppm) = & 144.9 (Ca), 139.9 (Car), 129.5 (g, J = 32.5 Hz, Car
CF3), 129.1 (2 X CHar), 128.3 (2 X CHa), 127.6 (CHar), 127.4 (CHar), 125.9 (g, J = 3.8 Hz, CHas), 124.5
(q,J = 271.8 Hz, CF).

Analytical data obtained were in agreement with the reported values.®

4-methl,4'nitrobiphenyl, 1c

O Chemical Formula: C43H4{NO,
O Molecular Weight: 213.24
O,N

Following the general procedure, from phenylboronic acid (60.90 mg, 0.50 mmol) and 4-chloro-
nitrobenzene (79.00 mg, 0.50 mmol), the product was obtained in 89% vyield (88.70 mg) as a
white solid.

1H NMR (400 MHz, CDCls): & (ppm) = & 8.30 (d, J = 8.5 Hz, 2H), 7.73 (d, J = 9.3 Hz, 2H), 7.54 (d, J
= 9.3 Hz, 2H), 7.32 (d, J = 8.5 Hz, 2H), 2.43 (s, 3H).

13¢C {*H} NMR (100 MHz, CDCls): 6 (ppm) = 6 147.7 (Car), 147.0 (Car), 139.2 (Car), 136.0 (Car), 130.0
(CHar), 127.6 (CHar), 127.4 (CHar), 124.3 (CHar), 21.4 (CHs).

Analytical data obtained were in agreement with the reported values.®

1-(4’-methyl-4-biphenylyl)ethanone, 1d

O Chemical Formula: C45H44,0
O Molecular Weight: 210.28

Following the general procedure, from p-tolylboronic acid (68.00 mg, 0.50 mmol) and 4-

MeOC

chloroacetophenone (64.00 L, 0.50 mmol), the product was obtained in 95% yield (100.00 mg)
as a white solid.

1H NMR (400 MHz, CDCls): & (ppm) = 6 8.03 (d, J = 8.2 Hz, 2H), 7.69 (d, J = 8.6 Hz, 2H), 7.55 (d, J
= 8.6 Hz, 2H), 7.29 (d, J = 8.6 Hz, 2H), 2.64 (s, 3H), 2.41 (s, 3H).

13C {*H} NMR (100 MHz, CDCls): & (ppm) = & 197.9 (COMe), 145.9 (Ca/), 138.4 (Car), 137.1 (Car),
135.7 (Car), 129.8 (CHar), 129.1 (CHar), 127.2 (CHa/), 127.1 (CHar), 26.8 (CHs), 21.3 (CHs).

Analytical data obtained were in agreement with the reported values.®
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4-cyanobiphenyl, 1e
O Chemical Formula: C43HgN
O Molecular Weight: 179.22

Following the general procedure, from phenylboronic acid (61.00 mg, 0.50 mmol) and

NC

4-chlorobenzonitrile (69.00 mL, 0.50 mmol), the product was obtained in 89% yield (80.70 mg)
as a white solid.

1H NMR (400 MHz, CDCls): & (ppm) = & 7.75-7.67 (m, 4H), 7.61-7.58 (m, 2H), 7.52-7.46 (m, 2H),
7.45 (dt, J= 5.2, 2.1 Hz, 2H).

13¢C {*H} NMR (100 MHz, CDCls): & (ppm) = & 145.8 (Car), 139.3 (Car), 132.7 (CHar), 129.3 (2 X CHa),
128.8 (2 X CHar), 127.9 (2 X CHa), 127.4 (CHay), 119.1 (CN), 111.1 (Ca~CN).

Analytical data obtained were in agreement with the reported values.®

2-methoxy-4-methylbiphenyl, 1f

OMe O Chemical Formula: C14H140

O Molecular Weight: 198.27

Following the general procedure, from p-tolylboronic acid (68.00 mg, 0.50 mmol) and 2-
chloroanisole (61.00 pL, 0.50 mmol), the product was obtained in 89% yield (88.40 mg) as a
white solid.

1H NMR (400 MHz, CDCls): & (ppm) = 6 7.49 (d, J = 8.7 Hz, 2H), 7.35 (t, J = 7.1 Hz, 2H), 7.29 (d, J
= 8.6 Hz, 2H), 7.09-7.01 (m, 2H), 3.85 (s, 3H), 2.44 (s, 3H).

13C {"H} NMR (100 MHz, CDCl5): 6 (ppm) = & 156.6 (Car), 136.7 (Car), 135.7 (Car), 130.9 (CHa),
130.8 (Car), 129.5 (CHar), 128.9 (CHar), 128.5 (CHar), 120.9 (2 x CHar), 111.3 (2 x CHac), 55.6 (CH3),
21.3 (CHs).

Analytical data obtained were in agreement with the reported values.®

2-aminobiphenyl, 1g

NH,

®

Following the general procedure, from phenylboronic acid (61.00 mg, 0.50 mmol) and

O Chemical Formula: C1,H¢¢N
Molecular Weight: 169.23

2-chloroaniline (64.00 mg, 0.50 mmol), the product was obtained in 80% yield (68.00 mg) as a

brown solid.
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'H NMR (400 MHz, CDCl;): & (ppm) = 6 8.27 (d, J = 7.1 Hz, 1H), 7.59-7.36 (m, 4H), 7.23-7.04 (m,
2H), 6.86-6.67 (m, 2H), 4.02-4.00 (m, 2H).

13C {*H} NMR (100 MHz, CDCl3): & (ppm) = 6 143.6 (Car), 139.6 (Car), 135.8 (CHar), 132.8 (CHar),
130.6 (CHar), 129.2 (CHar), 128.9 (CHar), 128.6 (CHar), 128.1 (CHa/), 127.8 (Car), 127.3 (CHar), 118.8
(CHar), 115.8 (CHar).

Analytical data obtained were in agreement with the reported values.!

2,2’-methylbiphenyl, 1h

O Chemical Formula: C14Hq4
0 Molecular Weight: 182.27

Following the general procedure, from 2-tolylboronic acid (68.00 mg, 0.50 mmol) and 2-
chlorotoluene (67.00 uL, 0.50 mmol), the product was obtained in 90% yield (82.50 mg) as a
white solid.

'H NMR (400 MHz, CDCls): 6 (ppm) = 6 7.28-7.22 (m, 6H), 7.13 (d, J = 7.2 Hz, 2H), 2.07 (s, 6H).
13¢C {*H} NMR (100 MHz, CDCl3): & (ppm) = 6 141.7 (2 x Car), 135.9 (2 X Car), 129.9 (2 x CHar), 129.4
(2 x CHar), 127.3 (2 x CHar), 125.7 (2 X CHar), 20.0 (2 x CHs3).

Analytical data obtained were in agreement with the reported values.

2-methoxy-2’-methylbiphenyl, 1i

5 S

Following the general procedure, from o-toylboronic acid (68.00 mg, 0.50 mmol) and 2-
chloroanisole (71.30 mg, 0.50 mmol), the product was obtained in 97% yield (96.70 mg) as a
yellowish/white oil.

'H NMR (400 MHz, CDCl;): § (ppm) = & 7.41-7.35 (m, 1H), 7.29-7.18 (m, 5H), 7.08-6.99 (m, 2H),
3.80 (s, 3H), 2.19 (s, 3H).

13C {*H} NMR (100 MHz, CDCls): 6 (ppm) = & 156.7 (Car), 138.8 (Car), 137.0 (Car), 131.1 (CHay),
131.0 (Car), 130.1 (CHar), 129.7 (CHar), 128.7 (CHar), 127.4 (CHar), 125.6 (CHar), 120.6 (CHas), 110.8
(CHar), 55.5 (CHs), 20.1 (CHs).

Analytical data obtained were in agreement with the reported values.®
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2-phenyl-6-(trifluoromethyl)pyridine, 1j

A *oloclar waght 32320

Following the general procedure, from phenylboronic acid (61.00 mg, 0.50 mmol) and 2-chloro-
6-trifluoromethyl pyridine (91.00 mg, 0.50 mmol), the product was obtained in 99% yield (112.00
mg) as a white solid.

'H NMR (400 MHz, CDCl;): 6 (ppm) = & 8.09-8.06 (m, 2H), 7.92-7.91 (m, 2H), 7.62-7.60 (m, 1H),
7.52-7.46 (m, 3H).

13¢C {1H} NMR (100 MHz, CDCl3): & (ppm) = & 157.9 (Cas), 148.5 (q, J = 34.5 Hz, Cp,-CFs), 138.2
(CHar), 137.9 (Car), 129.9 (CHar), 129.0 (CHar), 127.3 (CHar), 122.9 (CHal), 121.7 (g, J = 274.3 Hz,
CF3), 118.6 (d, J = 2.7 Hz, CHa).

Analytical data obtained were in agreement with the reported values.’®

2-phenylpyridine, 1k

Chemical Formula: C41HgN
Na Molecular Weight: 155.20

=
Following the general procedure, from phenylboronic acid (61.00 mg, 0.50 mmol) and 2-
chloropyridine (68.00 uL, 0.50 mmol), the product was obtained in 90% vyield (69.00 mg) as a
brown solid.

1H NMR (400 MHz, CDCls): & (ppm) = 6 8.71 (dt, J = 7.8, 4.5 Hz, 1H), 8.01-7.98 (m, 2H), 7.77-7.73
(m, 2H), 7.50-7.48 (m, 2H), 7.45-7.40 (m, 1H), 7.25-7.19 (m, 1H)

13¢C {!H} NMR (100 MHz, CDCls): & (ppm) = 6 158.0 (Car), 148.5 (Car), 148.1 (CHar), 138.2 (CHal),
137.9 (CHar), 129.9 (CHar), 129.1 (CHar), 127.3 (CHar), 123.0 (CHar), 120.4 (CHar), 118.6 (CHa).

Analytical data obtained were in agreement with the reported values.*

4-methoxy-4’-methylbiphenyl, 2a

OMe
O Chemical Formula: C14H440

O Molecular Weight: 198.27

Following the general procedure, from 4-methoxyphenylboronic acid (79.00 mg, 0.50 mmol) and
4-chlorotoluene (67.00 pL, 0.50 mmol), the product was obtained in 85% yield (84.00 mg) as a

white solid.
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H NMR (400 MHz, CDCls): & (ppm) = & 7.53-7.50 (m, 2H), 7.49-7.44 (m, 2H), 7.24 (d, J = 8.5 Hz,
2H), 6.98-6.96 (m, 2H), 3.85 (s, 3H), 2.39 (s, 3H).

13C {1H} NMR (100 MHz, CDCl3): & (ppm) = 6 159.1 (Ca,), 138.1 (Car), 136.5 (CHar), 133.9 (Cal),
129.6 (CHar), 128.1 (CHar), 127.9 (Car), 126.7 (CHar), 114.3 (CHas), 55.5 (CHs), 21.2 (CHa).

Analytical data obtained were in agreement with the reported values.?

4-methoxy-4’-nitro-biphenyl, 2b

OMe
O Chemical Formula: Cy3H41NO3
O Molecular Weight; 229.24
O,N

Following the general procedure, from 4-methoxy phenylboronic acid (76.00 mg, 0.50 mmol)
and 4-chloro-nitrobenzene (79.00 mg, 0.50 mmol), the product was obtained in 91% vyield
(105.00 mg) as a beige solid.

'H NMR (400 MHz, CDCls): 6 (ppm) =6 8.82 (d, J = 7.8 Hz, 2H), 7.71 (d, J = 8.9 Hz, 2H), 7.60 (d, J
=6.9 Hz, 2H), 7.03 (d, J = 9.7 Hz, 2H), 3.88 (s, 3H).

3¢ {*H} NMR (100 MHz, CDCls): 6 (ppm) = 6 160.6 (Car), 147.4 (Car), 146.7 (Car), 131.2 (Car), 128.7
(CHar), 127.2 (CHar), 124.3 (CHar), 114.8 (CHa), 55.6 (CHs).

Analytical data obtained were in agreement with the reported values.®

1-[4-(4-nitrophenyl)phenyl]ethanone, 2¢c

[o]
|
O Chemical Formula: C14H14NO3
Molecular Weight: 241.25

C

Following the general procedure, from acetylphenyl boronic acid (82.00 mg, 0.50 mmol) and

O,N

4-chloro-nitrobenzene (79.00 mg, 0.50 mmol), the product was obtained in 86% yield (103.00
mg) as a beige solid.

H NMR (400 MHz, CDCls): & (ppm) = & 8.32 (d, J = 10.8 Hz, 2H), 8.09 (d, J = 8.1 Hz, 2H), 7.78 (d,
J=9.1Hz, 2H), 7.73 (d, J = 9.1 Hz, 2H), 2.56 (s, 3H).

13C {*H} NMR (100 MHz, CDCls): & (ppm) = 6 197.6 (Come), 147.7 (Car), 146.3 (Car), 143.2 (Car),
137.2 (Car), 129.2 (CHar), 128.2 (CHar), 127.7 (CHar), 124.3 (CHar), 26.8 (CHs).

Analytical data obtained were in agreement with the reported values.®
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4-(2-pyridinyl)benzaldehyde, 2d

X
| _ Chemical Formula: C4,HgNO
N Molecular Weight: 183.21
0

Following the general procedure, from 4-formylboronic acid (75.00 mg, 0.50 mmol) and 2-
chloropyridine (68.00 pL, 0.50 mmol), the product was obtained in 70% vyield (65.00 mg) as a
white solid.

'H NMR (400 MHz, CDCls): & (ppm) = 6 10.09 (s, 1H), 8.75 (dt, J = 7.7, 4.8 Hz, 1H), 8.19 (d, /= 8.7
Hz, 2H), 8.00 (td, J = 8.7, 5.5 Hz, 2H), 7.82-7.81 (m, 2H), 7.33 (q, / = 4.6 Hz, 1H).

13C {*H} NMR (100 MHz, CDCls): & (ppm) = 6 192.1 (CHcro), 156.0 (Car), 150.1 (CHar), 145.0 (Car),
137.2 (CHar), 136.5 (Car), 130.5 (CHar), 130.3 (CHar), 128.1 (CHar), 127.6 (CHar), 123.3 (CHa/), 121.4
(CHar).

Analytical data obtained were in agreement with the reported values.*®

5-(naphthalen-1-yl)pyrimidine, 2e

OO Chemical Formula: C14H1oN;
N Molecular Weight: 206.25
L
Following the general procedure, from 1-naphthalene boronic acid (86.00 mg, 0.50 mmol) and
2-bromopyrimidine (79.50 mL, 0.50 mmol), the product was obtained in 99% (102.30 mg) as a
brown oil.
H NMR (400 MHz, CDCl3): & (ppm) = & 9.31 (s, 1H), 8.90 (s, 2H), 7.98-7.95 (m, 2H), 7.77 (d, J =
8.9 Hz, 1H), 7.61-7.42 (m, 4H).
13C {*H} NMR (100 MHz, CDCls): 6 (ppm) = 6 157.7 (Car), 157.4 (Car), 134.5 (Car), 133.9 (Car), 132.5
(CHar), 131.3 (CHar), 129.5 (CHar), 128.8 (CHar), 127.8 (CHar), 127.2 (CHar), 126.5 (CHaf), 125.5
(CHar), 124.6 (CHar).

Analytical data obtained were in agreement with the reported values.?”

2-(1-naphthyl)pyridine, 2f

N Q Chemical Formula: C45H44N

| = Molecular Weight: 205.26
=

Following the general procedure, from 1-naphthalene boronic acid (86.00 mg, 0.50 mmol) and
2-chloropyridine (68.00 uL, 0.50 mmol), the product was obtained in 99% (101.90 mg) as a beige

oil.
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1H NMR (400 MHz, CDCls): & (ppm) = & 8.80 (ddd, J = 4.9, 1.8, 0.9 Hz, 1H), 8.12-8.05 (m, 1H),
7.95-7.89 (m, 2H), 7.84 (td, J = 7.7, 1.8 Hz, 1H), 7.63-7.57 (m, 3H), 7.49 (tt, J = 6.8, 5.4 Hz, 3H),
7.34 (ddd, J = 7.6, 4.9, 1.2 Hz, 1H).

13C {*H} NMR (100 MHz, CDCls): & (ppm) = & 159.4 (Cas), 149.6 (CHar), 138.6 (Cas), 136.5 (CHa),
134.0 (Car), 131.3 (Car), 129.0 (CHar), 128.5 (CHar), 127.6 (CHar), 126.6 (CHa), 125.9 (CHay), 125.7
(CHar), 125.4 (CHar), 125.2 (CHar), 122.2 (CHa).

Analytical data obtained were in agreement with the reported values.!®

1-naphthalen-1-ylnaphthalene, 2g

Chemical Formula: CyoH44
Molecular Weight: 254.33

Following the general procedure, from 1-naphthalene boronic acid (86.00 mg, 0.50 mmol) 2-
chloronahpthalene (81.30 mg, 0.50 mmol), the product was obtained in 99% yield (126.00 mg)
as a brown oil.

'H NMR (400 MHz, CDCls): 6 (ppm) = 6 7.96 (dd, J = 8.1, 2.6 Hz, 4H), 7.62 (t, J = 7.7 Hz, 2H), 7.51-
7.45 (m, 4H), 7.41-7.38 (m, 2H), 7.31-7.29 (m, 2H).

13¢ {*H} NMR (100 MHz, CDCls): 6 (ppm) = & 138.6 (Car), 133.6 (Car), 133.0 (Car), 128.3 (CHa/),
128.0 (CHar), 128.0 (CHar), 126.7 (CHar), 126.1 (CHar), 125.9 (CHar), 125.5 (CHar).

Analytical data obtained were in agreement with the reported values.®®

1-(2,4-difluorophenyl)naphthalene, 2h

Chemical Formula: C4gH4oF >
Molecular Weight: 240.25

Following the general procedure, from 1-naphthalene boronic acid (86.00 mg, 0.50 mmol) and
1-chloro,2-4,difluorobenzene (74.30 mg, 0.50 mmol), the product was obtained in 80% yield
(95.80 mg) as a brown solid.

1H NMR (400 MHz, CDCls): & (ppm) = 6 7.93 (d, J = 8.6 Hz, 2H), 7.64-7.34 (m, 6H), 7.05-6.96 (m,
2H).
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13C {*H} NMR (100 MHz, CDCls): & (ppm) = & 162.76 (dd, J = 253.0, 11.8 Hz, Ca-F), 160.29 (dd, J
= 253.4, 11.7 Hz, Ca-F), 133.7 (Car), 133.2-133.1 (m, Car + CHar), 132.0 (Car), 128.7 (CHa,), 128.5
(CHar), 128.0 (CHar), 126.5 (CHar), 126.1 (CHar), 125.7 (CHar), 125.4 (CHas), 124.21 (dd, J = 16.7, 3.8
Hz, Car), 111.5 (dd, J = 21.0, 3.7 Hz, CHay), 104.2 (t, J = 25.8 Hz, CHa,).

Analytical data obtained were in agreement with the reported values.*

(E)-4-styrylbenzonitrile, 2j
O Chemical Formula: C45H4N
O N Molecular Weight: 205.26
NC

Following the general procedure, from (E)-styrylboronic acid (74.00 mg, 0.50 mmol) and 4-
chlorobenzonitrile (69.00 mg, 0.50 mmol), the product was obtained in 74% yield (76.00 mg) as
a yellow solid.

H NMR (400 MHz, CDCls): & (ppm) =5 7.65-7.63 (m, 2H), 7.60-7.58 (m, 2H), 7.55-7.53 (m, 2H),
7.41-7.37 (m, 2H), 7.34-7.30 (t, J = 7.27 Hz, 1H), 7.22 (d, J = 16.3 Hz, 1H), 7.09 (d, J = 16.3 Hz, 1H).
13¢C {!H} NMR (100 MHz, CDCls): & (ppm) = 6 142.0 (Car), 136.4 (Car), 132.6 (CHar), 132.5 (CHal),
129.0 (CHar), 128.8 (CHar), 127.1 (CHawene), 127.0 (CHatene), 126.9 (CHar), 119.2 (CN), 110.7 (Car
CN).

Analytical data obtained were in agreement with the reported values.?®

(E)-4-styrylbenzaldehyde, 2k

O Chemical Formula: C45H1,0
X Molecular Weight: 208.26
Ox

Following the general procedure, from (E)-styrylboronic acid (74.00 mg, 0.50 mmol) and
4-chlorobenzaldehyde (70.00 mg, 0.50 mmol), the product was obtained in 96% yield (100.50
mg) as a beige solid.

'H NMR (400 MHz, CDCl5): & (ppm) = & 10.00 (s, 1H), 7.89 (d, J = 8.7 Hz, 2H), 7.67 (d, J = 8.1 Hz,
2H), 7.56 (d, J = 8.1 Hz, 2H), 7.41 (t, J = 7.5 Hz, 2H), 7.34-7.31 (m, 1H), 7.29 (d, J = 4.9 Hz, 1H),
7.15(d, J=16.3 Hz, 1H).

13C {H} NMR (100 MHz, CDCls): & (ppm) = 6 191.8 (Cro), 143.5 (Car), 136.7 (Car), 135.4 (Ca/), 132.2
(CHar), 130.4 (CHar), 129.0 (CHar), 128.6 (CHar), 127.5 (CHar), 127.0 (CHalkene)-

Analytical data obtained were in agreement with the reported values.?
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(E)-1-styrylnaphthalene, 2I

Chemical Formula: C1gHq4
Molecular Weight: 230.31

Following the general procedure, from (E)-styrylboronic acid (74.00 mg, 0.50 mmol) and
1-chloronaphthalene (82.00 mg, 0.50 mmol), the product was obtained in 69% yield (80.00 mg)
as a beige solid.

'H NMR (400 MHz, CDCl5): 6 (ppm) = § 7.92-7.75 (m, 2H), 7.61-7.15 (m, 10H), 6.99-6.96 (m, 1H),
6.69-6.66 (m, 1H).

3¢ {"H} NMR (100 MHz, CDCl3): 6 (ppm) = & 137.8 (Car), 137.5 (CHa/), 135.2 (Car), 133.9 (Car),
133.0 (CHar), 131.9 (CHar), 131.5 (Car), 129.4 (CHar), 128.9 (CHar), 128.8 (CHar), 127.7 (CHar), 126.8
(CHar), 126.5 (CHar), 126.2 (CHar), 126.0 (CHar), 125.8 (CHar), 123.9 (CHaikene), 123.8 (CHaikene)-

Analytical data obtained were in agreement with the reported values.?
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9.4 Chapter 4: Highly catalytically active Pd-NHC pre-catalyst

for the formation of C-X bonds

For the synthesis of the pre-catalysts see Section 9.2 and 9.3.
9.4.1. General procedure

In an inert atmosphere, a vial was charged with the pre-catalyst, base, solvent (1 mL) and a
magnetic stir bar and sealed with a screw cap. The mixture was left to stir at 110 °C for the stated
time (10-60 min, activation time). The sample was removed from the heating block and the
corresponding aniline was added followed by the corresponding aryl chloride. The reaction was

left to stir (910 rpm) for 16 h at varying temperatures.

9.4.2. Catalyst optimisation

The general procedure was followed using 4-fluoroaniline (61.00 mg, 0.55 mmol), 4-
chloroanisole (61.00 pL, 0.50 mmol) with KO*Am (70.00 mg, 0.55 mmol) in 1,4-dioxane (1 mL)
with activation and experimental temperatures at 110 °C. An aliquot was taken to determine

the conversion of 4-chloroanisole by GC using mesitylene as internal standard.

Cl NH, pre-catalyst H
O (0.20 - 0.50 mol%) N
Me0/©/ T F KOAm (1.10 equiv.) /©/ O
1,4-dioxane (1 mL) MeO F
110 °C, 16 h

0.50 mmol 1.00 equiv.
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Table S-16: Optimisation of Pd pre-catalyst for 0.20 - 0.50% mol reaction

Entries Pd pre-catalyst Mass | Catalyst loading | GC Conversion?/Yield®

(mg) (mol%) (%)
1 [IPent-H][Pd(n3-cin)Cly] 2.00 0.50 86°
2 [IHept-H][Pd(n3-cin)Cl,] 2.30 0.50 88?
3 [INon-H][Pd(n3-cin)Cl;] 2.60 0.50 932
4 [IPr*-H][Pd(n3-cin)Cl,] 3.00 0.50 99°
5 [Pr*OMeH][Pd(n3-cin)Cl,] 3.10 0.50 952
6 [IPent®-H][Pd(n3-cin)Cly] 2.20 0.50 87°
7 [IPr-H][Pd(n3-cin)Cl;] 1.70 0.50 63?
8 [IPr*-H][Pd(n3-cin)Cly] 3.00 0.50 99°
9 [IPr*-H][Pd(n3-crotyl)Cl;] 2.80 0.50 962
10 [IPr*-H][Pd(n3-2-Me-allyl)Cl;] | 2.80 0.50 952
11 [IPr*-H][Pd(n3-Ind®)Cl,] 3.20 0.50 872
12 [INon-H][Pd(n3-cin)Cl;] 2.70 0.50 982
13 [IPr*-H][Pd(n3-cin)Cl,] 1.20 0.20 99°
14 [IPr*-H][Pd(n3-crotyl)Cl,] 1.20 0.20 90°
15 [IPr*-H][Pd(n3-2-Me-allyl)Cl,] | 1.20 0.20 88?
16 [IPr*-H][Pd(n3-Ind®¥)Cl,] 1.30 0.20 56°
17 [INon-H][Pd(n3-cin)Cl,] 1.00 0.20 83°

2 GC conversion based on 4-chloroanisole. Value calculated from an average of two reactions. °GC yield,
mesitylene is used as internal standard.© 0.20 mol% of catalyst used.

9.4.3. Activation time optimisation

The general procedure was followed using [IPr*-H][Pd(n3-cin)Cl,] (0.50 mol%), 4-fluoroaniline
(61.00 mg, 0.55 mmol), 4-chloroanisole (61.00 pL, 0.50 mmol) with KO'Am (70.00 mg, 0.55

mmol) in 1,4-dioxane at 110 °C with varying activation times. An aliquot was taken to determine

Q.

the conversion of 4-chloroanisole by GC using mesitylene as internal standard.

Cl NH,
/©/ [IPr*-H][Pd(ncin)Cly] (0.50 mol%) /@
'
MeO F KO!Am (1.10 equiv.) MeO

0.50 mmol 1.00 equiv. 1,4-dioxane (1 mL)
110 °C, 16 h

H
N

\
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Table S-17: Activation time optimisation

Entries Time (min) GC conversion (%)*
1 10 88
2 30 80
3 60 99

2 GC conversion is based on 4-chloroanisole. Value calculated from an average of two reactions.

9.4.4. Activation temperature and experimental temperature

optimisation

The general procedure was followed using pre-catalyst (0.50 mol%), 4-fluoroaniline (61.00 mg,
0.55 mmol), 4-chloroanisole (61.00 pL, 0.50 mmol) with KO'Am (70.00 mg, 0.55 mmol) in 1,4-
dioxane (1 mL) at with varying activation temperatures for 1 h and varying experimental
temperatures. An aliquot was taken to determine the conversion of 4-chloroanisole by GC using

mesitylene as internal standard.

cl NH, _ N
/@’ O’ [IPFHI[Pd(n®-cin)Cly] (0.50 mol%) /@/ ~©\
MeO T F KO'Am (1.10 equiv.) - MeO F
0.50 mmol 1.00 equiv. 1,4-dioxane (1 mL)
60-100 °C, 16 h
Table S-18: Temperature optimisation using [IPr*-H][Pd(n3-cin)Cl,]
Entries Activation Reaction Temperature GC conversion (%)?
Temperature (°C) (°C)
1 60 60 83
2 70 70 80
3 80 80 92
4 90 90 85
5 70 100 76
6 80 100 85
7 90 100 90
8 100 100 95

2 GC conversion is based on 4-chloroanisole. Value calculated from an average of two reactions
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Table S-19: Temperature optimisation using [IPr*-H][Pd(n3-cin)Cl;]

Entries Activation Reaction Temperature GC conversion (%)?
Temperature (°C) (°C)
1 60 80 99
2 80 80 90
2 90 90 88

2 GC conversion is based on 4-chloroanisole. Value calculated from an average of two reactions

9.4.5. Solvent optimisation

The general procedure was followed using [IPr*-H][Pd(n3-cin)Cl,] (0.50 mol%), 4-fluoroaniline
(61.00 mg, 0.55 mmol), 4-chloroanisole (61.00 pL, 0.50 mmol) with KO'Am (70.00 mg, 0.55
mmol) in varying solvents (0.5 M), activating at 80 °C for 1 h and running at 80 °C for 16 h. An
aliquot was taken to determine the conversion of 4-chloroanisole by GC using mesitylene as

internal standard.

H
Cl NH,
/@/ O’ [IPr*-H][Pd(n3-cin)Cl5] (0.50 mol%) ONO
+ >
MeO F KO'Am (1.10 equiv.) MeO F

0.50 mmol 1.00 equiv. Solvent (0.5 M)
80°C,16 h

Table S-20: Solvents used in solvent optimisation in air

Entries Solvent (0.5 M) GC conversion (%)*
1 Toluene 80
2 THF 64
3 Ethanol n.r.
4 iso-Propanol n.r.
5 n-Butanol n.r.
6 1,4-Dioxane 93

2 GC conversion is based on 4-chloroanisole. Value calculated from an average of two reactions.n.r. = no

reaction
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Table S-21: Solvents used in solvent optimisation in inert atmosphere

Entries Solvent (0.5 M) GC conversion (%)®
1 Toluene 90
2 THF 92
3 iso-Propanol 19
4 Acetonitrile n.r.
5 Hexane 89
6 1,2-Dimethoxyethane 90
7 1,4-Dioxane 90
8 Cyclohexane 94
9 CPME 97
10 2-MeTHF 87
11 Heptane 87
12 1,4-Dioxane® 97
13 THF® 99
14 CPMEP 96
15 Cyclohexane® 94
16 Ethanol* n.r.

2 GC conversion is based on 4-chloroanisole. Value calculated from an average of two reactions. ® The

substrates were added in reverse from the normal synthesis; 4-fluoroaniline followed by 4-chloroanisole.

¢ The reaction was run with K2COs as the base.

9.4.6. Base optimisation

The general procedure was followed using [IPr*-H][Pd(n3-cin)Cl;] (0.50 mol%), 4-fluoroaniline

(61.00 mg, 0.55 mmol), 4-chloroanisole (61.00 uL, 0.50 mmol) with the corresponding base (0.55

mmol) and corresponding solvent (0.5 M), activating at 80 °C for 1 h and running at 80 °C for 16

h. An aliquot was taken to determine the conversion of 4-chloroanisole by GC using mesitylene

as internal standard.

o

MeO
0.50 mmol

1.00 equiv.

NH,

[IPr*-H][Pd(n3-cin)Cl,] (0.50 mol%)

H

Base (1.10 equiv.)
Solvent (0.5 M)
80°C, 16 h

o
MeO F
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Table S-22: Base optimization in 1,4-dioxane

Entries Base (0.55 mmol) GC conversion (%)?
1 KO'Bu 93
2 K2CO3 n.r.
3 K3PO4 n.r.
4 KOH 57
5 NaOH 45
6 Cs,CO3 <1
7 LiOH n.r.
8 CsOH 22
9 Na,CO3 n.r.
10 NaO'Bu 91
11 KF/K,COs (1:1) n.r.
12 KO'BuP 83

2 GC conversion is based on 4-chloroanisole. Value calculated from an average of two reactions. ® The
substrates were added in reverse from the normal synthesis; 4-fluoroaniline followed by 4-chloroanisole.

Table S-23: Base optimization in THF

Entries Base (0.55 mmol) GC conversion (%)?
1 KO'Am 92
2 KO'Bu 98
3 KoCO3 n.r.
4 KsPOg4 n.r.
5 KOH 57
6 NaOH 19
7 Cs,CO3 7
8 LiOH n.r.
9 CsOH 22
10 Na,COs n.r.
11 KO'BuP 99

2 GC conversion is based on 4-chloroanisole. Value calculated from an average of two reactions.?The
substrates were added in reverse from the normal synthesis; 4-fluoroaniline followed by 4-
chloroanisole.
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Table S-24: Base optimisation in cyclohexane

Entries Base (0.55 mmol) GC conversion (%)?
1 KO'Am 94
2 KO'Bu 86
3 KOH 12
4 NaOH <1
5 CsOH n.r.

2 GC conversion is based on 4-chloroanisole. Value calculated from an average of two reactions.

Table S-25: Base optimisation in CPME

Entries Base (0.55 mmol) GC Conversion (%)?
1 KO'Am 99
2 KO'Bu 99
3 KOH 42
4 NaOH 32
5 CsOH 38
6 NaO'Bu 98

@ GC conversion is based on 4-chloroanisole. Value calculated from an average of two reactions.

9.4.7. Catalyst loading optimisation

The general procedure was followed using [IPr*-H][Pd(n3-cin)Cl,] (mol%), 4-fluoroaniline (61.00
mg, 0.55 mmol), 4-chloroanisole (61.00 pL, 0.50 mmol) with KO'Bu (62.00 mg, 0.55 mmol) in
CPME (0.25 M), activating at 60 °C for 1 h and running at 80 °C for 16 h. An aliquot was taken to

determine the conversion of 4-chloroanisole by GC using mesitylene as internal standard.
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Table S-26: Catalyst loading optimization

Entries mol% GCyield (%)
1 0.50 99
2 0.50° 70
3 0.30 99
4 0.20 99
5 0.10 50

GCyield, internal standard = mesitylene 0.1 mmol. Value calculated from an average of two reactions.
2 no activation step was used.

9.4.8. Time optimisation

The general procedure was followed using [IPr*H][Pd(n3-cin)Cl,] (0.20 mol%), 4-fluoroaniline
(61.00 mg, 0.55 mmol), 4-chloroanisole (61.00 pL, 0.50 mmol) with KO'Bu (62.00 mg, 0.55 mmol)
in CPME (0.25 M), activating at 60 °C for 1 h and running at 80 °C for the corresponding time. An
aliqguot was taken to determine the conversion of 4-chloroanisole by GC using mesitylene as

internal standard.

Table S 27: Time optimisation, Part 1

Activation time Reaction time GCyield (%)
(min) (min)
60 30 30
60 60 71
60 120 99

GCyield, internal standard = mesitylene 0.1 mmol. Value calculated from an average of two reactions.

Table S-28: Time optimisation, Part 2

Activation time (min) Reaction time (min) GCyield (%)
60 15 30
60 30 34
60 45 43
60 60 75
60 90 83
60 120 99

GCyield, internal standard = mesitylene 0.10 mmol. Value calculated from an average of two reactions.
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Buchwald-Hartwig amination: Time optimisation
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Graph 4: Time optimisation of the Buchwald-Hartwig amination. GC yield, internal standard =
mesitylene 0.1mmol. Value calculated from an average of two reactions.

9.4.9. Scope

9.4.9.1 General procedure

A vial was charged with [IPr*H][Pd(n3-cin)Cl;] (1.20 mg, 0.20 mol%), KO'Bu (62.00 mg, 0.55
mmol), CPME (1 mL) and a magnetic stir bar and sealed with a screw cap. The mixture was left
to stir at the 60 °C for 1 h. The vial was removed from the heating block and the corresponding
solution of aniline and aryl chloride in CPME (1 mL) was added. The reaction was left to stir (910

rpm) at 80 °C for 2 h. The crude mixture was purified by a filtration over silica gel.

4-fluoro-N-(4-methoxyphenyl)aniline, 3a

H
N
Chemical Formula: C43H{,FNO
MeO F Molecular Weight: 217.24

Following the general procedure, from 4-chloroanisole (71.00 mg, 0.50 mmol) and 4-
fluoroaniline (56.00 mg, 0.55 mmol), the product was obtained in 99% yield (107.00 mg) as a

brown oil.
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Large scale:

Following the general procedure, from 4-chloroanisole (784.00 mg, 5.50 mmol) and 4-
fluoroaniline (672.00 mg, 6.05 mmol), the product was obtained in 99% yield (119.30 mg) as a
brown oil.

'H NMR (400 MHz, CDCls): & (ppm) = 6 7.02 (dt, J = 9.1, 4.4 Hz, 2H), 6.95-6.93 (m, 6H), 5.38 (s,
1H), 3.80 (s, 3H).

13C {"H} NMR (100 MHz, CDCls): § (ppm) = 6 157.2 (d, J = 238.1, CF), 155.1 (Car), 141.2 (d, Car, J =
1.9 Hz, Car), 136.6 (Car), 121.3 (2 x CHar), 117.9 (d, J = 7.6 Hz, CHa/), 117.9 (2 x CHa/), 115.9 (d, J =
22.4 Hz, CHar), 114.9 (CHar), 55.7 (CHs).

19F NMR (376 MHz, CDCls): & (ppm) = -124.3

Analytical data obtained were in agreement with the reported values.?

3-fluoro-N-(3-methylphenyl)aniline, 3b

N F
U Chemical Forml.JIa: Cy3H4oFN

Q/ Molecular Weight: 201.24
Following the general procedure, from 3-chlorotoluene (63.00 mg, 0.50 mmol) and 3-
fluoroaniline (56.00 mg, 0.55 mmol), the product was obtained in 99% yield (99.80 mg) as a
brown oil.
1H NMR (400 MHz, CDCls): & (ppm) = & 7.28-7.25 (m, 2H), 6.97-6.95 (m, 2H), 6.89 (d, J = 8.7 Hz,
1H), 6.81-6.77 (m, 2H), 6.65 (t, J = 7.1 Hz, 1H), 5.74 (s, 1H), 2.38 (s, 3H).
13¢C {!H} NMR (100 MHz, CDCls): & (ppm) = & 163.9 (d, J = 243.8 Hz, CF), 145.6 (d, J = 10.55 Hz,
Car), 142.0 (Car), 139.5 (Car), 130.5 (d, J = 10.0 Hz, CHar), 129.4 (CHar), 123.1 (CHar), 119.9 (CHal),
116.2 (CHar), 112.6 (CHay), 107.0 (d, J = 21.5 Hz, CHas), 103.6 (d, J = 25.1 Hz, CHa), 21.6 (CHa).
1F NMR (376 MHz, CDCls): 6§ (ppm) =-112.2.

Analytical data obtained were in agreement with the reported values.?*

2-fluoro-N-(2-methoxyphenyl)aniline, 3¢

OMe H
N Chemical Formula: C43H1,FNO
Molecular Weight: 217.24
F

Following the general procedure, from 2-chloroanisole (72.00 mg, 0.50 mmol) and 2-
fluoroaniline (56.00 mg, 0.55 mmol), the product was obtained in 80% yield (86.00 mg) as a

brown oil.
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H NMR (400 MHz, CDCls): & (ppm) = 7.43 (td, J = 8.3, 1.5 Hz, 1H), 7.31-7.29 (m, 1H), 7.13 (ddd,
J=113,8.1, 1.4 Hz, 1H), 7.07 (t, J = 7.7 Hz, 1H), 6.93-6.86 (m, 4H), 6.23 (s, 1H), 3.91 (s, 3H).

13C {!H} NMR (100 MHz, CDCls): & (ppm) = & 153.7 (d, J = 241.7 Hz, CF), 149.0 (Ca,), 132.0 (Ca,),
131.4 (d,J = 11.0 Hz, Ca;), 124.3 (d, J = 3.6 Hz, CHas), 120.9 (d, J = 7.0 Hz, CHa, ), 120.8 (d, J = 8.1Hz,
CHar), 118.1 (2 X CHas), 115.6 (d, J = 19.4 Hz, CHa,), 115.5 (CHar), 110.7 (CHas), 55.7 (CHs).

19F NMR (376 MHz, CDCls): & (ppm) = -131.4

Analytical data obtained were in agreement with the reported values.?

4-methyl-N-(4-methoxyphenyl)aniline, 3d

H
N Chemical Formula: C44H45NO
/©/ O\ Molecular Weight: 213.28
OMe

Following the general procedure, from 4-chlorotoluene (63.00 mg, 0.50 mmol) and 4-
methoxyaniline (68.00 mg, 0.55 mmol), the product was obtained in 99% yield (105.00 mg) as a
black powder.

H NMR (400 MHz, CDCls): & (ppm) = & 7.66-7.60 (m, 4H), 6.88-6.85 (m, 4H), 5.41 (s, 1H), 3.80
(s, 3H), 2.29 (s, 3H).

13¢C {*H} NMR (100 MHz, CDCls): & (ppm) = 6 154.6 (Car), 142.2 (Car), 136.5 (Car), 129.6 (Car), 129.2
(2 X CHar), 120.9 (2 x CHa/), 116.4 (2 X CHar), 114.5 (2 X CHar), 55.4 (CHs), 20.4 (CH).

Analytical data obtained were in agreement with the reported values.?

3,5-dimethoxy-N-(4-methoxyphenyl)aniline, 3e
N OMe
/©/ \©/ Chemical Formula: (.315H17NO3
MeO Molecular Weight: 259.31
OMe
Following the general procedure, from 4-chloroanisole (71.00 mg, 0.50 mmol) and
3,5-dimethoxyaniline (67.00 mg, 0.55 mmol), the product was obtained in 95% yield (122.70 mg)
as a yellow oil.
'H NMR (400 MHz, CDCls): & (ppm) = 6 7.10 (d, J = 9.2 Hz, 2H), 6.88 (d, J = 8.6 Hz, 2H), 6.07-6.05
(m, 3H), 5.52 (br. s, 1H), 3.80-3-76 (m 9H).
13C {"H} NMR (100 MHz, CDCl3): & (ppm) = 6 171.2 (Car), 161.3 (Car), 155.5 (Car), 148.5 (Car), 147.4
(Car), 135.2 (CHar), 123.0 (CHar), 114.6 (CHar), 93.8 (CHar), 93.7 (CHar), 91.6 (CHar), 90.9 (CHa/), 60.4
(CHs), 55.5 (CHs), 55.1 (CHs3).

Analytical data obtained were in agreement with the reported values.?”
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N-(3,5-dimethylphenyl)pyridin-2-amine, 3f

N N Chemical Formula: Cq3H 14N,
CN( Q/ Molecular Weight: 198.27
Following the general procedure, from 2-chloropyridine (57.00 mg, 0.50 mmol) and
3,5-dimethyl-aniline (67.00 mg, 0.55 mmol), the product was obtained in 75% yield (74.50 mg)
as a yellow oil.
'H NMR (400 MHz, CDCls): & (ppm) = 8.22 (s, 1H), 7.55-7.53 (m, 1H), 6.96-6.92 (m, 3H), 6.77 (br.
s, 1H), 6.75-6.70 (m, 2H), 2.34 (s, 6H).
3¢ {"H} NMR (100 MHz, CDCls): & (ppm) = 6 156.3 (Car), 148.4 (CHar), 140.4 (Car), 139.1 (CHar),
137.9 (2 x Car), 125.0 (2 x CHar), 118.5 (CHar), 114.9 (CHa/), 108.3 (CHar), 221.5 (2 x CH3).

Analytical data obtained were in agreement with the reported values.?®

2-methyl-N-(4-methoxyphenyl)aniline, 3g

H
N Chemical Formula: C44H5NO
/©/ Molecular Weight: 213.28
MeO

Following the general procedure, from 4-chloroanisole (63.00 mg, 0.50 mmol) and o-toluidine
(59.00 mg, 0.55 mmol), the product was obtained in 99% yield (106.00 mg) as an oil.

'H NMR (400 MHz, CDCls): & (ppm) = 6 7.20 (d, J = 8.2 Hz, 1H), 7.14 (t, J= 8.3 Hz, 1H), 7.09-7.05
(m, 3H), 6.92-6.88 (m, 3H), 5.25 (s, 1H), 3.84 (s, 3H), 2.29 (s, 3H).

13¢C {*H} NMR (100 MHz, CDCls): & (ppm) = 6 155.2 (Car), 143.4 (Car), 136.4 (Car), 130.8 (Car), 126.9
(2 X CHar), 125.4 (2 X CHar), 122.2 (CHar), 120.1 (CHar), 115.2 (CHar), 114.8 (CHar), 55.7 (CH3), 17.9
(CHs).

Analytical data obtained were in agreement with the reported values.?

2-isopropyl-N-(4-methoxyphenyl)aniline, 3h

H
N Chemical Formula: C4gH1gNO
Molecular Weight: 241.33
MeO

Following the general procedure, from 4-chloroanisole (71.00 mg, 0.50 mmol) and 2-
isopropylaniline (75.00 mg, 0.55 mmol), the product was obtained in 99% yield (120.00 mg) as a

yellow oil.
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H NMR (400 MHz, CDCls): & (ppm) = & 7.20 (d, J = 7.5 Hz, 1H), 7.03-6.98 (m, 2H), 6.89-6.83 (m,
3H), 6.79-6.75 (m, 2H), 5.22 (br. s, 1H), 3.72 (s, 3H), 3.05 (sept, J = 6.8 Hz, 1H), 1.22 (dd, J = 8.9,
5.2 Hz, 6H).

13C {1H} NMR (100 MHz, CDCls): & (ppm) = & 154.8 (Cas), 141.8 (Car), 137.6 (Car), 137.3 (Cas), 126.5
(CHar), 125.9 (CHar), 121.4 (CHas), 121.1 (CHas), 118.1 (CHas), 114.8 (CHar), 55.7 (CHs), 27.6 (CH),
22.9 (CHs), 22.4 (CHa).

Analytical data obtained were in agreement with the reported values.?

2-isopropyl-N-(o-tolyl)aniline, 3i

©\/ Chemical Formula: C4gH1gN
N Molecular Weight: 225.34
H

Following the general procedure, from 2-chloroanisole (63.00 mg, 0.50 mmol) and 2-
isopropylaniline (71.00 mg, 0.55 mmol), the product was obtained in 99% yield (111.90 mg) as a
beige solid.

1H NMR (400 MHz, CDCl): & (ppm) = 6 7.33 (d, J = 8.4 Hz, 1H), 7.21 (d, J = 7.2 Hz, 1H), 7.16-7.05
(m, 4H), 6.93-6.89 (m, 2H), 5.24 (s, 1H), 3.17 (q, J = 5.8 Hz, 1H), 2.29 (s, 3H), 1.29 (d, /= 7.0 Hz,
6H).

13¢C {*H} NMR (100 MHz, CDCls): § (ppm) = & 143.2 (Car), 140.4 (Ca), 139.5 (Car), 130.8 (CHal),
127.0 (Car), 126.6 (CHar), 126.5 (CHar), 126.1 (CHar), 122.8 (CHar), 121.0 (CHar), 120.7 (CHar), 119.1
(CHar), 117.0 (CHar), 27.9 (CH), 23.1 (CHs), 17.9 (CH).

Analytical data obtained were in agreement with the reported values.?

2,6-dimethyl-N-(p-tolyl)aniline, 3j

ﬂ;é Chemical Formula: C45H17N

/©/ Molecular Weight: 211.31

Following the general procedure, from 4-chlorotoluene (63.00 mg, 0.50 mmol) and
2,6-dimethyl-aniline (67.00 mg, 0.55 mmol), the product was obtained in 99% yield (104.00 mg)
as a yellow oil.

'H NMR (400 MHz, CDCls): & (ppm) = § 7.14-7.08 (m, 3H), 7.00 (d, J = 7.8 Hz, 2H); 6.46 (d, /= 7.9
Hz, 2H), 5.11 (s, 1H), 2.26 (s, 3H), 2.23 (s, 6H).

13C {'H} NMR (100 MHz, CDCls): 6 (ppm) = & 144.0 (Car), 138.8 (Car), 135.6 (Car), 129.8 (2 x CHar),
128.6 (2 x CHar), 127.5 (2 x Car), 125.5 (2 x CHar), 113.9 (CHar), 20.6 (CH3), 18.5 (CHs).

Analytical data obtained were in agreement with the reported values.?®
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N-(4-methoxyphenyl)-2,6-dimethylaniline, 3k

H
N Chemical Formula: C45H47NO
Molecular Weight: 227.31
MeO

Following the general procedure, from 4-chloroanisole (71.00 mg, 0.50 mmol) and 2,6-dimethyl-
aniline (67.00 mg, 0.55 mmol), the product was obtained in 99% yield (112.00 mg) as a yellow
oil.

'H NMR (400 MHz, CDCls): & (ppm) =6 7.12 (d, J = 7.1 Hz, 2H), 7.16-7.11 (m, 1H), 6.76 (d, J = 8.5
Hz, 2H). 6.51 (d, J = 9.4 Hz, 2H), 5.03 (s, 1H), 3.75 (s, 3H), 2.20 (s, 3H).

3¢ {*H} NMR (100 MHz, CDCls): 6 (ppm) = 6 152.8 (Car), 140.2 (Car), 139.4 (Car), 135.0 (Car), 128.7
(CHar), 128.3 (CHar), 125.0 (CHar), 121.8 (CHar), 118.1 (CHar), 115.3 (CHar), 114.8 (CHar), 55.9 (CHs),
18.5 (CH).

Analytical data obtained were in agreement with the reported values.?®

N-(2-methoxyphenyl)-2,6-dimethylaniline, 3l

OMe H
N Chemical Formula: C45H17NO
Molecular Weight: 227.31

Following the general procedure, from 2-chloroanisole (71.00 mg, 0.50 mmol) and 2,6-dimethyl-
aniline (67.00 mg, 0.55 mmol), the product was obtained in 80% yield (91.00 mg) as a yellow oil.
'H NMR (400 MHz, CDCl5): § (ppm) = & 7.13-7.01 (m, 3H), 6.87-6.82 (m, 1H), 6.70-6.68 (m, 2H),
6.14-6.12 (m, 1H), 5.65 (s, 1H), 3.95 (s, 3H), 2.21 (s, 6H).

13C {*H} NMR (100 MHz, CDCls): 6 (ppm) = 6 146.9 (Car), 138.5 (Car), 136.3 (Car), 136.1 (Car), 128.6
(2 x CHar), 125.8 (CHar), 121.2 (CHar), 117.4 (CHar), 111.2 (CHar), 110 (CHar), 55.8 (CHs), 18.4 (CHs).

Analytical data obtained were in agreement with the reported values.?®

N-(2,6-dimethylphenyl)pyridin-2-amine, 3m

H
X N Chemical Formula: C43H4N;
G\l/ Molecular Weight: 198.27
Following the general procedure, from 2-chloropyridine (57.00 mg, 0.50 mmol) and
2,6-dimethyl-aniline (67.00 mg, 0.55 mmol), the product was obtained in 73% yield (72.00 mg)
as a beige solid.

1H NMR (400 MHz, CDCls): & (ppm) = & 8.15-8.10 (m, 1H), 7.35 (td, J = 6.7, 2.1 Hz, 1H), 7.13 (s,
3H), 6.64 (t, J =6.5 Hz, 1H), 6.27 (br. s, 1H), 6.01 (dt, J = 8.5, 3.2 Hz, 1H), 2.23 (s, 6H).
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13C {!H} NMR (100 MHz, CDCls): & (ppm) = & 157.9 (Car), 148.6 (CHar), 138.0 (Car), 136.9 (2 X CHar),
136.6 (Car), 128.7 (Car), 126.9 (2 X CHar), 113.8 (CHar), 105.8 (CHar), 18.5 (2 x CH).

Analytical data obtained were in agreement with the reported values.?®

2,6-diisopropyl-N-(3-methoxyphenyl)aniline, 3n

H
N
Chemical Formula: C1gH25NO
Molecular Weight: 283.42

OMe
Following the general procedure, from 3-chloroanisole (71.00 mg, 0.50 mmol) and 2,6-
diisopropylaniline (98.00 mg, 0.55 mmol), the product was obtained in 99% yield (140.00 mg) as
an oil.
H NMR (400 MHz, CDCls): 6 (ppm) = & 7.39-7.37 (m, 1H), 7.31-7.27 (m, 2H), 7.14 (t, J = 8.1 Hz,
1H), 6.37 (dd, J=8.1, 4.1 Hz 1H), 6.21 (dd, J = 8.0, 3.7 Hz, 1H), 6.12 (t, /= 2.0 Hz, 1H), 5.23 (s, 1H),
3.78 (s, 3H), 3.34 (q, / = 7.2 Hz, 2H), 1.25 (d, J = 6.9 Hz, 12H).
13¢C {*H} NMR (100 MHz, CDCls): & (ppm) = 6 160.9 (Car), 149.7 (Car), 147.7 (Car), 135.1 (2 X Cal),
130.0 (2 X CHar), 127.4 (CHar), 123.9 (CHar), 106.2 (CHar), 103.2 (CHar), 99.1 (CHar), 55.1 (2 x CH3),
28.3 (2 x CH), 24.0 (2 x CH).

Analytical data obtained were in agreement with the reported values.?!

2,6-diethyl-N-(4-methoxyphenyl)aniline, 30

H
N Chemical Formula: C17H,4NO
Molecular Weight: 255.36
MeO

Following the general procedure, from 4-chloroanisole (71.00 mg, 0.50 mmol) and 2,6-
diethylaniline (75.00 mg, 0.55 mmol), the product was obtained in 99% yield (126.00 mg) as a
yellow oil.

'H NMR (400 MHz, CDCls): & (ppm) = § 7.17-7.13 (m, 3H), 6.76 (dt, J = 9.1, 5.3Hz, 2H), 6.49 (dt, J
=8.5, 4.4 Hz, 2H), 5.01 (s, 1H), 3.77 (s, 3H), 2.61 (quant, J = 7.5 Hz, 4H), 1.18 (t, / = 6.3 Hz, 6H).
13C {*H} NMR (100 MHz, CDCl3): 6 (ppm) = & 152.6 (Car), 141.6 (Car), 141.3 (Car), 136.0 (2 x Ca/),
126.8 (2 x CHar), 126.0 (2 x CHar), 114.9 (2 x CHar), 114.8 (CHar), 55.7 (CHs), 24.8 (2 x CH>), 14.8 (2
x CHzs).

Analytical data obtained were in agreement with the reported values.?®
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N-methyl-N-phenylpyridin-2-amine, 4a

~ hll Chemical Formula: C1oH1oN,

@\1/ O Molecular Weight: 184.24

Following the general procedure, from 2-chloropyridine (57.00 mg, 0.50 mmol) and N-
methylaniline (59.00 mg, 0.55 mmol), the product was obtained in 99% yield (89.50 mg) as a
yellow oil.

Large scale:

Following the general procedure, from 2-chloropyridine (624.50 mg, 5.50 mmol) and N-methyl-
aniline (648.30 mg, 6.05 mmol), the product was obtained in 99% yield (1013.00 mg) as a yellow
oil.

H NMR (400 MHz, CDCls): 6 (ppm) = & 8.24-8.22 (m, 1H), 7.42 (t, J = 6.5 Hz, 2H), 7.31-1.22 (m,
4H), 6.62-6.58 (m, 1H), 6.55-6.52 (m, 1H), 3.48 (s, 3H).

13C {*H} NMR (100 MHz, CDCls): & (ppm) = & 158.9 (Car), 147.9 (Car), 146.9 (CHar), 136.6 (CHa/),
129.8 (CHar), 129.2 (CHar), 126.4 (CHar), 125.5 (CHar), 113.2 (CHar), 112.5 (CHar), 109.2 (CHa:), 38.2
(CHs).

Analytical data obtained were in agreement with the reported values.?

4-methoxy-N-methyl-N-phenylaniline, 4b

|
N Chemical Formula: C14H15sNO
/©/ O Molecular Weight: 213.28
MeO

Following the general procedure, from 4-chloroanisole (71.00 mg, 0.50 mmol) and N-methyl
aniline (59.00 mg, 0.55 mmol), the product was obtained in 99% yield (105.60 mg) as a yellow
oil.

1H NMR (400 MHz, CDCls): & (ppm) = 6 7.23 (t, J = 7.9 Hz, 2H), 7.11 (d, J = 9.1 Hz, 2H), 6.91 (d, J
=9.6 Hz, 2H), 6.81-6.77 (m, 3H), 3.82 (s, 3H), 3.27 (s, 3H).

3¢ {*H} NMR (100 MHz, CDCls): 6 (ppm) = & 156.4 (Car), 149.8 (Car), 142.3 (Car), 129.3 (CHa/),
129.0 (CHar), 126.3 (2 x CHar), 118.4 (CHar), 115.8 (CHar), 114.8 (CHar), 114.7 (CHar), 112.4 (CHa/),
55.5 (CHs), 40.5 (CHs).

Analytical data obtained were in agreement with the reported values.?
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N-methyl-N-phenyl-4-(trifluoromethyl)aniline, 4c

|
N Chemical Formula: C14H,F3N
Molecular Weight: 251.25
F3;C

Following the general procedure, from 4-chlorobenzotrifluoride (90.00 mg, 0.50 mmol) and N-
methylaniline (59.00 mg, 0.55 mmol), the product was obtained in 99% yield (123.90 mg) as a
yellow oil.

'H NMR (400 MHz, CDCl;): 6 (ppm) = & 7.44-7.38 (m, 4H), 7.21-7.17 (m, 3H), 6.86 (d, J = 8.9 Hz,
2H), 3.35 (s, 3H).

13¢C {*H} NMR (100 MHz, CDCls): & (ppm) = & 151.6 (Car), 147.8 (Car), 129.9 (2 x CHa,), 126.3 (dd, J
= 3.6, 7.6 Hz, CHa/), 125.4 (2 x CHay), 125.1 (2 X CHar), 125.1 (q, J = 270.5 Hz, CFs), 120.1 (q, J =
32.6 Hz C-CF3 ), 114.9 (CHar), 40.2 (CH3).

Analytical data obtained were in agreement with the reported values.?®

N,N-dibutyl-4-methoxyaniline, 4d

\H Chemical Formula: C45H,5NO
N\/\/ Molecular Weight: 235.37
MeO :

Following the general procedure, from 4-chloroanisole (71.00 mg, 0.50 mmol) and dibutylamine
(71.00 mg, 0.55 mmol), the product was obtained in 80% yield (100.00 mg) as a yellow oil.

H NMR (400 MHz, CDCls): & (ppm) = & 6.83-6.81 (m, 2H), 6.67-6.65 (m, 2H), 3.76 (s, 3H), 3.20 (t,
J=7.1Hz, 4H), 1.56-1.48 (g, J = 7.7 Hz, 4H), 1.38-1.29 (sep, J = 8.4 Hz, 4H), 0.95 (t, J = 7.2 Hz, 6H).
13¢C {H} NMR (100 MHz, CDCl3): & (ppm) = & 151.1 (Car), 143.5 (Car), 115.0 (2 x CHar), 114.5 (2 x
CHar), 56.0 (CH3), 51.8 (2 x CHa), 29.6 (2 x CH,), 20.6 (2 x CH), 14.2 (2 x CH).

Analytical data obtained were in agreement with the reported values.?®

4-(4-methoxyphenyl)morpholine, 4e
o
N\) Chemical Formula: C14H15NO,
/©/ Molecular Weight: 193.25
MeO

Following the general procedure, from 4-chloroanisole (71.00 mg, 0.50 mmol) and morpholine

(107.00 mg, 0.55 mmol), the product was obtained in 99% yield (96.00 mg) as a white solid.
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Large scale:

Following the general procedure, from 4-chloroanisole (784.00 mg, 5.50 mmol) and morpholine
(1175.40 mg, 6.05 mmol), the product was obtained in 99% yield (1061.00 mg) as a white solid.
'H NMR (400 MHz, CDCl3): 6 (ppm) = 6 6.91-6.84 (m, 4H), 3.87-3.77 (m, 4H), 3.77 (s, 3H), 3.07-
3.05 (m, 4H).

13C {*H} NMR (100 MHz, CDCl;): & (ppm) = & 154.1 (Car), 145.8 (Car), 118.0 (2 x CHar), 114.6 (2 x
CHar), 67.2 (2 x CH,), 55.7 (CHs), 51.0 (2 x CH>)

Analytical data obtained were in agreement with the reported values.?

4-(p-tolyl)morpholine, 4f

Chemical Formula: C41H5sNO

o
N
/©/ < Molecular Weight: 177.25

Following the general procedure, from 4-chlorotoluene (63.00 mg, 0.50 mmol) and morpholine
(107.00 mg, 0.55 mmol), the product was obtained in 97% vyield (86.00 mg) as a white solid.

'H NMR (400 MHz, CDCls): & (ppm) = 6 7.10 (d, J = 8.7 Hz, 2H), 6.85 (d, J = 7.7 Hz, 2H), 3.87-3.85
(m, 4H), 3.12-3.10 (m, 4H), 2.28 (s, 3H).

13¢C {*H} NMR (100 MHz, CDCl3): & (ppm) = & 149.9 (Car), 129.9 (Car), 129.7 (2 x CHas), 116.2 (2 x
CHar), 67.1 (2 x CH3), 50.1 (2 x CH>), 20.6 (CH3).

Analytical data obtained were in agreement with the reported values.?

1-(4-methoxyphenyl)azepane, 4g
O Chemical Formula: C43H4gNO
/©/ Molecular Weight: 205.30
MeO

Following the general procedure, from 4-chloroanisole (71.00 mg, 0.50 mmol) and
hexamethylene-imine (55.00 mg, 0.55 mmol), the product was obtained in 99% yield (101.00
mg) as a yellow oil.

'H NMR (400 MHz, CDCls): & (ppm) = § 6.84 (dt, J = 9.2, 2.4 Hz, 2H), 6.66 (d, J = 8.4 Hz, 2H), 3.76
(s, 3H), 3.43 (t, /= 7.9 Hz, 4H), 1.78-1.75 (m, 4H), 1.56-1.53 (m, 4H).

13C {*H} NMR (100 MHz, CDCl5): & (ppm) = & 150.5 (Car), 143.9 (Car), 115.1 (2 x CHar), 112.4 (2 x
CHar), 56.0 (CH3), 49.7 (2 x CH>), 28.1 (2 x CH,), 27.3 (2 x CH,).

Analytical data obtained were in agreement with the reported values.*
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1-(o-tolyl)azepane, 4h

©\/ Chemical Formula: C3HqgN
rO Molecular Weight: 189.30

Following the general procedure, from 2-chlorotoluene (57.00 mg, 0.50 mmol) and
hexamethylene-imine (55.00 mg, 0.55 mmol), the product was obtained in 99% yield (94.00 mg)
as a beige solid.

'H NMR (400 MHz, CDCls): & (ppm) = 7.16-7.12 (m, 2H), 7.07 (dd, J = 8.0, 1.4 Hz, 1H), 6.94 (td, J
=7.3,1.4 Hz, 1H), 3.10 (t, J = 5.5 Hz, 4H), 2.33 (s, 3H), 1.80-1.71 (m, 8H).

3¢ {"H} NMR (100 MHz, CDCls): & (ppm) = 6 155.0 (Car), 133.0 (Car), 131.0 (CHar), 126.5 (CHar),
122.4 (CHar), 120.9 (CHar), 56.0 (CH,), 29.7 (2 x CH,), 27.1 (2 x CH3), 19.0 (CH3).

Analytical data obtained were in agreement with the reported values.

1-(4-methoxyphenyl)pyrrolidine, 4i

D Chemical Formula: C11H45NO
/©/ Molecular Weight: 177.25
MeO

Following the general procedure, from 4-chloroanisole (71.00 mg, 0.50 mmol) and pyrrolidine
(67.00 mg, 0.55 mmol), the product was obtained in 80% yield (71.00 mg) as a yellow oil.

'H NMR (400 MHz, CDCls): 6 (ppm) = & 6.90 (dt, J = 8.7,2.4 Hz, 2H), 6.59 (dt, J = 9.5, 2.3 Hz, 2H),
3.79 (s, 3H), 3.29-3.25 (m, 4H), 2.04-2.01 (m, 4H).

13¢ {*H} NMR (100 MHz, CDCls): § (ppm) = & 150.8 (Car), 143.3 (Car), 115.1 (CHar), 112.7 (2 X CHar),
56.0 (CHs), 48.3 (2 x CH3), 25.2 (2 x CH,).

Analytical data obtained were in agreement with the reported values.?®
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9.4.10 Biologically interesting substrates

9.4.10.1 Synthesis of the coupling substrates

The synthesis of the coupling substrates were carried out by Abdullah Al.Majid, Assem Barakat

and Mohammad Shahidul Islam from King Saud University in Saudi Arabia.
o Vavs
@Ez/ /@o Ethanol, NaOH in H,0 O
+
N X 24 hours, RT

) X=Cl, Br

9.4.10.2 General procedure

X=Cl, 94.5%
Br, 92.8%

N-Z

In a round bottom flask, N-ethylacetoindole (1.00 g, 5.34 mmol), and the corresponding
aldehyde (8.00 mmol, 1.50 equiv.) were dissolved in ethanol (20 mL). Then, NaOH (853.00 mg,
16.00 mmol, 4.00 equiv.) in 10 mL water was added and the mixture was stirred at room
temperature for 1 day. The solid was collected by filtration and washed with hexane to give the

pure product.

X=Cl, 94.5%
Br, 92.8%

(E)-3-(4-chlorophenyl)-1-(1-ethyl-1H-indol-3-yl)prop-2-en-1-one.

Following the general procedure using 4-chloroaldehyde (1.12 g, 8.00 mmol) the product was
obtained in 94% (1.56 g) yield. Melting point: 118 — 119 °C.

H NMR (400 MHz, CDCls): & (ppm) = 8.54-8.51 (m, 1H, H1), 7.91 (s, 1H, H5), 7.76 (d, J = 15.6 Hz,
1H, Ha), 7.56 (d, J = 7.7 Hz, 2H, Hs), 7.37-7.31 (m, 6H, H2310,11), 4.26-4.19 (m, 2H, He), 1.57 (t, J
=7.2 Hz, 3H, Hs)

13C {*H} NMR (100 MHz, CDCls): & (ppm) = § 184.0 (C=0), 139.6 (C=C), 136.9 (C-N), 135.7 (Car),
134.1 (Car), 133.9 (Car), 129.4 (CHar), 129.2 (CHar), 127.1 (CHN), 124.5 (CHar), 123.7 (CHar), 123.2
(CHar), 122.9 (CHar), 117.8 (CHa/), 42.0 (CH>), 15.3 (CHs).

IR (KBr, cm™) vmax= 3046, 2971, 2926, 1653, 1595, 1527, 1480, 1464, 1392, 1238, 1200, 1145,
1098, 1089, 1057, 967, 939, 856, 811, 750, 701, 426.
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[Anal. Calcd. for C19H16CINO: C, 73.66; H, 5.21; N, 4.52; Found: C, 73.75; H, 5.42; N, 4.39].
LC/MS (ESI, m/z): [M*], found 309.10, C19H16CINO for 309.09.

(E)-3-(4-bromophenyl)-1-(1-ethyl-1H-indol-3-yl)prop-2-en-1-one.

Following the general procedure using 4-bromoaldehyde (1.48 g, 8.00 mmol) the product was
obtained in 93% (1.75 g) yield. Melting point: 139 — 140 °C.

'H NMR (400 MHz, CDCls): 6 (ppm) = 8.54-8.52 (m, 1H, H1), 7.93 (s, 1H, H;), 7.74 (d, J = 15.6 Hz,
1H, Ha), 7.53 (d, J = 7.7 Hz, 2H, Hsgp), 7.40-7.32 (m, 6H, H231011), 4.25 (g, J = 7.3 Hz, 2H, He), 1.57
(t,J=7.2 Hz, 3H, Hs)

13C {*H} NMR (100 MHz, CDCl3): & (ppm) = § 184.0 (C=0), 139.6 (C=C), 136.9 (C-N), 135.7 (Car),
134.1 (Car), 133.9 (Car), 129.4 (CHar), 129.2 (CHay), 127.1 (CHN), 124.5 (CHar), 123.7 (CHar), 123.2
(CHar), 122.9 (CHar), 117.8 (CHar), 42.0 (CH,), 15.3 (CH3).IR (KBr, cm™) vmax= 3049, 2977, 1646,
1611, 1588, 1524, 1463, 1449, 1391, 1311, 1268, 1260, 1089, 1062, 993, 975, 858, 835, 779, 741,
717,671, 561, 520, 478.

[Anal. Calcd. for C19H16BrNO: C 64.42, H 4.55, N 3.95. Found: C 64.31, H 4.67, N 4.15]

LC/MS (ESI, m/z): [M*], found 353.00, C15H1¢BrNO for 353.04.

9.4.10.3 The Buchwald-Hartwig reaction

A vial was charged with [IPr*-H][Pd(n3-cin)Cl,] (1.20 mg, 2.00 mol%), KO'Bu (11.20 mg, 0.10
mmol), CPME (0.20 mL) and a magnetic stir bar and sealed with a screw cap. The mixture was
left to stir at the 60 °C for 1 h. The vial was removed from the heating block and the
corresponding solution of aniline and aryl chloride in CPME (0.5 mL) was added. The reaction
was left to stir (910 rpm) for 20 h at 80 °C.

The reaction was purified using flash chromatography, gradient from 10:90 to 50:50

ethylacetate/petroleum ether.
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Entry 5a and 5b

Following the general procedure, from N-Et-Indenone (17.60 mg, 0.05 mmol) and
4-methoxyaniline (6.80 mg, 0.05 mmol), the product yielded 15.60 mg (80%) as an
orange/brown oil.

1H NMR (400 MHz, CDCl3): & (ppm) = 6 8.53-8.50 (m, 1H1), 7.91 (s, 1H5), 7.79 (d, J = 15.5 Hz, 1Hs),
7.53 (d, J = 8.6 Hz, 2H112and12), 7.39-7.36 (M, 1H,), 7.33-7.31 (M, 2H10and 13), 7.29-7.24 (M, 2H3 and
4), 7.14 (d, J = 8.9 Hz, 2H15 and 17), 6.91-6.86 (M, 3Hs, 16 and 1), 5.77 (br. s, 1H14), 4.25 (g, J = 7.3 Hz,
2Hs), 3.82 (s, 3H1s), 1.56 (t, J = 7.3 Hz, 3Hg).

13C {*H} NMR (100 MHz, CDCl;): & (ppm) = 6 184.9 (C=0), 156.2 (C-OMe), 147.3 (C=C), 141.4 (C-
NH), 136.8 (C-N), 134.3 (C-NH), 133.4 (CH), 130.1 (CH), 127.2 (CH(N)), 126.4 (CH), 123.7 (CH),
123.5 (CH), 123.3 (€=C), 122.6 (CH), 114.9 (C(C=0)), 114.8 (CH), 109.8 (CH), 55.7 (OCHs), 41.9
(CHy), 15.4 (CH5(CH,).

5a HRMS (ESI/Q-TOF) m/z: [M]* Calcd for Ca6H24N20, 396.1800. Found: 397.1916.

5b HRMS (ESI/Q-TOF) m/z: [M]* Calcd for Ca6H24N>02 396.1800. Found: 397.1916.

Entry 5¢

Following the general procedure, from N-Et-Indenone (17.60 mg, 0.05 mmol) and morpholine
(4.80 mg, 0.05 mmol), the product yielded 13.40 mg (74%) as an orange/brown oil.

'H NMR (400 MHz, CDCls): & (ppm) = 8.41-8.39 (m, 1H,), 7.78-7.72 (m, 1H;), 7.38-7.36 (m, 2Hs
andg), 7.31-7.30 (m, 3H311and12), 7.19 (d, J = 8.4 Hz, 2H3an44), 6.87 (d, J = 8.5 Hz, 2H10and13), 4.22-
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4.18 (m, 2Hs), 4.23-4.18 (M, 2H15 and 16), 3.87-3.82 (M, 2H14.2nd 17), 3.17-3.11 (M, 4H14 and 17; 15 and 16),
1.25 (s, 3Hs).

13C {IH} NMR (100 MHz, CDCls): & (ppm) = 194.9 (C=0), 193.2 (C-N), 149.7 (C=C), 136.7 (C-N),
134.2 (CH), 133.7 (CH), 133.6 (C), 129.2 (CH), 126.6 (C), 124.8 (CH), 123.3 (CH), 122.9 (C=C), 122.7
(CH), 117.2 (C), 116.7 (CH), 116.2 (CH), 109.8 (CH), 67.1 (CH.), 49.8 (CH,), 42.1 (CH.), 41.9 (CH,),
41.8 (CH,), 15.3 (CHs).

HRMS (ESI/Q-TOF) m/z: [M]* Calcd for Cy5H24N20; 361.1914. Found: 361.1916.

9.4.11 Optimisation and scope of the a-ketone arylation

9.4.11.1 General procedure

A vial was charged with the pre-catalyst, base, solvent (1 mL) and a magnetic stir bar and sealed
with a screw cap. The mixture was left to stir at the 60 °C for 1 h. The sample was removed from
the heating block and the corresponding aryl ketone was added followed by the corresponding

aryl chloride (0.5 mmol). The reaction was left to stir (910 rpm) at 80 °C for 3 h.

9.4.11.2 Catalyst optimisation
The general procedure was followed using propiophenone (74.00 mg, 0.55 mmol), 4-
chloroanisole (63.00 mg, 0.50 mmol) with NaO'Bu (53.00 mg, 0.55 mmol) in CPME (1 mL). A GC

sample was taken to determine the GC conversion based on the conversion of 4-chlorotoluene.

| o]
/©/+ [IPr*-H][Pd(3-cin)Cl,] 0.2 mol% ! O
cl NaO'Bu (1.1 equiv.) O

80°C,3h

0.5 mmol 0.55 mmol

Table S-29: Pre-catalyst optimisation using 0.20 mol%

Entries Pd Pre-catalyst GC conversion (%)*
1 [IPent-H][Pd(n3-cin)Cl;] 99
2 [IHept-H][Pd(n3-cin)Cl,] 99
3 [IPr*-H][Pd(n3-cin)Cly) 99
4 [Pr¥*OMeH][Pd(n3-cin)Cl,] 99
5 [IPr*-H][Pd(n3-crotyl)Cl,] 94
6 [IPr*-H][Pd(n3-2-Me-allyl)Cl,] 99

2 GC conversion is based on 4-chlorotoluene. Value calculated from an average of two reactions.
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Table S-30: Pre-catalyst optimization using 0.10 mol%

Entries Pd Pre-catalyst GC conversion (%)?
1 [IPent-H][Pd(n3-cin)Cl;] 83
2 [IHept-H][Pd(n3-cin)Cl3] 77
3 [IPr*-H][Pd(n3-cin)Cl,] 86
4 [Pr*OMe.H][Pd(n3-cin)Cl,] 72
5 [IPr*-H][Pd(n3-2-Me-allyl)Cl,] 79

2 GC conversion is based on 4-chlorotoluene. Value calculated from an average of two reactions.

9.4.11.3 Base/solvent optimisation
The general procedure was followed using [IPr*-H][Pd(n3-cin)Cl;] (1.20 mg, 0.001 mmol),
propiophenone (74.00 mg, 0.55 mmol) and 4-chloroanisole (63.00 mg, 0.50 mmol). A GC sample

was taken to determine the GC conversion based on the conversion of 4-chlorotoluene.

Table S-31: Base optimisation using cyclopentylmethyl ether (CPME)

Entries Base (0.55 mmol) GC conversion (%)
1 KO'Bu n.r.
2 LiO'Bu 31
3 NaO'Bu n.r.
4 KOH n.r.
5 NaOH 99

GC conversion is based on 4-chlorotoluene. Value calculated from an average of two reactions.

Table S-32: Base optimization using toluene

Entries Base (0.55 mmol) GC conversion (%)
1 KO'Bu 72
2 LiO'Bu 5
3 NaO'Bu 91
4 KOH n.r
5 NaOH n.r

GC conversion is based on 4-chlorotoluene. Value calculated from an average of two reactions.
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Table S-33: Base optimisation using THF

Entries Base (0.55 mmol) GC conversion (%)
1 KO'Bu n.r.
2 LiO'Bu traces
3 NaO'Bu 31
4 KOH n.r.
5 NaOH n.r.

GC conversion is based on 4-chlorotoluene. Value calculated from an average of two reactions.

Table S-34: Base optimisation using 1,4-dioxane

Entries Base (0.55 mmol) GC conversion (%)
1 KO'Bu 11
2 LiO'Bu n.r.
3 NaO'Bu 11
4 KOH n.r.
5 NaOH n.r.

GC conversion is based on 4-chlorotoluene. Value calculated from an average of two reactions.

9.4.11.4 Scope

9.4.11.4.1 General procedure

A vial was charged with [IPr*-H][Pd(n3-cin)Cl;] (1.20 mg, 0.20 mol%), NaO'*Bu (53.00 mg, 0.55
mmol), CPME (1 mL) and a magnetic stir bar and sealed with a screw cap. The mixture was left
to stir at the 60 °C for 1 h. The vial was removed from the heating block and the corresponding
solution of aryl ketone and aryl chloride in CPME (1 mL) was added. The reaction was left to stir
(910 rpm) for 2 h at 80 °C. The reaction was purified using flash chromatography, 5:95

ethylacetate/pe-troleum ether.
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1-phenyl-2-(p-tolyl)propan-1-one, 6a

o
! O Chemical Formula: C4gH41¢0
O Molecular Weight: 224.30

Following the general procedure, from 4-chlorotoluene (63.00 mg, 0.50 mmol) and
propiophenone (74.00 mg, 0.55 mmol), the product was obtained in 99% yield (111.00 mg) as a
colourless oil.

'H NMR (400 MHz, CDCls): & (ppm) =6 7.96 (dd, J = 8.4, 1.3 Hz, 2H), 7.49 (tt, J = 7.4, 2.2 Hz, 1H),
7.39 (t,J = 7.5 Hz, 2H), 7.18 (dt, / = 8.1, 2.2 Hz, 2H), 7.11 (d, J = 7.9 Hz, 2H), 4.55-4.51 (m, 1H),
2.28 (s, 3H), 1.51 (d, J = 6.8 Hz, 3H).

3¢ {*H} NMR (100 MHz, CDCls): 6 (ppm) = § 200.4 (C=0), 138.3 (Car), 136.4 (Ca/), 136.4 (Car),
132.6 (2 x CHar), 129.6 (2 x CHar), 128.7 (2 x CHar), 128.3 (2 x CHar), 127.5 (CHa/), 47.4 (CH), 20.9
(CHs), 19.4 (CHs).

Analytical data obtained were in agreement with the reported values.>*

2-(4-methoxyphenyl)-1-phenylpropan-1-one, 6b

o OMe
! Chemical Formula: CygH60,

O Molecular Weight: 240.30

Following the general procedure, from 4-chloroanisole (72.00 mg, 0.50 mmol) and
propiophenone (74.00 mg, 0.55 mmol), the product was obtained in 98% yield (117.40 mg) as a
colourless oil.

H NMR (400 MHz, CDCl3): & (ppm) = 6 7.98 (d, J = 7.1Hz, 2H), 7.48 (t, J = 7.4 Hz, 1H), 7.40 (t, J =
7.6 Hz, 2H), 7.23 (d, J = 8.7 Hz, 2H), 6.85 (d, J = 8.8 Hz, 2H), 4.68-4.62 (m, 1H), 3.74 (s, 3H), 1.53
(d, J = 6.9 Hz, 3H).

13¢C {'H} NMR (100 MHz, CDCl3): & (ppm) = & 200.6 (C=0), 158.5 (Car), 136.5 (Car), 133.5 (Cal),
132.8 (2 X CHar), 128.8 (2 x CHa,), 128.8 (2 x CHa), 128.5 (2 x CHa), 114.4 (CHa/), 55.2 (CH3), 47.0
(CH), 19.6 (CHs).

Analytical data obtained were in agreement with the reported values.®*
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1-phenyl-2-(4-(trifluoromethyl)phenyl)propan-1-one, 6¢

o CF3
| O Chemical Formula: C4gH13F30

O Molecular Weight: 278.27

Following the general procedure, from 4-chlorobenzotrifluoride (90.30 mg, 0.50 mmol) and
propiophenone (74.00 mg, 0.55 mmol), the product was obtained in 97% yield (134.70 mg) as a
colourless oil.

'H NMR (400 MHz, CDCls): 6 (ppm) =& 7.96 (d, J = 7.5 Hz, 2H), 7.57 (d, J = 8.1 Hz, 2H), 7.53 (t, J
=7.4 Hz, 1H), 7.43-7.39 (m, 4H), 4.80 (quant, J = 6.9 Hz, 1H), 1.57 (d, J = 6.9 Hz, 3H).

13C {*H} NMR (100 MHz, CDCls): 6 (ppm) = 6 199.8 (C=0), 145.5 (Car), 136.2 (Car), 133.3 (2 x CHa/),
129.3 (q, J = 32.5 Hz, C(CFs)), 128.8 (2 x CHar), 128.8 (2 x CHar), 128.3 (2 x CHar), 126.0 (g, J = 3.6
Hz, CHar), 125.3 (g, J = 272.0 Hz, CFs), 47.6 (CH), 19.5 (CHs).

Analytical data obtained were in agreement with the reported values.?*

2-(4-methoxyphenyl)-3,4-dihydronaphthalen-1(2H)-one, 6d

o OMe
| O Chemical Formula: C47H4¢0;

O‘ Molecular Weight: 252.31

Following the general procedure, from 4-chloroanisole (71.00 mg, 0.50 mmol) and a-tetralone
(73.10 mg, 0.55 mmol), the product was obtained in 70% yield (88.50 mg) as a colourless oil.

'H NMR (400 MHz, CDCl3): 6 (ppm) =6 8.18 (d, J=9.0 Hz, 1H), 7.53 (t, /= 7.5 Hz, 1H), 7.40 (t, J =
7.6 Hz, 1H), 7.22-7.18 (m, 3H), 6.81 (d, J = 8.9 Hz, 2H), 4.13 (s, 1H), 3.75 (s, 3H), 2.94-2.88 (m,
1H), 2.76-2.66 (m, 2H), 2.47-2.40 (m, 1H).

13¢C {!H} NMR (100 MHz, CDCls): § (ppm) = & 201.0 (C=0), 159.5 (Car), 144.4 (Car), 134.3 (CHal),
132.9 (Car), 131.8 (2 X Car), 129.2 (2 X CHay), 127.8 (CHar), 127.6 (CHar), 127.1 (CHas), 114.1 (CHay),
77.5 (CH), 55.4 (CHs), 36.5 (CHz), 26.8 (CH.).

Analytical data obtained were in agreement with the reported values.®
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2-(2-methoxyphenyl)-3,4-dihydronaphthalen-1(2H)-one, 6e

o
| O Chemical Formula: C47H10,
Molecular Weight: 252.31
OMe

Following the general procedure, from 2-chloroanisole (71.00 mg, 0.50 mmol) and a-tetralone
(73.10 mg, 0.55 mmol), the product was obtained in 70% yield (88.00 mg) as a colourless oil.

'H NMR (400 MHz, CDCl5): & (ppm) =6 8.12 (d, J = 7.8 Hz, 1H), 7.52 (t, /= 7.5 Hz, 1H), 7.36 (t, J =
7.5 Hz, 1H), 7.30-7.25 (m, 2H), 7.13 (d, / = 9.1 Hz, 1H), 6.96 (dd, / = 6.8, 1.4 Hz, 2H), 4.08 (dd, J =
12.3, 4.7 Hz, 1H), 3.76 (s, 3H), 3.18-3.14 (m, 1H), 3.04-3.01 (m, 1H), 2.55 (qd, J = 12.2, 4.1 Hz,
1H), 2.30-2.26 (m, 1H).

3¢ {"H} NMR (100 MHz, CDCls): § (ppm) = & 198.3 (C=0), 157.2 (Car), 144.2 (Car), 133.2 (CHa/),
129.5 (Car + CHar), 129.3 (Car), 128.8 (CHar), 128.3 (CHar), 127.8 (CHar), 126.7 (CHar), 120.9 (CHa/),
111.2 (CHar), 55.6 (CHs), 50.1 (CH), 30.0 (CHy), 29.6 (CH>).

Analytical data obtained were in agreement with the reported values.3®

2-(p-tolyl)-3,4-dihydronaphthalen-1(2H)-one, 6f

o)
| O Chemical Formula: C47H4¢0
O‘ Molecular Weight: 236.31

Following the general procedure, from 4-chlorotoluene (63.30 mg, 0.50 mmol) and a-tetralone
(73.10 mg, 0.55 mmol), the product was obtained in 95% yield (112.00 mg) as a colourless oil.
H NMR (400 MHz, CDCls): & (ppm) = 6 8.18 (dd, J = 7.8, 0.8 Hz, 1H), 7.53 (t, J = 8.1 Hz, 1H), 7.40
(t,J=7.6 Hz, 1H), 7.20-7.17 (m, 3H), 7.09 (d, J = 8.1 Hz, 2H), 4.17 (s, 1H), 2.93-2.88 (m, 1H), 2.77-
2.69 (m, 2H), 2.47-2.41 (m, 1H), 2.29 (s, 3H).

13¢ {*H} NMR (100 MHz, CDCls): 6 (ppm) = § 201.0 (C=0), 144.4 (Car), 138.1 (Car), 137.9 (Car),
134.3 (Car), 131.8 (CHar), 129.4 (CHa/), 129.2 (CHar), 127.8 (CHar), 127.1 (CHar), 126.2 (CHa/), 77.7
(CH), 36.5 (CH,), 26.8 (CH,), 21.2 (CHs3).

Analytical data obtained were in agreement with the reported values.?’

2-(2-methoxyphenyl)-1-phenylethan-1-one, 6g

o
| O Chemical Formula: C5H140,

O Molecular Weight: 226.28
OMe

Following the general procedure, from 4-chlorotoluene (63.30 mg, 0.50 mmol) and
acetophenone (60.00 mg, 0.55 mmol), the product was obtained in 98% yield (110.00 mg) as a

colourless oil.
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H NMR (400 MHz, CDCl3): & (ppm) = 6 8.08 (d, J = 7.1 Hz, 2H), 7.57 (t, J = 6.8 Hz, 1H), 7.48 (t, J =
7.7 Hz, 2H), 7.30 (t, J = 8.7 Hz, 1H), 7.22 (d, J = 8.9 Hz, 1H), 6.97 (t, J = 7.4 Hz, 1H), 6.92 (d, J = 8.2
Hz, 1H), 4.31 (s, 2H), 3.80 (s, 3H).

13C {*H} NMR (100 MHz, CDCls): & (ppm) = & 198.0 (C=0), 157.2 (Car), 137.0 (Cas), 133.0 (CHa)),
131.1 (CHar), 128.6 (CHas), 128.5 (CHar), 128.4 (CHas), 123.7 (Cas), 120.7 (CHar), 110.6 (CHa), 55.4
(CHs), 40.1 (CH,).

Analytical data obtained were in agreement with the reported values.3®

2-(2,6-dimethylphenyl)-1-phenylethan-1-one, 6h

o
| O Chemical Formula: C15H160
O Molecular Weight: 224.30

Following the general procedure, from 2-chloro-1,3-dimethylbenzene (70.00 mg, 0.50 mmol)
and acetophenone (60.00 mg, 0.55 mmol), the product was obtained in 95% yield (105.00 mg)
as a colourless oil.

1H NMR (400 MHz, CDCls): & (ppm) = 6 8.12 (d, J = 7.4 Hz, 2H), 7.64 (t, J = 7.0 Hz, 1H), 7.55 (t, J =
7.3 Hz, 2H), 7.14-7.10 (m, 3H), 4.40 (s, 2H), 2.24 (s, 6H).

13C {*H} NMR (100 MHz, CDCls): 6 (ppm) = § 197.0 (C=0), 137.2 (Ca/), 137.1 (Ca/), 133.3 (CHa),
132.5 (2 x Car), 128.8 (2 x CHar), 128.2 (2 x CHar), 128.1 (CHar), 127.0 (CH), 39.7 (CH>), 20.5 (2 x
CHs).

Analytical data obtained were in agreement with the reported values.®

2-(4-methoxyphenyl)-1-phenylethan-1-one, 6i

o OMe
| O Chemical Formula: C15H140,

O Molecular Weight: 226.28

Following the general procedure, from 4-chloroanisole (72.00 mg, 0.50 mmol) and
acetophenone (60.00 mg, 0.55 mmol), the product was obtained in 97% yield (110.00 mg) as a
yellow oil.

'H NMR (400 MHz, CDCls): § (ppm) = & 8.03-8.01 (m, 2H), 7.58 (tt, J = 7.2, 1.3 Hz, 1H), 7.48 (tt, J
=6.8, 1.3 Hz, 2H), 7.20-7.18 (m, 2H), 6.89-6.86 (m, 2H), 4.23 (s, 2H), 3.79 (s, 3H).

13C {*H} NMR (100 MHz, CDCls): § (ppm) = 6 198.0 (C=0), 158.6 (Car), 136.7 (Car), 133.2 (CHa),
130.6 (2 x CHar), 128.7 (CHar), 128.7 (CHar), 126.6 (Car), 114.3 (CHar), 55.3 (CHs), 44.7 (CH,).

Analytical data obtained were in agreement with the reported values.?’
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9.5. Study of different throw-away ligands of [NHC-H][Pd(L)Cl2]

complexes and their effect in the Mizoroki-Heck reaction

9.5.1. General procedure of [NHC-H][Pd(L)Cl:]
In air, the corresponding NHC-HCI (2.00 equiv.) and [Pd(n3-R-allyl)(u-Cl)], (1.00 equiv.) were
added to a mortar. The two solids were mixed and grinded using a pestle for 5 min. A crystalline

solid was obtained in quantitative yield.

For the synthesis of pre-catalysts see Section 9.2 and 9.3

9.5.2 Synthesis of [SIPr-H][Pd(n3-allyl)Cl,] Pd(ate)-21

\

Following the general procedure from SIPr-HCl (65.70 mg, 0.15 mmol) and [Pd(n3-ally!)(u-Cl)]2
(30.00 mg, 0.07 mmol), the product was obtained as a brown powder in a 99% yield (107.00 mg).
1H NMR (400 MHz, CDCl3): 6 (ppm) = 6 7.66 (s, 1H, Cncin), 7.47 (t, J = 7.8 Hz, 2H, CHa,), 7.28-7.25
(m, 4H, CHar), 5.28-5.26 (m, 1H, CHcin), 4.99 (s, 4H, CHgier), 3.90 (d, J = 6.6 Hz, 2H, CH.in), 3.18 (dft,
J=13.5,6.7 Hz, 4H, CHppr), 2.82 (d, J = 12 Hz, 2H, CHan), 1.41 (d, J = 6.7 Hz, 12H, CHsqen), 1.22 (d,
J=6.8 Hz, 12H, CHs(pr)).

3¢ {'H} NMR (100 MHz, CDCls): & (ppm) = 6 157.0 (Car), 146.6 (Car), 131.5 (CHncen), 129.5 (CHar),
125.0 (CHar), 109.5 (CHz(imig)), 61.0 (Ccin), 56.0 (CHa(ciny), 29.1 (CHyien), 25.6 (CHs(ipr), 24.0 (CHsgier).

Elemental analysis: Expected: C59.07, H 7.27, N 4.59. Found: C 58.77, H 7.09, N 4.59.
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9.5.3. Synthesis of [IPent-H][Pd(n?*-2-Me-allyl)Cl,] Pd(ate)-23

Et Et

\—Et Et~—

N__N
ECafe s>
Et ., Et
Cl Cl
\ /

Following the general procedure from IPent-HCl (81.60 mg, 0.15 mmol) and [Pd(n3-2-Me-
allyl)(u-Clh)]2 (30.00 mg, 0.07 mmol), the product was obtained as a brown powder in 99% yield
(110.90 mg)

1H NMR (400 MHz, CDCls): & (ppm) = & 8.55 (s, 2H, CHimig, ), 8.05 (s, 1H, Cncrn), 7.59 (t, J = 7.8 Hz,
2H, CHp), 7.26-7.24 (m, 3H, CHas), 3.71 (br.s, 2H, CHauy), 2.72 (br.s, 2H, CHay), 2.03 (s, 3H,
CHsiy), 1.96 (quant, J = 7.9 Hz, 4H, CHipent), 1.75-1.55 (m, 16H, CHagpent), 0.87 (t, J = 7.4 Hz, 12H,
CHsqpent)), 0.74 (t, J = 7.3 Hz, 12H, CHsgpent)).

13¢C {!H} NMR (100 MHz, CDCls): & (ppm) = & 142.7 (Car), 134.4 (CHnen), 132.9 (Car), 132.0 (Cal),
129.6 (CHar), 125.3 (CHipent), 60.4 (Ccin), 43.5 (CHa(cin), 29.5 (CHagpenty), 28.5 (CHsganyy), 22.9
(CH3qpent), 12.6 (CHsqipent)), 12.4 (CHsgpent).

Elemental analysis: Expected: C 63.80, H 8.24, N 3.82. Found: C 63.65, H 8.27, N 3.86.

9.5.4. Synthesis of [IHeptc!-H][Pd(n3-2-Me-allyl)Cl.] Pd(ate)-25

cl Cl [P/r
Pr
— @ -

Pr
Pr\\_
>—N__N
qmw/ﬁp
H
7\

Pr CI/ \CI Pr
\ /
©Pd

Y

Following the general procedure from IHept“-HCl (109.20 mg, 0.15 mmol) and [Pd(n3-2-Me-
allyl)(u-Ch)]2 (30.00 mg, 0.07 mmol), the product was obtained as a brown powder in 99% vyield
(138.00 mg).

'H NMR (400 MHz, CDCls): 6 (ppm) = 6 11.02 (s, 1H, Cncnn), 7.60 (br.s, 2H, CHimig), 7.30-7.27 (m,
4H, CHar), 7.19 (s, 1H, CHany), 3.64 (s, 2H, CHauy), 2.66 (s, 2H, CHany), 2.06-2.04 (m, 4H, CHitept),
2.00 (s, 3H, CHsgnyy), 1.65-1.56 (m, 16H, CHagnepy), 1.25-1.18 (m, 16H, CHy(hepy), 0.87-0.83 (m,
24H, CH3(iepy)-

13C {*H} NMR (100 MHz, CDCls): 6 (ppm) = 6 143.7 (Car), 134.5 (Car), 132.8 (Car), 129.4 (CHnen),
128.8 (CHar), 126.2 (CHar), 125.6 (CHar), 122.4 (CHcin), 119.8 (CHcin), 60.7 (Cimia), 40.4 (CHxmept),
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37.9 (CHaxgrepy), 37.5 (CHaqinepy), 22.7 (CHaprept), 20.9 (CHagrepy), 20.6 (CHaqhept), 14.7 (CH3ghepy),
14.2 (CH3(|Hept)).
Elemental analysis: Expected: C 61.67, H 8.15, N 3.06. Found: C 61.48, H 8.31, N 3.17.

9.5.5 Optimisation of the Mizoroki-Heck reaction

9.5.5.1 General procedure

In an inert atmosphere, a vial was charged with the pre-catalyst, base, solvent and a magnetic
stir bar and sealed with a screw cap. The corresponding alkene was added followed by the
corresponding aryl bromide (0.5 mmol). The reaction was left to stir (910 rpm) for 16 h at varying

temperatures.

9.5.5.2 Preliminary catalyst screening

pre-catalyst 1 mol%
©/\ K,CO3 (2 equiv.) . O
solvent (0.5 M) O
1.5 equiv. T°C, 16 h

Table S-35
Catalysts (1.00 mol%) 110 °C in n-butanol 80 °C in iso-propanol
GC conversion (%) GC conversion (%)
[IPr-H][Pd(n3-cin)Cl;] traces traces
[SIPr-H][Pd(n3-cin)Cl,] 47 60
[IPr*-H][Pd(n3-cin)Cly] 30 40

GC conversion based on 4-bromotoluene. [Pd] and base were added in a vial containing n-butanol or iso-
propanol and left to stir at the stated temperature for 1 h before starting material was added. After
addition of starting material, the reaction was left to stir for 16 h at the stated temperature.

9.5.5.3 Catalyst/base/solvent screening
Br S pre-catalyst 1 mol%
+ base (2 equiv.) e
solvent (0.25 M) O
1.5 equiv. 80°C, 16 h

Pre-catalysts used:

[SIMes-H][Pd(n3-cin)Cl,] Pd(ate)-2
[SIPr-H][Pd(n3-cin)Cly] Pd(ate)-3
[IPrY-H][Pd(n3-cin)Cl,] Pd(ate)-4
[IPr*-H][Pd(n3-cin)Cl,] Pd(ate)-5

[SIPr-H][Pd(n3-crotyl)Cly] Pd(ate)-10

[SIPr-H][Pd(n3-2-Me-allyl)Cl,] Pd(ate)-11

[SIPr-H][Pd(n3-Ind®")Cl,] Pd(ate)-12
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Table S-36: Catalyst/base/solvent optimisation

Solvent | Bases | Pd(ate)-2 | Pd(ate)-3 | Pd(ate)-4 | Pd(ate)-5
n-BuOH 52 68 58 84
MeTHF | KoCOs 0 0 0 0
PhMe 0 0 28 15
n-BuOH 64 50 28 80
MeTHF | KsPOa 47 0 32 0
PhMe 18 0 0 0
n-BuOH 57 35 26 45
MeTHF KOH 55 65 51 73
PhMe 77 0 19 59
n-BuOH 52 37 27 43
MeTHF | KO'Bu 54 0 51 58
PhMe 0 0 55 0
Solvent | Bases | Pd(ate)- Pd(ate)- Pd(ate)- | Pd(ate)-3
10 11 12 + TBAB
n-BuOH 99 36 99 57
MeTHF | K:CO3 0 0 0 0
PhMe 0 0 0 0
n-BuOH 62 63 24 20
MeTHF | KsPOa 17 5 56 79
PhMe 0 45 82 34
n-BuOH 99 99 99 29
MeTHF KOH 80 99 56 71
PhMe 26 72 51 73
n-BuOH 99 99 99 35
MeTHF | KO'Bu 51 62 38 0
PhMe 13 48 0 0

LC yield, internal standard: 4,4-ditertbutylbiphenyl (1.00 mg). Conditions: [Pd] 1.00 mol%, Base (2.00

equiv.), solvent (0.25 M), bromotoluene (0.10 mmol), styrene (1.50 equiv.), 80 °C, 16 h.
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Table S-37: Solvent/base screening

Pre-catalysts Solvents K,COs KHCO; Cs,CO; Na,COs;
Pd(ate)-10 99* 80* 99* 98*
Pd(ate)-11 Iso-propanol 99* 86* 99* 83*
Pd(ate)-12 98 48* 99* 68*
Pd(ate)-10 99* 88* 99 82*
Pd(ate)-11 2-Butanol 99* 46* 99* 52
Pd(ate)-12 54% 40* 99* 47*
Pd(ate)-10 99* 54%* 99 90*
Pd(ate)-11 Ethanol 82* 67* 99* 66*
Pd(ate)-12 88 49 99 37
Pd(ate)-10 99 99* 99* 99*
Pd(ate)-11 2-methyl- 99* 99* 99* 99*
Pd(ate)-12 butan-2-ol 99* 99* 99* 99*

Pre-catalysts Solvents LiOH.H,O | NaOH KOH KOAc
Pd(ate)-10 95* 99* 99* 98*
Pd(ate)-11 Iso-propanol 96* 99 99 99*
Pd(ate)-12 86* 99 99* 62*
Pd(ate)-10 97* 99* 99* 84*
Pd(ate)-11 2-Butanol 94* 99 99 85*
Pd(ate)-12 60* 99 99 55%
Pd(ate)-10 99* 99* 99 74*
Pd(ate)-11 Ethanol 99* 99* 99 59*
Pd(ate)-12 99 99 99 71
Pd(ate)-10 99* 99* 99 99*
Pd(ate)-11 2-methyl- 99* 99* 99 99*
Pd(ate)-12 butan-2-ol 99* 99* 99 99*

LC yield, internal standard: 4,4-ditertbutylbiphenyl (1 mg). Conditions: [Pd] 1 mol%, Base (2. equiv.),
solvent (0.25 M), bromotoluene (0.10 mmol), styrene (1.50 equiv.), 80 °C, 16 h.
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9.5.5.3 Catalyst loading optimisation
The general procedure was followed using [SIPr-H][Pd(n3-R-allyl)Cl;] (0.10-0.50 mol%)

bromotoluene (86.00 mg, 0.50 mmol) and styrene (78.00 mg, 0.75 mmol).

[Pd] (mol%) O
/©/ N ©/\ KOH (2 equiv.) \
Br ethanol (0.5 M) O

1.5 equiv. 80°C, 16 h

Table S-38: Catalyst loading optimisation

Entries Catalyst Catalyst loading GC Yield (%)
(mol%)
1 [SIPr-H][Pd(n3-2-Me-allyl)Cl,] 0.50 99
2 [SIPr-H] [Pd(n3-crotyl)Cl,] 0.50 99
3 [SIPr-H] [Pd(n-Ind®)Cl,] 0.50 86
4 [SIPr-H][Pd(n3-2-Me-allyl)Cl,] 0.30 >99
5 [SIPr-H][Pd(n3-crotyl)Cly] 0.30 78
6 [SIPr-H][Pd(n-Ind®)Cl,] 0.30 99
7 [SIPr-H][Pd(n3-2-Me-allyl)Cl,] 0.10 35
8 [SIPr-H][Pd(n3-crotyl)Cly] 0.10 45
9 [SIPr-H][Pd(n>-Ind™)Cl,] 0.10 35

GC yield: Mesitylene 0.01mmol was used as internal standard. Value calculated from an average of two
reactions.
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9.5.5.4. Base and solvent optimisation
The general procedure was followed using bromotoluene (86.00 mg, 0.50 mmol) and styrene

(78.00 mg, 0.75 mmol). [SIPr-H][Pd(n3-2-Me-allyl)Cl,] (0.30 mol%) was used as pre-catalyst.

N [SIPr-H][Pd(n?-2-Me-allyl)Cl,] (0.3 mol%)
Jogie gl el s

solvent (0.25 M)

Br 1.5 equiv. 80°C. 16 h

Table S-39: Base/solvent optimisation

Entry Base (2.0 equiv.) Solvent (0.25 M) GC Yield (%)
1 K2COs iso-Propanol n.r.
2 K,COs 1-Butanol n.r.
3 K2COs 2-Methyl-but-2-ol 18
4 NaOH 1-Butanol >99
5 NaOH Ethanol 74
6 KOH 1-Butanol 80
7 KOH 2-Methyl-but-2-ol 80
8 KOH iso-Propanol >99
9 Cs,CO3 1-Butanol 90
10 Cs,CO3 Ethanol 70
11 Cs,COs 2-Methyl-but-2-ol 37

GCyield: Mesitylene 0.01 mmol was used as internal standard. Value calculated from an

average of two reactions.

Table S-40: Base/solvent optimisation with lowered catalyst loading

Entries Base (2.00 equiv.) Solvent (0.25 M) GCyield (%)
1 Cs,CO3 1-Butanol 83
2 KOH iso-Propanol 98
3 KOH Ethanol 60
4 NaOH 1-Butanol 85
5 CsOH iso-Propanol >99

GC yield: Mesitylene 0.01 mmol was used as internal standard. Value calculated from an average of two

reactions.
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Table S-41: Base equivalent optimisation

Entries KOH (equiv.) GCyield (%)
1 1.50 >99
2 1.30 >99
3 1.10 97

GC yield: Mesitylene 0.01 mmol was used as internal standard. Value calculated from an average of two
reactions.

9.5.5.5. Catalyst screening
The general procedure was followed using bromotoluene (86.00 mg, 0.50 mmol) and styrene
(78.00 mg, 0.75 mmol). [SIPr-H][Pd(n3-2-Me-allyl)Cl;] (0.60 mg, 0.10 mol%) was used as pre-

catalyst.

[Pd] 0.1 mol%
/©/ KOH 1.1 equiv. .
iso-propanol (0.25 M) O

1.5 equiv. 80°C, 16 h
Table S-42: Catalyst screening:
Entries Catalyst 0.10 mol% GCyield (%)
12 [SIPr-H][Pd(n3-crotyl)Cly] 98
2 [SIPr-H][Pd(n3-Ind®¥)Cl,] 88
3 [SIPr-H][Pd(n3-allyl)Cl,] 91
4 [SIPr-H][Pd(n3-cin)Cl,] 98
5 [SIPr-H][Pd(n3-2-Me-allyl)Cl,] >99

@ Homocoupling in the GC spectrum. GC yield: Mesitylene 0.01 mmol was used as internal standard.
Value calculated from an average of two reactions.

Table S-43: Catalyst screening NHC

Entries Catalyst 0.10 mol% GCyield (%)
1° [IPrH][Pd(n3-2-Me-allyl)Cl,] 98
2° [IPrMeH][Pd(n3-2-Me-allyl)Cly] 98
3 [IHept®H][Pd(n3-2-Me-allyl)Cl;] 92
4 [IPentH][Pd(n3-2-Me-allyl)Cl,] 93
5 [IPr*H][Pd(n3-2-Me-allyl)Cl;] >99
6 [SIPrH][Pd(n3-2-Me-allyl)Cl,] >99

@ Homocoupling in the GC spectrum. GC yield: Mesitylene 0.01 mmol was used as internal standard.
Value calculated from an average of two reactions.
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9.5.5.6. Styrene equivalent optimisation

[SIPrH][Pd(2-Me-allyll)Cl,](0.1 mol%)
/©/ . X KOH (1.1 equiv.) _ S O
Br iso-propanol (0.25 M) o O
80°C, 5h
Table S-44: Styrene equivalence optimisation
Entries Styrene (equiv.) GCyield (%)
1 1.30 >99
2 1.20 >99
3 1.10 >99

GC yield: Mesitylene 0.01 mmol was used as internal standard. Value calculated from an average of two
reactions.

9.5.5.7. Time optimisation

N [Pd] (0.1 mol%)
/©/ . ©/\ KOH (1.1 equiv). S O

iso-propanol (0.25 M)

Br 1.1 equiv. 80 °C. 16 h
Table S-45: Time optimisation
Entries Time (h) GCyield (%)
1 15 20
2 30 25
3 45 50
4 60 72
5 120 85
6 180 91
7 240 99
8 300 99

GCyield: Mesitylene 0.01 mmol was used as internal standard. Value calculated from an average of two

reactions.
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9.5.6 Scope of the Mizoroki-Heck reaction

In air, a vial was charged with [SIPr-H][Pd(n3-2-Me-allyl)Cl;] (0.10 mg, 0.10 mol%), KOH (31.00
mg, 0.55 mmol) and a magnetic stir bar and sealed with a screw cap. The corresponding alkene
and the corresponding aryl halide were dissolved in iso-propanol (0.25 M). The solution was

added to the vial and the reaction was left to stir (910 rpm) for 2 h at 80 °C.

(E)-1-methyl-4-styrylbenzene, 7a

S O Chemical Formula: Cq5H14
O Molecular Weight: 194.28

Following the general procedure, from styrene (57.00 mg, 0.55 mmol) and 4-bromotoluene
(86.00 mg, 0.50 mmol) the product was obtained in 99% yield (96.40 mg) as a white solid. When
4-chlorotoluene (63.00 mg, 0.50 mmol) was used, the product was obtained in 80% yield (78.00
mg).

1H NMR (400 MHz, CDCl3): & (ppm) = 6 7.55 (d, J = 7.2 Hz, 2H), 7.46 (d, J = 8.1 Hz, 2H), 7.39 (t, J
= 7.6 Hz, 2H), 7.30 (t, J = 7.5 Hz, 1H), 7.21 (d, J = 7.9 Hz, 2H), 7.12 (d, J = 2.5 Hz, 2H), 2.40 (s, 3H).
13¢C {*H} NMR (100 MHz, CDCls): & (ppm) = & 142.1 (Car), 137.6 (Car), 134.7 (Car), 129.5 (2 X CHa),
128.8 (2 x CHar), 128.4 (2 x CHar), 127.8 (2 x CHar), 127.5 (CHar), 126.6 (CHaikene), 126.5 (CHaikene),
21.4 (CHa).

Analytical data obtained were in agreement with the reported values.*

(E)-1-nitro-4-styrylbenzene, 7b

Molecular Weight: 225.25

O N O Chemical Formula: C14H1NO,

O,N

Following the general procedure, from styrene (57.00 mg, 0.55 mmol) and 1-bromo-4-
nitrobenzene (101.00 mg, 0.50 mmol) the product was obtained in 98% yield (110.00 mg) as a
yellow solid. When 1-chloro-4-nitrobenzene (79 mg, 0.50 mmol) was used the product was
obtained in 50% yield (56.00 mg).

1H NMR (400 MHz, CDCls): & (ppm) = § 8.24 (dt, J = 8.8, 2.1 Hz, 2H), 7.65 (dt, J = 9.4, 1.9 Hz, 2H),
7.57 (d, J = 7.2 Hz, 2H), 7.42 (t, J = 7.4 Hz, 2H), 7.36 (tt, J = 6.9, 1.4 Hz, 1H), 7.32-7.29 (m, 1H),
7.17 (d, J=16.7 Hz, 1H).

13C {"H} NMR (100 MHz, CDCls): 6 (ppm) = 6 146.9 (Car), 144.0 (Car), 136.3 (Car), 133.5(Car), 129.0
(CHar), 127.2 (CHar), 127.0 (CHaikene), 126.4 (CHar), 124.3 (CHar).
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Analytical data obtained were in agreement with the reported values.*®

(E)-1-(4-styrylphenyl)ethan-1-one, 7c

N O Chemical Formula: C1gH440
O Molecular Weight: 222.29

Following the general procedure, from styrene (57.00 mg, 0.55 mmol) and 4-

MeOC

bromoacetophenone (100.00 mg, 0.50 mmol) the product was obtained in 98% yield (110.00
mg) as a white solid. When 4-chloroaceto-phenone (77.00 mg, 0.50 mmol) was used the product
was obtained in 50% yield (56.00 mg).

'H NMR (400 MHz, CDCls): & (ppm) =8 7.96 (d, J = 8.4 Hz, 2H), 7.59 (d, J = 8.4 Hz, 2H), 7.55 (d, J
=7.2 Hz, 2H), 7.39 (t, J = 6.7 Hz, 2H), 7.32 (t, J = 6.7 Hz, 1H), 7.18 (dd, J = 16.4, 13.2 Hz, 2H), 2.61
(s, 3H).

13¢ {'H} NMR (100 MHz, CDCls): & (ppm) = 6 197.6 (C(OCHs), 142.1 (Car), 136.8 (Car), 136.1 (Car),
131.6 (CHar), 129.0 (CHar), 128.9 (CHa/), 128.4 (CHa), 127.6 (CHar), 126.9 (CH), 126.6 (CH), 26.7
(CHs).

Analytical data obtained were in agreement with the reported values.*

(E)-1-methoxy-4-styrylbenzene, 7d

Molecular Weight: 210.28

. O Chemical Formula: C45H440

MeO

Following the general procedure, from styrene (57.00 mg, 0.55 mmol) and 4-bromanisole (94.00
mg, 0.50 mmol) the product was obtained in 95% yield (99.00 mg) as a white/yellow solid. When
4-chloroanisole (71.00 mg, 0.50 mmol) was used the product was obtained in 61% yield (64.10
mg).

'H NMR (400 MHz, CDCl;): 6 (ppm) =& 7.50 (d, J = 7.3 Hz, 2H), 7.47 (d, J = 8.7 Hz, 2H), 7.37 (t, J
= 7.7 Hz, 2H), 7.25 (t, J = 7.4 Hz, 1H), 7.09-7.06 (m, 2H), 6.92 (d, J = 8.8 Hz, 2H), 3.84 (s, 3H).

13C {{H} NMR (100 MHz, CDCl3): & (ppm) = & 159.4 (Ca), 137.8 (Car), 130.3 (Car), 128.8 (CHar),
128.3 (CHar), 127.9 (CHar), 127.4 (CHar), 126.7 (CH), 126.4 (CH), 114.3 (CHar), 55.5 (CH).

Analytical data obtained were in agreement with the reported values.®
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(E)-1-styryl-4-(trifluoromethyl)benzene, 7e

S O Chemical Formula: Cy5Hq4F3

O Molecular Weight: 248.25

Following the general procedure, from styrene (57.00 mg, 0.55 mmol) and 4-

F3C

bromobenzotrifluoride (112.50 mg, 0.50 mmol) the product was obtained in 98% yield (112.50
mg) as white solid. When 4-chlorobenzo-trifluoride (90.20 mg, 0.50 mmol) was used the product
was obtained in 70% yield (85.70 mg).

1H NMR (400 MHz, CDCls): & (ppm) = & 7.61 (s, 4H), 7.55 (d, J = 7.8 Hz, 2H), 7.41 (t, J = 7.4 Hz,
2H), 7.30-7.29 (m, 1H), 7.22 (dd, J = 16.1, 9.7 Hz, 2H).

13¢C {*H} NMR (100 MHz, CDCls): & (ppm) = & 140.9 (CF), 136.8 (Car), 131.3 (Car), 128.9 (CHal),
128.6 (CHar), 128.4 (CHar), 127.3 (CHar), 126.9 (CHar), 126.7 (CHaikene), 125.8 (CHalkene)-

Analytical data obtained were in agreement with the reported values.*®
(E)-1-methoxy-3-styrylbenzene, 7f

O S i Chemical Formula: C45H440

Molecular Weight: 210.28

OMe
Following the general procedure, from styrene (57.00 mg, 0.55 mmol) and 4-bromoanisole
(94.00 mg, 0.50 mmol) the product was obt 91% yield (96.00 mg) as a white solid.
When 4-chloroanisole (71.00 mg, 0.50 mmol) was used the product was obtained in 63% yield
(65.70 mg).
'H NMR (400 MHz, CDCls): & (ppm) = 7.61 (d, J = 9.3 Hz, 2H), 7.54 (d, J = 7.5 Hz, 2H), 7.39-7.32
(m, 2H), 7.29-7.21 (m, 3H), 7.19-7.14 (m, 1H), 7.02 (dd, J = 8.6, 3.0 Hz, 1H), 3.86 (s, 3H).
3¢ {*H} NMR (100 MHz, CDCls): 6 (ppm) = & 160.0 (Car), 138.9 (Car), 137.4 (Car), 129.8 (CHa/),
128.8 (CHar), 128.7 (CHar), 127.8 (CHar), 126.7 (CHar), 119.4 (CHar), 113.4 (CHaiene), 111.9
(CHalkene), 55.4 (CHa).

Analytical data obtained were in agreement with the reported values.*

278 |Page



(E)-1-methyl-2-styrylbenzene, 7g

N O Chemical Formula: C45Hq4
O Molecular Weight: 194.28

Following the general procedure, from styrene (57.00 mg, 0.55 mmol) and 2-bromotoluene
(86.00 mg, 0.50 mmol) the product was obtained in 87% yield (84.60 mg) as a white solid.

'H NMR (400 MHz, CDCls): 6 (ppm) =6 7.55 (d, J = 7.3 Hz, 1H), 7.53 (d, J = 7.3 Hz, 2H), 7.44-7.39
(m, 2H), 7.30 (s, 1H), 7.29-7.27 (m, 2H), 7.21-7.19 (m, 3H), 7.11 (d, J = 2.5 Hz, 1H), 2.43 (s, 3H).
3¢ {*H} NMR (100 MHz, CDCls): & (ppm) = 6 137.8 (Car), 136.5 (Car), 134.7 (Car), 129.5 (2 X CHar),
128.8 (2 x CHar), 128.7 (2 x CHar), 127.8 (2 x CHar), 127.5 (CHar), 126.6 (CHalkene), 126.5 (CHaikene),
21.4 (CHs).

Analytical data obtained were in agreement with the reported values.®

(E)-1-fluoro-3-styrylbenzene, 7h

X O (E)-1-fluoro-3-styrylbenzene
Chemical Formula: Cq4H{F
Molecular Weight: 198.24
F

Following the general procedure, from styrene (57.00 mg, 0.55 mmol) and 1-bromo-3-
fluorobenzene (88.00 mg, 0.50 mmol) the product was obtained in 95% yield (94.00 mg) as a
white solid.

H NMR (400 MHz, CDCls): 6 (ppm) = § 7.52 (d, J = 7.3 Hz, 2H), 7.39 (t, J = 7.6 Hz, 2H), 7.32-7.28
(m, 3H), 7.23 (d, J = 10.2 Hz, 1H), 7.13-7.11 (m, 2H), 6.96 (t, J = 7.5 Hz, 1H).

13¢ {"H} NMR (100 MHz, CDCls): & (ppm) = 6 164.2 (d, J = 309.1 Hz, CF), 139.7 (Car), 136.8 (Car),
130.1 (CHar), 128.8 (CHar), 128.0 (CHar), 127.5 (CHar), 126.7 (CHar), 122.5 (CHar), 114.5 (CH), 112.9
(CH).

Analytical data obtained were in agreement with the reported values.*
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(E)-2-styrylnaphthalene, 7i

O‘ — o

Following the general procedure, from styrene (57.00 mg, 0.55 mmol) and 2-bromonapthhalene
(103.50 mg, 0.50 mmol) the product was obtained in 91% yield (104.00 mg) as a white solid.

H NMR (400 MHz, CDCls): & (ppm) = & 7.88-7.83 (m, 4H), 7.78 (dd, J = 8.6, 1.7 Hz, 1H), 7.60 (d, J
= 7.2 Hz, 2H), 7.52-7.39 (m, 2H), 7.43 (t, J = 7.1 Hz, 2H), 7.33-7.28 (m, 3H), 7.25-7.23 (m, 1H).
13¢C {*H} NMR (100 MHz, CDCls): § (ppm) = & 137.5 (Car), 134.9 (Car), 133.8 (Car), 133.2 (Car), 129.1
(2 x CHar), 128.9 (2 X CHar), 128.6 (2 X CHar), 128.4 (2 x CHa), 128.1 (CHa/), 127.7 (CHa/), 126.7
(CHar), 126.5 (CHar), 126.0 (CHakene), 123.6 (CHaiene)-

Analytical data obtained were in agreement with the reported values.®

(E)-2-styrylbiphenyl, 7j

Chemical Formula: CygH4g
Molecular Weight: 256.35

Following the general procedure, from styrene (57.00 mg, 0.55 mmol) and 2-bromobiphenyl
(116.50 mg, 0.50 mmol) the product was obtained in 90% yield (115.10 mg) as a white solid.

H NMR (400 MHz, CDCls): § (ppm) = & 7.65-7.61 (m, 5H), 7.56 (d, J = 7.1 Hz, 2H), 7.48 (t, J = 7.9
Hz, 2H), 7.41 (t, J = 7.5 Hz, 2H), 7.30-7.22 (m, 2H), 7.17 (s, 2H).

3¢ {"H} NMR (100 MHz, CDCl3): & (ppm) = 6 140.8 (Car), 140.5 (Car), 137.5 (Car), 136.5 (Car), 129.0
(CHar), 128.9 (CHar), 128.6 (CHar), 128.6 (CHar), 128.3 (CHar), 128.1 (CHar), 127.8 (CHar), 127.5
(CHar), 127.2 (CHar), 127.1 (CH), 126.7 (CH).

Analytical data obtained were in agreement with the reported values.*?
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(E)-N,N-dimethyl-4-styrylaniline, 7k

N O Chemical Formula: C4gH¢7N

O Molecular Weight: 223.32
SN

Following the general procedure, from styrene (57.00 mg, 0.55 mmol) and 4-bromo-
N,N-dimethyl-aniline (100.00 mg, 0.50 mmol) the product was obtained in 78% yield (87.30 mg)
as a white solid.

H NMR (400 MHz, CDCl3): & (ppm) = 6 7.49 (d, J = 7.3 Hz, 2H), 7.44 (d, J = 8.8 Hz, 2H), 7.33 (t, J
= 7.7 Hz, 2H), 7.21 (t, J = 6.8 Hz, 1H), 7.06 (d, J =16.3 Hz, 1H), 6.93 (d, J =16.3 Hz, 1H), 6.75 (d, J =
7.9 Hz, 2H), 2.99 (s, 6H).

3¢ {{H} NMR (100 MHz, CDCls): & (ppm) = 6 150.1 (Car), 138.3 (Car), 128.7 (Ca), 128.4 (CHar),
127.7 (2 X CHar), 126.8 (2 X CHar), 126.2 (2 X CHa,), 124.6 (CHa,), 112.5 (2 X CHalkene), 40.7 (2 x CHs).

Analytical data obtained were in agreement with the reported values.*®

(E)-1-methoxy-4-(4-methylstyryl)benzene, 71

Molecular Weight: 224.30

O X O Chemical Formula: C4gH160
MeO

Following the general procedure, from 4-tolylstyrene (65.00 mg, 0.55 mmol) and 4-bromanisole
(94.00 mg, 0.50 mmol) the product was obtained in 98% yield (109.00 mg) as a white solid.

H NMR (400 MHz, CDCls): & (ppm) = & 7.45 (d, J = 8.7 Hz, 2H), 7.40 (d, J = 8.1 Hz, 2H), 7.17 (d, J
=7.9 Hz, 2H), 7.04 (quant, J = 16.3 Hz, 2H), 6.91 (d, J = 8.8 Hz, 2H), 3.83 (s, 3H), 2.33 (s, 3H).

3¢ {"H} NMR (100 MHz, CDCl3): & (ppm) = 6 159.3 (Car), 137.2 (Car), 135.0 (Car), 130.5 (Car), 129.5
(2 x CHar), 127.7 (2 x CHar), 127.4 (2 X CHar), 126.7 (2 x CHar), 126.3 (CHaikene), 114.3 (CHalkene), 55.5
(CH3), 21.4 (CH3).

Analytical data obtained were in agreement with the reported values.*
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(E)-1-(4-(4-methylstyryl)phenyl)ethan-1-one, 7m

[ O Chemical Formula: C47H4¢0

O Molecular Weight: 236.31

Following the general procedure, from 4-tolylstyrene (65.00 mg, 0.55 mmol) and 4-bromoaceto-

MeOC

phenone (100.00 mg, 0.50 mmol) the product was obtained in 99% vyield (117.00 mg) as a white
solid.

'H NMR (400 MHz, CDCls): & (ppm) =6 7.96 (d, J = 8.4 Hz, 2H), 7.58 (d, J = 8.3 Hz, 2H), 7.45 (d, J
= 8.1 Hz, 2H), 2.61 (s, 3H), 2.38 (s, 3H).

3¢ {"H} NMR (100 MHz, CDCl5): & (ppm) = 6 197.6 (C=0), 142.4 (Car), 138.5 (Car), 135.9 (Car),
134.1 (Car), 131.6 (CHar), 129.7 (2 x CHar), 129.0 (2 x CHar), 126.9 (2 x CH), 126.6 (CHalkene), 126.5
(CHatkene), 26.7 (CHs), 21.5 (CHs).

Analytical data obtained were in agreement with the reported values.*®
(E)-6-styrylindoline-2,3-dione, 8a

Molecular Weight: 249.27

O 3 O Chemical Formula: C4gH14NO,
o

NH
o

Following the general procedure, from styrene (57.00 mg, 0.55 mmol) and 6-bromoisatin
(112.50 mg, 0.50 mmol) the product was obtained in 97% yield (241.00 mg) as a brown oil.

'H NMR (400 MHz, DMSO-d¢): & (ppm) =8 7.93 (s, 1H), 7.39 (d, J = 8.6 Hz, 2H), 7.16 (br.s., 4H),
6.88 (s, 2H), 6.61 (d, J = 6.6 Hz, 3H).

13¢ {*H} NMR (100 MHz, CDCls): & (ppm) = & 199.6 (C=0), 170.0 (C=0), 152.7 (Car), 151.8 (Car),
135.9 (Car), 134.0 (Car), 127.5 (CHar), 126.4 (CHas), 123.3 (CHac), 118.3 (CHar), 116.9 (CHa/), 116.2
(CHar), 115.2 (CHar), 113.0 (CHar), 112.6 (CHakene), 75.5 (CHalkene)-

Analytical data obtained were in agreement with the reported values.*
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(E)-5-styryl-1H-indole, 8b

S O Chemical Formula: C47HsN
4 Molecular Weight: 233.31
N
H

Following the general procedure, from 4-tolylstyrene (61.00 mg, 0.55 mmol) and 4-
bromoindone (98.00 mg, 0.50 mmol) the product was obtained in 92% yield (107.00 mg) as a
white solid.

1H NMR (400 MHz, CDCl3): & (ppm) = & 8.11 (br.s., 1H), 7.80 (d, J = 9.3 Hz, 1H), 7.47-7.45 (m, 2H),
7.38 (d, J = 8.5 Hz, 1H), 7.31-7.26 (m, 2H), 7.21-7.19 (m, 3H), 7.11 (d, J = 16.3 Hz, 2H), 2.39 (s,
3H).

13¢ {'H} NMR (100 MHz, CDCl3): & (ppm) = & 136.9 (Car), 135.6 (Car), 135.3 (Car), 134.5 (Car), 129.8
(CHar), 129.5 (CHar), 129.2 (Car), 128.4 (CHar), 126.5 (CH), 126.2 (CH), 125.5 (CHar), 124.9 (CHay),
123.3 (CHar), 120.8 (CHar), 119.4 (CHar), 113.2 (CHar), 112.6 (CHar), 111.4 (CHar), 103.1 (CHatene),
102.4 (CHakene)-

Analytical data obtained were in agreement with the reported values.*

(E)-3-styrylpyridine, 8¢

d _ Chemical Formula: CygHyN

Molecular Weight: 181.24
Following the general procedure, from styrene (57.00 mg, 0.55 mmol) and 3-bromopyridine
(79.00 mg, 0.50 mmol) the product was obtained in 97% yield (88.00 mg) as a white solid.
'H NMR (400 MHz, CDCls): & (ppm) = 6 8.73 (s, 1H), 8.49 (d, J = 5.8 Hz, 1H), 7.83 (dt, J = 8.0, 1.8
Hz, 1H), 7.53 (d, J = 7.3 Hz, 2H), 7.40 (t, J = 7.5 Hz, 2H), 7.31-7.26 (m, 2H), 7.18 (d, J = 16.4 Hz,
1H), 7.09 (d, J = 15.9 Hz, 1H).
13C {*H} NMR (100 MHz, CDCls): 6 (ppm) = 6 150.2 (CHa), 148.7 (CHar), 147.6 (CHa/), 136.8 (CHa/),
133.1 (Car), 132.8 (CHar), 131.0 (Car), 128.6 (CHar), 126.8 (CHalkene), 125.0 (CHalkene), 123.7 (CHar),
123.7 (CHa).

Analytical data obtained were in agreement with the reported values.*
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(E)-3-styrylquinoline, 8d

Chemical Formula: C47H43N
Molecular Weight: 231.30

Following the general procedure, from styrene (57.00 mg, 0.55 mmol) and 3-bromoquinoline
(104.00 mg, 0.50 mmol) the product was obtained in 81% yield (94.00 mg) as a white solid.

'H NMR (400 MHz, CDCls): 6 (ppm) =6 9.13 (d, J = 2.2 Hz, 1H), 8.18 (d, J = 2.1 Hz, 1H), 8.10 (d, J
= 8.3 Hz, 1H), 7.83 (d, /= 6.8 Hz, 1H), 7.70 (ddd, J = 8.4, 6.9, 1.5 Hz, 1H), 7.59-7.53 (m, 3H), 7.43-
7.30 (m, 5H), 7.22 (s, 1H).

3¢ {"H} NMR (100 MHz, CDCls): & (ppm) = 6 149.6 (Car), 147.6 (CHar), 136.9 (Car), 132.4 (CHar),
131.1 (Car), 130.4 (CHar), 129.4 (CHar), 129.4 (CHar), 129.0 (CHar), 128.6 (CHar), 128.4 (CHa/), 128.0
(CHar), 127.2 (CHar), 126.8 (CH), 125.3 (CH).

Analytical data obtained were in agreement with the reported values.*®

(E)-5-styrylpyrimidine, 8f

N
W A
N ANF Chemical Formula: C4,HoN5
Molecular Weight: 182.23

Following the general procedure, from styrene (57.00 mg, 0.55 mmol) and 5-bromopyrimidne
(80.00 mg, 0.50 mmol) the product was obtained in 88% yield (80.00 mg) as a white solid.

H NMR (400 MHz, CDCls): & (ppm) = 6 9.07 (s, 1H), 8.60 (s, 2H), 7.35 (t, J = 7.5 Hz, 3H), 7.26-7.20
(m, 4H).

13C {"H} NMR (100 MHz, CDCls): 6 (ppm) = & 156.9 (CHar), 156.3 (2 x CHar), 143.7 (CHa), 139.2
(CHalkene), 129.0 (Car), 127.6 (2 x CHar), 127.6 (2 x CHar), 127.1 (CHar), 127.0 (CHalkene)

Analytical data obtained were in agreement with the reported values.*
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9.6 Chapter 6: Palladium catalysed C-H activation/coupling of

alkynes with aryl halides
9.6.1. General procedure of [NHC-H][Pd(L)Cl:]
In air, the corresponding NHC-HCI (2.00 equiv.) and [Pd(n3-R-allyl)(u-Cl)]2 (1.00 equiv.) were
added to a mortar. The two solids were mixed and ground using a pestle for 5 min. A crystalline

solid was obtained in quantitative yield.
For the synthesis of palladate pre-catalysts see Section 9.2., 9.3 and 9.4.

9.6.2. Synthesis of [IPentc!-H][Pd(n?-2-Me-allyl)Cl;] Pd(ate)-24

Et c| cl FEt
Et~ >=< :LEt

Following the general procedure from IPent-HCl (87.00 mg, 0.15 mmol) and [Pd(n3-2-Me-
allyl)(u-Ch)]2 (30.00 mg, 0.07 mmol), the product was obtained as a brown powder in 99% vyield
(124.00 mg).

'H NMR (400 MHz, CDCl3): & (ppm) = 6 11.88 (br.s, 1H, Ccun), 7.60 (t, J = 7.2 Hz, 2H, CHimig), 7.30
(d,J=7.3 Hz, 4H, CHa:), 3.70 (br.s, 2H, CHar), 2.71 (br.s, 2H, CHauy1), 2.02-2.00 (m, 8H, CHipent), 1.78
(br.s, 7H, CHagpent) ), 1.66 (t, J = 5.3 Hz, 8H, CHs(pent)), 0.89-0.83 (m, 24H, CHs(pent))-

3¢ {'H} NMR (100 MHz, CDCls): & (ppm) = 6 143.3 (Car), 142.2 (Car), 132.2 (CHnen), 129.5 (CHar),
126.1 (CHar), 121.6 (CHany), 61.1 (Caiyi), 43.3 (CHagpenty), 28.2 (CHagpeny), 27.1 (CHsgaiyn), 22.8
(CH3(pent)), 12.4 (CH3(pent)), 12.0 (CH3(pent))-

Elemental analysis: Expected: C 58.33, H 7.28, N 3.49. Found: C 58.27, H 7.53, N 3.44.
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9.6.3. Synthesis of [IPent-H][Pd(n*-crotyl)Cl;] Pd(ate)-26

& £
Et
: /e HE
q " /Np

EtHEt

Et ,/\ Et

cl cl

\ /

OPd

\l\-/\

Following the general procedure from IPent-HCI (81.60 mg, 0.15mmol) and [Pd(n3-crotyl)(u-Cl)]2
(30.00 mg, 0.07 mmol), the product was obtained as a brown powder in a 99% yield (110.80 mg).
'H NMR (400 MHz, CDCls): & (ppm) = & 8.55 (d, J = 1.6 Hz, 2H, CHimig), 8.12 (d, J = 1.5 Hz, 1H,
CHnenn), 7.59 (t, J = 7.8 Hz, 2H, CHa/), 7.25 (s, 2H, CHar), 5.12 (br.s, 1H, CHany), 3.72 (br.s, 2H,
CHanyi), 2.66 (br.s, 1H, CHauy), 1.94 (quant, J = 9.7 Hz, 4H, CHipent), 1.75-1.56 (m, 16H, CHxpent)),
1.34(d, J=6.3 Hz, 3H, CH3auy), 0.87 (t,J = 7.4 Hz, 12H, CH3(peny)), 0.74 (t, J = 6.7 Hz, 12H, CH3qpent))-
13¢C {*H} NMR (100 MHz, CDCls): & (ppm) = & 142.7 (Cas), 132.9 (CHnen), 132.9 (Car), 132.0 (Car),
129.5 (CHany), 125.3 (CHanyi), 43.5 (CHagpent)), 29.4 (CHz(ipent)), 28.5 (CH3ganyy), 18.2 (CHsgpeny), 12.6
(CHs(pent)), 12.4 (CHs(pent)-

Elemental analysis: Expected: C 63.80, H 8.24, N 3.82. Found: C 63.67, H 8.36, N 3.91.

9.6.4. General procedure

In an inert atmosphere, a vial was charged with the pre-catalyst, base, solvent (0.25 M) and a
magnetic stir bar and sealed with a screw cap. The reaction was left to stir for 1 h at 60 °C. Then
the corresponding aryl halide (0.50 mmol) was added followed by the corresponding alkyne. The

reaction was left to stir for 16 h at varying temperatures.
9.6.5. Catalyst screening

Following the general procedure, 4-bromotoluene (86.00 mg, 0.50 mmol), phenylacetylene
(76.50 mg, 0.75 mmol) and K,COs (104.00 mg, 0.75 mg) in ethanol (0.25 M) were used. The

reaction temperature was 80 °C.
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Table S-47: Catalyst screening

_ [Pditmol%
Q/ ej cho3 (1.5 equiv.) p O
ethanol (0.25 M) O
15 equiv. 60 °C then 80 °C
Entries Pre-catalysts GCyield
1 [IPr*-H][Pd(n3-cin)Cl;] 64
2 [SIPr-H][Pd(n3-cin)Cly] 29
3 [IPent-H] [Pd(n3-cin)Cly] 30
4 [IPr-H][Pd(n3-crotyl)Cl,] 43
5 [IPr®-H][Pd(n3-cin)Cl;] 42
6 [IPr-H][Pd(n>Ind™®)Cl,] 16
7 [IPr-H][Pd(n*-allyl)Cl;] 25
8 [IPr*-H][Pd(n3-crotyl)Cl,] 87
9 [IPent®-H] [Pd(n3-cin)Cl,] 73
10 [IHept-H] [Pd(n3-cin)Cl3] 35
11 [INon-H][Pd(n3-cin)Cl;] 32
12 [IPr*OMe.H][Pd(n3-cin)Cly] 53
13 [IPr*-H][Pd(n3-2-Me-allyl)Cl;] 99 (98)
14 [IPent-H][Pd(n3-crotyl)Cl;] 63
15 [IPr-H][Pd(n3-2-Me-allyl)Cl;] 90
16 [IPent®-H][Pd(n3-2-Me-allyl)Cl;] 86

Average of a minimum of two runs. GC yield, mesitylene 0.1 mmol) used as internal standard.

Isolated yield in parenthesis

9.6.6. Solvent and base screening

Table S-48: Solvent optimisati

on

Following the general procedure [IPr*-H][Pd(n3-2-Me-allyl)Cl,] (5.70 mg, 1.00 mol%), 4-bromo-

toluene (86.00 mg, 0.50 mmol), phenylacetylene (76.50 mg, 0.75 mmol) and K,CO; (104.00 mg,

0.75 mmol) in the corresponding solvent (0.25 M) was used. The reaction temperature was

80 °C.

Br
SN

I [IPr*-H][Pd(n3-2-Me-allyl)Cl,]

1 mol%

\i

K»COj3 (1.5 equiv.)

solvent (0.25 M)

o o
1.5 equiv. 60 °C then 80 °C

®

AN

C
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Entries Solvent (0.25 M) GCyield (%)

1 EtOH/H,0 (1:1) 44

2 MeOH 83

3 iso-Propanol 31

4 n-Butanol 75

5 1,4-Dioxane 36

6 Toluene 27

7 CPME 15

8 2-Me-THF n.r.

9 Cyclohexane 15
Average of a minimum of two runs. GC yield, mesitylene (0.1 mmol) used as internal
standard

Table S-49: Base optimisation

Following the general procedure [IPr*-H][Pd(n3-2-Me-allyl)Cl;] (5.70 mg, 1.00 mol%),
4-bromotoluene (86.00 mg, 0.50 mmol), phenylacetylene (76.50 mg, 0.75 mmol) and the
corresponding base (0.75 mmol) in ethanol solvent (0.25 M) was used. The reaction temperature
was 80 °C.

| | [IPr*-H][Pd(n3-2-Me-allyl)Cl,]
1mol% = O
Br - -
" Base (1.5 equiv.) //
ethanol (0.25 M) O

[¢] [o]
1.5 equiv. 60 °C then 80 °C

Table S-50: Base optimisation with 1 mol% catalyst loading.

Entries Base (1.50 equiv.) GCyield (%)

1 Cs,C04 66

2 Na,COs 47

3 KOH 99

4 NaOH 99

5 CsOH 80

6 KO'Bu 99

7 NaO'Bu 99

8 K3PO4 99
Average of a minimum of two runs. GC yield, mesitylene (0.1 mmol) used as internal
standard

Following the general procedure [IPr*-H][Pd(n3-2-Me-allyl)Cl;] (2.90 mg, 0.50 mol%),
4-bromotoluene (86.00 mg, 0.50 mmol), phenylacetylene (76.50 mg, 0.75 mmol) and the
corresponding base (0.75 mmol) in ethanol solvent (0.25 M) was used. The reaction temperature

was 80 °C.
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Table S-51: Base optimisation with 0.50 mol% catalyst loading.

Entries Base (1.50 equiv.) GC Yield (%)
1 K,COs 84
2 KOH 96
3 NaOH 99
4 KO'Bu 99
5 NaO'Bu 99
6 KsPOa4 99

Average of a minimum of two runs. GC yield, mesitylene (0.10 mmol) used as internal

standard

Table S-52: Base optimisation with 0.20 mol% catalyst loading

Following the general procedure [IPr*-H][Pd(n3-2-Me-allyl)Cl,] (1.20 mg, 0.20 mol%), 4-bromo-

toluene (86.00 mg, 0.50 mmol), phenylacetylene (76.50 mg, 0.75 mmol) and the corresponding

base (0.75 mmol) in ethanol solvent (0.25 M) was used. The reaction temperature was 80 °C.

Entries Base (1.50 equiv.) GC Yield (%)
1 NaOH 99
2 KO'Bu 62
3 NaO'Bu 55
4 KsPOa4 87
Average of a minimum of two runs. GC yield, mesitylene (0.10 mmol) used as internal
standard

Table S-53: Base optimisation with 0.20 mol% catalyst loading with 1.10 equiv of
phenylacetylene

Following the general procedure [IPr*-H][Pd(n3-2-Me-allyl)Cl;] (1.20 mg, 0.20 mol%), 4-

bromotoluene (86.00 mg, 0.50 mmol), phenylacetylene (56.00 mg, 0.55 mmol) and the

corresponding base (0.75 mmol) in ethanol solvent (0.25 M) was used. The reaction temperature

was 80 °C.
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Entries Base (1.50 equiv.) GCYield (%)
1 KOH 87
2 NaOH 99
3 KO'Bu 72
4 NaO'Bu 99
5 K3PO4 63
6 K2COs 5
7 NaOMe 99
8 Na;HPO, n.r.
9 NaOOCH3 n.r.
10 Na,COs 21
11 NaHCO; n.r.

Average of a minimum of two runs. GC yield, mesitylene (0.1 mmol) used as internal

standard

Table S-54: Base optimisation with 0.10 mol% catalyst loading

Following the general procedure [IPr*-H][Pd(n3-2-Me-allyl)Cl;] (0.60 mg, 0.10 mol%), 4-

bromotoluene (86.00 mg, 0.50 mmol), phenylacetylene (56.00 mg, 0.55 mmol) and the

corresponding base (0.75 mmol) in ethanol solvent (0.25 M) was used. The reaction temperature

was 80 °C.
Entries Base (1.50 equiv.) GCYield (%)
1 NaOH 79
2 NaOtBu 82
3 NaOMe 81

Average of a minimum of two runs. GC yield, mesitylene 0.1 Ommol used as internal standard

Table S-55: NaOH/solvent optimisation with 0.10 mol% catalyst loading.

Entry Solvent (0.25 M) GCyield (%)
1 EtOH/H,0 (1:1) 38
2 MeOH 46
3 Iso-propanol 19
4 n-butanol 8
5 1,4-dioxane 31
6 Toluene n.r
7 CPME 27
8 2-Me-THF 4
9 Cyclohexane 3

Average of a minimum of two runs. GC yield, mesitylene (0.10 mmol) used as internal

standard
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Table S-56: NaO'Bu/solvent optimisation with 0.10 mol% catalyst loading.

Entries Solvent (0.25 M) GCyield (%)

1 - -

2 MeOH 27
3 Iso-Propanol 52
4 n-Butanol 19
5 1,4-Dioxane n.r.
6 Toluene n.r.
7 CPME 19
8 2-Me-THF 31
9 Cyclohexane 10

Average of a minimum of two runs. GC yield, mesitylene (0.10 mmol) used as internal

standard

Table S-57: NaOMe/solvent optimisation with 0.10 mol% catalyst loading.

Entry Solvent (0.25 M) GCyield (%)
1 EtOH/H,0 (1:1) n.r.
2 MeOH 39
3 iso-Propanol 87
4 n-Butanol n.r.
5 1,4-Dioxane n.r.
6 Toluene n.r.
7 CPME 24
8 2-Me-THF 35
9 Cyclohexane n.r.
Average of a minimum of two runs. GC yield, mesitylene (0.10 mmol) used as internal

standard

Table S-58: NaOMe equivalent optimisation

Following the general procedure [IPr*-H][Pd(n3-2-Me-allyl)Cl;] (0.60 mg, 0.10 mol%), 4-

bromotoluene (86.00 mg, 0.50 mmol), phenylacetylene (56.00 mg, 0.55 mmol) and NaOMe in

the corresponding solvent (0.25 M) was used. The reaction temperature was 80 °C

Entry Base equiv. GC Yield (%)
1 1.10 99
2 1.30 99
3 1.50 84
4 2.00 83
5 2.50 25
6 3.00 45
Average of a minimum of two runs. GC yield, mesitylene (0.10 mmol) used as internal

standard
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Table S-59: Reaction Temperature optimisation

Following the general procedure [IPr*-H][Pd(n3-2-Me-allyl)Cl;] (0.60 mg, 0.10 mol%), 4-

bromotoluene (86.00 mg, 0.50 mmol), phenylacetylene (56.00 mg, 0.55 mmol) and NaOMe

(30.00 mg, 0.55 mmol) in iso-propanol (0.25 M) was used.

I [IPr*-H][Pd(n3-2-Me-allyl)Cl,]

0.1 mol% - O
/©/Br + NaOMe (1.1 equiv.) - Y

iso-propanol (0.25 M) O
1.1 equiv. 60 °C then xx °C
Entries Reaction temperature (°C) GCyield (%)
1 40 n.r
2 50 3
3 60 50
4 70 67
5 80 99
Average of a minimum of two runs. GC yield, mesitylene (0.1 mmol) used as internal

standard

Table S-60: Time optimisation:

[IPr*-H][Pd(n3-2-Me-allyl)Cl,]
0.1 mol% . O
NaOMe (1.1 equiv.) =~
iso-propanol (0.25 M) O

60 °C then 80 °C

1.1 equiv.
Time (min) GCyield (%)

5 24

15 44

30 55

45 57

60 66
120 90
150 99

Graph S-4: Time optimisation of the Sonogashira reaction

292 |Page



Time optimisation

100
90
80
70
60
50
40
30
20
10

GC Yield (%)

0 20 40 60 80 100 120 140 160

Time (min)

9.6.7. Scope

Following the general procedure, under inert atmosphere, [IPr*-H][Pd(n3-2-Me-allyl)Cl;] (0.60
mg, 0.10 mol%), the corresponding aryl bromide (0.50 mmol), the corresponding acetylene (0.55
mmol) and NaOMe (30.00 mg, 0.55 mmol) in iso-propanol (0.25 M). The reaction was stirred for
at 80 °C for 1.30 h.

1-methyl-4-(2-phenylethynyl)benzene, 9a

é O Chemical Formula: C45H4,

O Molecular Weight: 192.26

Following the general procedure, from 4-bromotoluene (86.00 mg, 0.50 mmol) and
phenylacetylene (56.00 mg, 0.55 mmol) the product was obtained in 99% vyield (94.00 mg) as a
white solid.

H NMR (400 MHz, CDCls): & (ppm) = & 7.53 (d, J = 7.8 Hz, 2H), 7.43 (d, J = 8.0 Hz, 2H), 7.36-7.31
(m, 3H), 7.17 (d, J = 7.9 Hz, 2H), 2.37 (s, 3H).

13C {1H} NMR (100 MHz, d-benzene): 5 (ppm) = 5 138.5 (Car), 131.6 (2 X CHar), 129.3 (2 x CHa,),
128.5 (2 x CHar), 128.2 (2 X CHa), 123.6 (CHar), 120.6 (Car), 89.7 (Caigyne), 88.9 (Caiyne), 21.7 (CHs).

Analytical data obtained were in agreement with the reported values.*®
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1-methoxy-4-(phenylethynyl)benzene, 9b

J

// Chemical Formula: C45H4,0

O Molecular Weight: 208.26

Following the general procedure, from 4-bromoanisole (94.00 mg, 0.50 mmol) and

MeO

phenylacetylene (56.00 mg, 0.55 mmol) the product was obtained in 86% yield (89.00 mg) as a
white solid.

H NMR (400 MHz, CDCls): 6 (ppm) = & 7.53-7.50 (m, 2H), 7.49 (dt, J = 8.9, 2.2 Hz, 2H), 7.36-7.31
(m, 3H), 6.88 (d, J = 8.9 Hz, 2H), 3.83 (s, 3H).

3¢ {*H} NMR (100 MHz, CDCls): & (ppm) = & 159.7 (Cowme), 133.2 (CHar), 131.6 (CHar), 128.5 (CHa/),
128.1 (CHar), 123.7 (Car), 115.5 (Car), 114.7 (CHar), 89.5 (Caikyne), 88.2 (Caikyne), 55.5 (CHs).

Analytical data obtained were in agreement with the reported values.*®
1-(4-(phenylethynyl)phenyl)ethan-1-one, 9¢

= O Chemical Formula: C4gH120
O Z Molecular Weight: 220.27

Following the general procedure, from 4-bromoacetophenone (99.50 mg, 0.50 mmol) and

MeOC

phenylacetylene (56.00 mg, 0.55 mmol) the product was obtained in 92% yield (101.00 mg) as
an off-white solid.

'H NMR (400 MHz, CDCl3): 6 (ppm) =6 7.53 (dd, J= 7.9, 1.6 Hz, 2H), 7.49 (d, J = 8.8 Hz, 2H), 7.35-
7.32 (m, 3H), 6.89 (d, J = 8.8 Hz, 2H), 3.83 (s, 3H).

13¢C {*H} NMR (100 MHz, CDCls): & (ppm) = & 159.7 (Come), 133.2 (Car), 131.6 (CHar), 128.5 (CHar),
128.1 (CHar), 123.7 (CHar), 115.8 (Car), 114.1 (Car), 89.5 (Catyne), 88.2 (Catiyne), 55.5 (CHs).

Analytical data obtained were in agreement with the reported values.*’
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1-(tert-butyl)-4-(phenylethynyl)benzene, 9d

J

4 Chemical Formula: C1gH1g

O Molecular Weight: 234.34

Following the general procedure, from 1-bromo-4-tert-butylbenzene (106.50 mg, 0.50 mmol)
and phenylacetylene (56.00 mg, 0.55 mmol) the product was obtained in 89% yield (104.00 mg)
as an off-white solid.

H NMR (400 MHz, CDCls): & (ppm) = 6 7.54 (dd, J = 7.8, 1.8 Hz, 2H), 7.48 (d, J = 8.4 Hz, 2H), 7.38-
7.33 (m, 5H), 1.33 (s, 9H).

3¢ {IH} NMR (100 MHz, CDCls): & (ppm) = 8 151.7 (Car), 132.7 (CHar), 131.7 (CHar), 131.5 (CHa/),
129.4 (CHar), 128.5 (CHar), 128.2 (CHar), 125.5 (CHar), 125.5 (CHar), 123.6 (Car), 120.4 (Car), 89.7
(Caikyne), 88.8 (Caikyne), 34.9 (C(cn3)3), 31.3 (CHs).

Analytical data obtained were in agreement with the reported values.*®

Phenyl(4-(phenylethynyl)phenyl)methanone, 9f

Chemical Formula: Co¢H440
Molecular Weight: 282.34

Following the general procedure, from 4-bromobenzophenone (130.50 mg, 0.50 mmol) and
phenylacetylene (56.00 mg, 0.55 mmol) the product was obtained in 90% yield (127.00 mg) as a
light yellow solid.

'H NMR (400 MHz, CDCls): & (ppm) =& 7.83 (d, J = 8.2 Hz, 1H), 7.61 (t, /= 7.4 Hz, 1H), 7.52 (t, J =
7.7 Hz, 1H), 7.40 (d, J = 7.5 Hz, 4H), 7.35 (t, = 7.6 Hz, 4H), 7.29-7.26 (m, 3H).

13C {"H} NMR (100 MHz, CDCls): § (ppm) = 6 196.9 (C=0), 143.9 (Car), 137.7 (Car), 132.6 (2 x CHar),
132.6 (2 x CHar), 130.2 (2 x CHar), 130.2 (CHar), 128.6 (2 x CHar), 128.6 (CHar), 128.4 (2 x CHa/),
128.3 (2 x CHar), 127.7 (Car), 126.7 (Car), 76.4 (2 X Caikyne)-

Analytical data obtained were in agreement with the reported values.*
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1-(2-(phenylethynyl)phenyl)ethan-1-one, 9e

4 ! Chemical Formula: C1gH1,0

O Molecular Weight: 220.27
COMe

Following the general procedure, from 2-bromoacetophenone (99.50 mg, 0.50 mmol) and
phenylacetylene (56.00 mg, 0.55 mmol) the product was obtained in 92% yield (100.50 mg) as a
light yellow solid.

'H NMR (400 MHz, CDCls): & (ppm) = 6 7.62-7.59 (m, 2H), 7.52 (d, J = 8.0 Hz, 2H), 7.47 (d, J=7.1
Hz, 2H), 7.39-7.30 (m, 3H).

13¢ {*H} NMR (100 MHz, CDCls): 6 (ppm) = & 201.6 (Ccome), 134.0 (Car), 132.8 (Car), 131.9 (2 x
CHar), 129.1 (2 x CHar), 128.9 (2 x CHar), 128.5 (CHar), 128.0 (CHar), 127.6 (CHa/), 126.8 (Car), 119.1
(Caikyne), 69.3 (Caikyne), 30.5 (CHs).

Analytical data obtained were in agreement with the reported values.>®

1,3-dimethyl-2-(p-tolylethynyl)benzene, 9h

J

// Chemical Formula: Cq7H1g

O Molecular Weight: 220.32

Following the general procedure, from 2-bromo-1,3-dimethylbenzene (92.50 mg, 0.50 mmol)
and 4-tolylacetylene (64.00 mg, 0.55 mmol) the product was obtained in 88% yield (97.00 mg)
as a white solid.

1H NMR (400 MHz, CDCl): & (ppm) = 6 7.46 (d, J = 7.9 Hz, 2H), 7.18 (d, J = 7.8 Hz, 2H), 7.13-7.07
(m, 3H), 2.52 (s, 6H), 2.39 (s, 3H).

13C {"H} NMR (100 MHz, CDCls): & (ppm) = & 140.3 (Car), 138.4 (2 x Car), 131.4 (2 x CHar), 129.3 (2
X CHar), 127.7 (CHar), 126.8 (2 x CHa/), 123.3 (Car), 120.9 (Car), 98.2 (Caikyne), 86.6 (Caikyne), 21.7
(CH3), 21.3 (CH3).

Analytical data obtained were in agreement with the reported values.>?

296 |Page



1-methyl-3-((4-(trifluoromethyl)phenyl)ethynyl)benzene, 9i

J

// Chemical Formula: CqgH4F3

O Molecular Weight: 260.26

Following the general procedure, from 1-bromo-4-(trifluoromethyl)benzene (112.50 mg,

F3;C

0.50 mmol) and 3-tolylacetylene (64.00 mg, 0.55 mmol) the product was obtained in 71% vyield
(92.00 mg) as a white solid.

1H NMR (400 MHz, CDCls): & (ppm) = & 7.64-7.59 (m, 4H), 7.39-7.35 (m, 2H), 7.28-7.25 (m, 1H),
7.19 (d, J = 7.6 Hz, 1H), 2.37 (s, 3H).

3¢ {*H} NMR (100 MHz, CDCls): & (ppm) = & 138.3 (Car), 132.4 (d, J = 66.3 Hz, CF3), 131.9 (Ca/),
129.9 (2 x CHar), 129.0 (2 x CHa,), 128.5 (CHar), 127.4 (CHar), 125.4 (CHar), 123.0 (CHar), 122.5 (Car),
92.1 (Caikyne), 87.8 (Caikyne), 21.4 (CH3).

Analytical data obtained were in agreement with the reported values.>?

1-fluoro-4-(p-tolylethynyl)benzene, 9j

F

O Chemical Formula: C45H4F

E Z Molecular Weight: 210.25

Following the general procedure, from 4-bromotoluene (86.00 mg, 0.50 mmol) and
4-fluorophenyl-acetylene (64.00 mg, 0.55 mmol) the product was obtained in 65% yield (69.00
mg) as a white solid.

1H NMR (400 MHz, CDCls): & (ppm) = 6 7.51 (dd, J = 8.8, 5.4 Hz, 2H), 7.42 (d, J = 8.1 Hz, 2H), 7.17
(d, J=7.9 Hz, 2H), 7.05 (t, J = 8.7 Hz, 2H), 2.37 (s, 3H).

13C {*H} NMR (100 MHz, CDCls): & (ppm) = 6 163.5-161.5 (d, J = 248.8 Hz, CF), 140.2 (Ca/), 138.6
(CHar), 133.6 (CHar), 131.6 (CHar), 129.3 (CHar), 128.1 (CHar), 128.0 (CHar), 120.1 (CHar), 116.0 (Car),
115.9 (CHar), 115.7 (Car), 89.3 (Caikyne), 87.8 (Catkyne), 21.7 (CH).

Analytical data obtained were in agreement with the reported values.*®
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1-methoxy-4-(p-tolylethynyl)benzene, 9k

OMe
O Chemical Formula: C4gH440

I =7 Molecular Weight: 222.29

Following the general procedure, from 4-bromotoluene (86.00 mg, 0.50 mmol) and 4-methoxy-
phenylacetylene (73.00 mg, 0.55 mmol) the product was obtained in 60% yield (67.00 mg) as a
white solid.

H NMR (400 MHz, CDCls): & (ppm) = & 7.47 (d, J = 8.9 Hz, 2H), 7.41 (d, J = 8.1 Hz, 2H), 7.15 (d, J
= 7.9 Hz, 2H), 6.88 (d, J = 8.9 Hz, 2H), 3.83 (s, 3H), 2.36 (s, 3H).

13¢C {*H} NMR (100 MHz, CDCl5): & (ppm) = 6 159.6 (Car), 138.2 (Car), 133.1 (2 x CHar), 131.5 (2 x
CHar), 129.2 (2 x CHar), 120.6 (Car), 115.7 (2 x CHar), 114.1 (Car), 88.8 (Caikyne), 88.3 (Caikyne), 55.4

(CHs), 21.6 (CHs). Analytical data obtained were in agreement with the reported values.>!

9.6.8. Catalytic dimerization of terminal alkynes
9.6.8.1 General procedure

In air, a vial was charged with [IPr*-H][Pd(n3-2-Me-allyl)Cl,] (0.60 mg, 0.10 mol%), NaOMe, iso-
propanol (0.5 M) and a magnetic stir bar and sealed with a screw cap. The reaction was left to
stir at 60 °C for 1 h. Then the corresponding alkyne was added. The reaction was left to stir at

80 °Cfor 16 h.
9.6.8.2 Preliminary results

Following the general procedure, from phenylacetylene (51.00 mg, 0.50 mmol), the following

yields were obtained.

Table S-61: Preliminary results

Entries NaOMe (mmol) GC conversion (%)
1 0.75 99
2 0.50 99
3 0.06 99

An average of a minimum of two runs.
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9.6.8.3 Scope

In air, a vial was charged with [IPr*-H][Pd(n3-2-Me-allyl)Cl,] (0.60 mg, 0.10 mol%), NaOMe (1 mg,
0.06 mmol), iso-propanol (0.5 M) and a magnetic stir bar and sealed with a screw cap. The
reaction was left to stir at 60 °C for 1 h. Then the corresponding alkyne was added. The reaction

was left to stir at 80 °C for 1 h.

(E)-but-1-en-3-yne-1,4-diyldibenzene, 10a

O Chemical Formula: CqgH42

/
Z Molecular Weight: 204.27

O X
Following the general procedure, from phenylacetylene (51.00 mg, 0.50 mmol), the product was
obtained in 99% yield (51.00 mg) as a white solid.

'H NMR (400 MHz, CDCl5): § (ppm) = & 7.51-7.48 (m, 2H), 7.42-7.38 (m, 2H), 7.38-7.29 (m, 6H),
7.09 (d, J=16.2 Hz, 1H), 6.43 (d, J = 16.2 Hz, 1H).

13C {*H} NMR (100 MHz, d-benzene): 5 (ppm) = § 141.4 (CHalkene), 136.5 (Car), 131.7 (2 x CHa/),
128.9 (CHar), 128.8 (2 x CHar), 128.5 (CHar), 128.3 (2 x CHa/), 126.5 (CHar), 123.6 (Car), 108.3
(CHaikene), 91.9 (Caikyne), 89.0 (Caikyne)-

Analytical data obtained were in agreement with the reported values.*

(E)-4,4'-(but-1-en-3-yne-1,4-diyl)bis(methylbenzene), 10b

O Chemical Formula: CqgH4g

=
4 Molecular Weight: 232.33

O N
Following the general procedure, from 4-tolylacetylene (58.00 mg, 0.50 mmol), the product was
obtained in 99% yield (58.00 mg) as a white solid.

H NMR (400 MHz, CDCls): & (ppm) = 6 7.37 (d, J = 8.1 Hz, 2H), 7.33 (d, J = 8.1 Hz, 2H), 7.16 (t, J
=7.7 Hz, 4H), 7.10 (d, J = 16.2 Hz, 1H), 6.35 (d, J = 16.2 Hz, 1H), 2.36 (s, 6H).

13C {*H} NMR (100 MHz, CDCls): & (ppm) = 6 141.0 (CHaikene), 138.8 (Car), 138.4 (Car), 133.8 (2 x
CHar), 131.5 (2 x CHar), 129.6 (2 x CHar), 129.3 (CHar), 126.3 (CHar), 120.5 (Car), 107.3 (CHaikene),
91.7 (Caikyne), 88.6 (Caikyne), 21.7 (CHs), 21.5 (CHs).

Analytical data obtained were in agreement with the reported values.>
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(E)-4,4'-(but-1-en-3-yne-1,4-diyl)bis(methoxybenzene), 10c

OMe
O Chemical Formula: C4gH160,

O ~F Molecular Weight: 264.32
MeO

Following the general procedure, from 4-methoxyphenylacetylene (66.00 mg, 0.50 mmol), the
product was obtained in 98% yield (65.00 mg) as a white solid.

H NMR (400 MHz, CDCls): & (ppm) = & 7.47 (d, J = 8.9 Hz, 1H), 7.42 (d, J = 9.1 Hz, 2H), 7.37 (d, J
= 8.7 Hz, 1H), 6.96 (d, J = 16.2 Hz, 1H), 6.88 (t, J = 9.2 Hz, 4H), 6.26 (d, J = 16.2 Hz, 1H), 3.82 (s,
6H).

13¢C {*H} NMR (100 MHz, CDCl3): & (ppm) = 6 160.3 (Car), 160.1 (Car), 159.6 (CHaene), 140.2 (CHar),
134.2 (CHar), 133.0 (CHar), 129.5 (Car), 127.7 (CHar), 115.8 (CHar), 114.3 (CHa/), 114.1 (CHa/), 106.1
(CHatkene), 91.2 (Caikyne), 88.4 (Caiyne), 55.5 (CH3), 55.4 (CHs).

Analytical data obtained were in agreement with the reported values.>?

(E)-4,4'-(but-1-en-3-yne-1,4-diyl)bis(fluorobenzene), 10d

F
O Chemical Formula: C4gH4oF >

Z Molecular Weight: 240.25

2
e
Following the general procedure, from 4-fluorophenylacetylene (60.00 mg, 0.50 mmol), the
product was obtained in 98% yield (58.00 mg) as a white solid.
1H NMR (400 MHz, CDCls): § (ppm) = & 7.46 (dd, J = 8.7, 5.4 Hz, 2H), 7.41 (dd, J = 8.7, 5.4 Hz, 2H),
7.06-6.98 (m, 5H), 6.29 (d, J = 16.2 Hz, 1H).
13¢ {1H} NMR (100 MHz, CDCls): § (ppm) = & 164.1(d, J = 61.5 Hz, CF), 162.1 (d, J = 62.3 Hz, CF),
140.2 (CHar), 133.5(Car), 132.6 (CHar), 128.1 (CHar), 128.0 (CHar), 116.0 (CHar), 115.9 (CHar), 115.8
(CHar), 115.7 (CHaikene), 107.8 (CHaikene), 90.7 (Caikyne), 88.5 (Caikyne)-

Analytical data obtained were in agreement with the reported values.>*

(E)-3,3'-(but-1-en-3-yne-1,4-diyl)bis(methylbenzene), 10e

300 | Page



O Chemical Formula: CqgH4¢

=
zZ Molecular Weight: 232.33

Q 2
Following the general procedure, from 3-tolylacetylene (58.00 mg, 0.50 mmol), the product was
obtained in 99% vyield (57.00 mg) as a white solid.

H NMR (400 MHz, CDCl): & (ppm) = & 7.34-7.31 (m, 2H), 7.27-7.23 (m, 4H), 7.17-7.13 (m, 2H),
7.05 (d, J = 16.2 Hz, 1H), 6.42 (d, J = 16.2 Hz, 1H), 2.39 (d, J = 9.3 Hz, 6H).

13¢C {*H} NMR (100 MHz, CDCls): & (ppm) = 6 141.4 (CHakene), 138.5 (Car), 138.1 (Car), 136.4 (Car),
132.2 (CHar), 129.6 (CHar), 129.2 (CHar), 128.7 (CHar), 128.4 (CHar), 127.1 (CHar), 123.6 (Car), 123.4
(Car), 108.1 (CHaikene), 91.9 (Caiyne), 88.8 (Caikyne), 21.5 (CHs), 21.4 (CHs).

Analytical data obtained were in agreement with the reported values.>*

(E)-3,3'-(but-1-en-3-yne-1,4-diyl)bis(methoxybenzene), 10f

OMe

O Chemical Formula: C1gH10>

O S Molecular Weight: 264.32

OMe
Following the general procedure, from 3-methoxyphenylacetylene (73.00 mg, 0.50 mmol), the
product was obtained in 97% yield (72.00 mg) as a white solid.

1H NMR (400 MHz, CDCls): & (ppm) = & 7.28-7.22 (m, 3H), 7.08 (d, J = 7.6 Hz, 1H), 7.04-7.00 (m,
2H), 6.95 (br.s, 1H), 6.89 (ddd, J = 13.7, 8.2, 2.4 Hz, 2H), 6.39 (d, J = 16.2 Hz, 1H), 3.83 (s, 3H),
3.82 (s, 3H).

3¢ {{H} NMR (100 MHz, CDCls): & (ppm) = & 160.0 (Car), 159.5 (Car), 141.4 (CHaiene), 137.8 (Car),
129.9 (CHar), 129.6 (CHar), 129.6 (CHar), 124.5 (CHar), 124.3 (Car), 119.2 (CHar), 116.3 (CHar), 115.1
(CHar), 114.4 (CHa/), 111.7 (CHar), 108.5 (CHaikene), 92.0 (Caikyne), 88.8 (Caikyne), 55.4 (CHs).

Analytical data obtained were in agreement with the reported values.”®
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(E)-3,3'-(but-1-en-3-yne-1,4-diyl)dipyridine, 10g

Z
= XN Chemical Formula: C14HoN>
-~ Molecular Weight: 206.25
~
N

Following the general procedure, from 3-ethynylpyridine (52.00 mg, 0.5 mmol), the product was
obtained in 98% yield (50.00 mg) as a white solid.

'H NMR (400 MHz, CDCls): 6 (ppm) = 6 8.72 (dd, J = 2.1, 0.8 Hz, 1H), 8.66 (d, J = 2.2 Hz, 1H), 8.54
(ddd, J=4.7,3.1, 1.6 Hz, 2H), 7.78-7.74 (m, 2H), 7.32-7.28 (m, 2H), 7.09 (d, J = 16.3 Hz, 1H), 6.48
(d, J=16.3 Hz, 1H).

13¢C {*H} NMR (100 MHz, CDCl3): & (ppm) = & 152.4 (CHar), 150.0 (CHar), 148.9 (CHar), 148.5 (CHar),
138.7 (CHalkene), 138.5 (CHar), 138.5 (CHar), 132.7 (Car), 132.7 (CHar), 123.8 (Car), 123.2 (Car), 109.9
(CHalkene), 91.5 (Caikyne), 89.4 (Caikyne)-

Analytical data obtained were in agreement with the reported values.>?

(E)-3,3'-(but-1-en-3-yne-1,4-diyl)dithiophene, 10h

SN \ s Chemical Formula: C1,HgS»
= = // Molecular Weight: 216.32

Following the general procedure, from 3-ethynylthiophene (52.00 mg, 0.50 mmol), the product
was obtained in 98% yield (50.00 mg) as a white solid.

1H NMR (400 MHz, CDCls): & (ppm) = 8 7.46 (dd, J = 3.0, 1.1 Hz, 1H), 7.32-7.24 (m, 4H), 7.15 (dd,
J=5.0,1.2 Hz, 1H), 7.04 (d, J = 16.4 Hz, 1H), 6.21 (d, J = 16.1 Hz, 1H).

13¢C {*H} NMR (100 MHz, CDCls): & (ppm) = & 139.4 (Car), 135.2 (CHar), 129.9 (CHauene), 128.5
(CHar), 126.7 (CHar), 125.5 (CHar), 124.5 (CHar), 123.7 (CHar), 122.6 (CHaene), 107.9 (Ca:), 88.4
(Caikyne), 86.9 (Caikyne)-

Analytical data obtained were in agreement with the reported values.>®

(E)-non-3-en-5-yne-1,9-diyldibenzene, 10i

\_F Chemical Formula: CoqHy,
O Molecular Weight: 274.41
Following the general procedure, from 4-phenyl-1-butyne (65.00 mg, 0.50 mmol) the product

was obtained in 98% vyield (50.00 mg) as a white solid.
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IH NMR (400 MHz, CDCls): & (ppm) = 6 7.32-7.18 (m, 10H), 6.13-6.04 (m, 1H), 5.49 (d, J = 16.2
Hz, 1H), 2.87 (t, J = 7.5 Hz, 2H), 2.72 (t, J = 7.5 Hz, 2H), 2.60 (td, J = 7.6, 1.7 Hz, 2H), 2.41 (dd, J =
14.9, 7.5 Hz, 2H).

13C {IH} NMR (100 MHz, CDCls): & (ppm) = & 142.5 (CHakene), 141.5 (Car), 140.9 (Car), 128.6 (2 X
CHar), 128.5 (2 x CHas), 126.4 (2 x CHa), 126.1 (2 X CHas), 110.5 (CHaikene), 88.4 (Caiiyne), 79.8
(Calgne), 35.4 (CH,), 35.4 (CH,), 34.9 (CH,), 21.8 (CH,), 20.7 (CH,).

Analytical data obtained were in agreement with the reported values.*®

9.7 Chapter 7: Synthesis and application of [Au(NHC)(Bpin)]

complexes

9.7.1. Synthesis of [Au(NHC)(Bpin)] complexes.

9.7.1.1 General procedure

A vial was charged with the corresponding [Au(OH)(NHC)] complex and anhydrous methanol
(0.16 M) was added. The solvent was evaporated off under reduced pressure and 50 °C. This was
repeated 5 times. The vial was taken into the glovebox, where the vial was charged with a stirring
bar, bis(pinacolato)diboron (B,pinz) (1.10 equiv.) and benzene (0.16 M). The reaction mixture
was stirred for 20 h. Work up: In the glovebox the solvent was removed under reduced pressure.

The solid was washed with cold hexane. [Au(NHC)(Bpin)] was obtained as a white solid.

9.7.1.2 [Au(IPr)(Bpin)]

N -
: N/T\N :
%Y ﬁ
Alu

Following the general procedure [Au(OH)(IPr)] (300.00 mg, 0.49 mmol) was dissolved in
anhydrous methanol (3.00 mL). B;pin; (138.80 mg, 0.55 mmol) and benzene (3.00 mL) was
charged into the vial. [Au(IPr)(Bpin)] was obtained as a white crystalline solid in 84% yield
(302.00 mg).

'H NMR (400 MHz, benzene-dg): & (ppm) = § 7.12-7.10 (m, 2H, CHa), 7.04-7.02 (m, 4H, CHa),
6.27 (s, 2H, CHimid), 2.67 (sep, J = 6.8 Hz, 4H, CHy), 1.53 (d, J = 7.5 Hz, 12 H, CH3(pn), 1.08 (d, J =
6.1 Hz, 12 H, CHs(py), 0.98 (s, 12H, CH3gpin)).-
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13¢ {*H} NMR (100 MHz, benzene-dg): & (ppm) = 6 216.7 (Ccarbene), 145.8 (Car), 135.0 (Car), 130.4
(Car), 124.1 (Car), 122.6 (Cimid.), 79.8 (Capin), 29.0 (CHs(gpin)), 25.8 (CHsgpin), 25.1 (CHsgpin), 24.8
(CHsgen), 23.9 (CHaqpn).

118 NMR (400 MHz, benzene-dg): & (ppm) 49.87.

Elemental analysis: Expected: C 55.55, H 6.92, N 3.93. Found: C 55.62, H 6.85, N 3.82.

Vmax (thin film) = 2960 (C-Haikane stretching), 1458 (C-Haikane bending), 1363 (C=Caromatic bending),
1128 (C-O stretching).

9.7.1.3 [Au(SIPr)(Bpin)]
N— -~

N/j\N
Following the general procedure [Au(OH)(SIPr)] (100.00 mg, 0.16 mmol) was dissolved in
anhydrous methanol (1.00 mL). B,pin; (46.10 mg, 0.18 mmol) and benzene (3.00 mL) was
charged into the vial. [Au(SIPr)(Bpin)] was obtained as a white crystalline solid in 65% vyield
(77.00 mg).
1H NMR (400 MHz, benzene-dg): & (ppm) = § 7.10 — 7.01 (m, 6H, CHar), 3.11 (s, 4H, CHamia)), 3.04
(sep, J = 6.8 Hz, 4H, CHser)), 1.65 (d, J = 7.2 Hz, 12H, CHsspn), 1.20 (d, J = 8.1 Hz, 12H, CHxsen),
0.95 (s, 12H, CHs(zpin))-
13C {*H} NMR (100 MHz, benzene-dg): & (ppm) = 6 146.8 (Car), 135.1 (Car), 129.7 (Car), 128.6
(CHar), 124.4 (CHar), 79.7 (Capin), 53.9 (Cepin), 29.2 (CH3spin)), 25.7 (CHspin)), 25.7 (CHsger), 24.1
(CHsien).
118 NMR (400 MHz, benzene-ds): & (ppm): 49.16.
Elemental analysis: Expected: C 55.47, H 7.05, N 3.92. Found: C 55.80, H 7.05, N 4.06.
Vmax (thin film) = 2962 (C-Haiane stretching), 1483 (C-Haiane bending), 1456 (C-Haikane bending),
1363 (C=Caromatic bending), 1126 (C-O stretching).
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9.7.1.4 [Au(IPr)(Bpin)]

cl cl
N O=( ~
L N NP
%\(
Alu
o’B‘o

A

Following the general procedure [Au(OH)(IPr®)] (100.00 mg, 0.15 mmol) was dissolved in
anhydrous methanol (1 mL). Bypin; (41.60 mg, 0.16 mmol) and benzene (2 mL) was charged into
the vial. [Au(IPr)(Bpin)] was obtained as a white crystalline solid in 56% yield (65.00 mg).

'H NMR (400 MHz, benzene-dg): 5 (ppm) = 6 7.12-7.08 (m, 3H, CHa/), 7.02-7.00 (m, 3H, CHa/),
2.67 (sep, J = 7.3 Hz, 4H, CHgpy), 1.53 (d, J = 7.5 Hz, 12H, (CHsen), 1.10 (d, J = 7.5 Hz, 12H, CHs(en),
0.96 (s, 12H, CHa(epiny).

13C {*H} NMR (100 MHz, benzene-dg): & (ppm) = 8 216.5 (Ccarbene), 146.3 (Car), 131.7 (Car), 131.3
(Car), 128.6 (Car), 124.4 (Car), 119.2 (CHar), 80.0 (Cspin), 29.5 (CHsepin)), 25.7 (CHz(epin)), 25.0 (CHzqpr),
23.4 (CHs(pr)).

118 NMR (400 MHz, benzene-ds): & (ppm): 50.99.

Elemental analysis: Expected: C 50.72, H 5.93, N 3.59. Found: C 50.81, H 5.86, N 3.59.

Vmax (thin film) = 2960 (C-Hajkane stretching), 1583 (C-Haikane bending), 1463 (C-Haiane bending),
1372 (C=Caromatic bending), 1128 (C-O stretching), 850 (C-Cl stretch).

9.7.1.4 [Au(IPr*)(Bpin)]

Ph Ph

~-Ph Phwr

/\

s N\TNp\
PhE 7 Au Ph
Ph | Ph
B
(o]

A

Following the general procedure [Au(OH)(IPr*)] (100.00 mg, 0.09 mmol) was dissolved in

PN

anhydrous methanol (2 mL). Bpin; (24.60 mg, 0.097 mmol) and benzene (5 mL) was charged
into the vial. [Au(IPr*)(Bpin)] was obtained as a white crystalline solid in 70% yield (76.00 mg).
'H NMR (400 MHz, benzene-d¢): 6 (ppm) = & 7.82-7.80 (m, 4H, CHa/), 7.41-7.37 (m, 6H, CHa/),
6.99 (br.s., 35H, CHa), 5.84 (s, 2H,CHyer+), 5.58 (s, 2H, CHyer+)), 1.54 (s, 6H, CHaqpr), 1.15 (s, 12H,
CHs(gpin).-

13¢ {*H} NMR (100 MHz, benzene-ds): & (ppm) = 8 215.0 (Cearbene), 143.9 (Car), 143.2 (Car), 141.3
(Car), 140.1 (Car), 134.6 (CHar), 130.7 (CHar), 130.3 (CHar), 129.7 (CHar), 128.7 (CHar), 127.6 (CHa),
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126.6 (CHar), 126.4 (CHar), 123.2 (CHar), 110.1 (CHar), 79.9 (Capin), 51.3 (CHimig), 25.9 (CH3pin)),
20.9 (CHsqprv).

118 NMR (400 MHz, benzene-dg): § (ppm): 49.26.

Elemental analysis: C;5HssAuBN,O, CH,Cl,: C 68.99 H 5.42 N 2.21. Found C 69.84 H 5.94 N 2.32
Vmax (thin film) = 3059 (C-Haikane stretching), 1598 (C-Haikane bending), 1492 (C-Haiane bending),
1444 (C=Caromatic bending), 1105 (C-O stretching).

9.7.2 Preliminary experiments

[Au(IPr)(Bpin)] (0.11 mmol, 8.00 mg) was transferred to a NMR tube inside the glovebox,
benzene-de was added followed by R (0.11 mmol). The NMR tube was stirred for 5 min, and then
a 'H NMR spectrum was recorded. The NMR tube was heated to 60 °C for 16 h, and then a *H
NMR was recorded.

R = p-tolyladehyde (0.011 mmol, 1.35 mg)

R = diphenylacetylene (0.11 mmol, 2.00 mg)

R = phenylacetylene (0.11 mmol, 1.90 mg)

R = styrene (0.11 mmol, 1.00 mg)

9.7.2.1 In situ experiment with p-tolyladehyde:

[Au(IPr)(OH)] (0.11 mmol, 7.00 mg) was transferred to a vial and anhydrous methanol (0.5 mL)
was added. The solvent was removed under reduced pressure at 50 °C. This was repeated 4
times. The vial was transferred to the glovebox where benzene-d¢ (0.4 mL) was added followed
by Bzpin; (0.01 mmol, 3.12 mg) and p-tolyladehyde (0.11 mmol, 1.30 mg). The mixture was
transferred to a NMR tube and the tube was shaken for 5 min. The first *H NMR spectrum was
taken. Next the tube was heated to 50 °C for 1.30 h. Second 'H NMR was taken. Next the NMR
tube was heated to 60°C for 16 h. The third NMR spectrum was taken. The solution changed

colour from colourless to reddish/brown.

No change in *H NMR spectra observed
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9.7.3 Activation of H,

T\ ol
WV/ SN\ _H, atmospherg, \Vr
A + d-benzene,
U Au
| 60 °C, 16h |
/B\ H

[ONe}

A

In the glovebox, [Au(IPr)(Bpin)] and triethylamine were added to a J Young NMR tube followed
by benzene-de.

A 'H NMR spectrum was recorded and no change was observed. The J Young NMR tube was
exposed to H, via freeze pumping 3 times on the Schlenk line, no change was observed via H
NMR spectroscopy. Then the tube was heated to 60 °C for 16 h. No change was observed for
reaction a), b) and c). A new complex was observed for reaction d). [AuH(IPr)] was synthesised
guantitatively. The reaction mixture was concentrated and washed with pentane. [AuH(IPr)] was
isolated in 97% yield (5.00 mg).

Table S-62: Activation of H,

Entry Mr Mass Moles Equiv.
[Au(IPr)(Bpin)] 713.54 mg/mol 7.00 mg 0.009 mmol 1.00

a) NEt; 101.19 mg/mol 0.50 mg 0.0045 mmol 0.50
b) NEt; 101.19 mg/mol 1.00 mg 0.009 mmol 1.00
c) NEt; 101.19 mg/mol 2.00 mg 0.019 mmol 2.00
d) NEt; 101.19 mg/mol 2.70 mg 0.027 mmol 3.00
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Au(IPr)(BPin)

IO’ | N A

Au(IPr)(BPin) + NEt3 + H2

| |

\\[ /
A I AV

Au(IPr)(BPin) + NET3 + H2 after overnight heating

“\
i ,d}_'. . L l L .Jht..,' |

Au(IPrH

T T T T T T T T T T T r T T T T
8.0 7.3 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5
f1 (ppm)

Figure S-1: 'H NMR specta of the activation of H,

9.7.3.1 [AuH(IP1)]

'H NMR (400 MHz, benzene-ds): 5 (ppm) =8 7.24 (t, J = 7.9 Hz, 2H, CHa,), 7.09 (d, J= 7.9 Hz, 4H,
CHar), 6.31 (s, 2H, CHimig), 5.09 (s, 1H, Au-H), 2.70 (sept., J = 7.4 Hz, 4H, CH»), 1.49 (d, / = 6.8 Hz,
12H, CHsgen), 1.11 (d, J = 6.4 Hz, 12H, CHs(en).

13C {*H} NMR (100 MHz, benzene-dg): & (ppm) = 8 204.5 (Ccarbene), 145.9 (Car), 135.1 (Car), 130.5
(CHar), 124.1 (CHar), 122.4 (CHar), 29.1 (CHier), 25.0 (CHsgen), 23.9 (CHsgen)-

Analytical data obtained is in agreement with literature.®’
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9.7.4 Reaction with HNO;

N~ ~ N -~
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H ;

In the glovebox, [Au(IPr)(Bpin)] (10.00 mg, 0.01 mmol) and HNOs (0.88 mg, 0.01 mmol) were
added to a J Young NMR tube followed by benzene-ds. The tube was shaken for 5 min at room
temperature.

'H NMR spectrum was recorded and a new complex was detected. The crude mixture was
concentrated and washed with hexane. The solid was identified as [Au(IPr)(ONO,)], which is in
agreement with the literature.”® The complex was isolated in 98% yield (8.80 mg). The hexane

filtrate was concentrated and identified as B,pin,.

[Au(IPr)(ONO,)]

'H NMR (400 MHz, benzene-dg): & (ppm) = & 7.16-7.10 (m, 2H, CHa), 7.03 (d, J = 12.4 Hz, 4H,
CHar), 6.27 (s, 2H, CHimia), 2.45 (sept, J = 8.7 Hz, 4H, CHpr), 1.36 (d, J = 7.8 Hz, 12H, CHsen), 1.04
(d, J = 7.8 Hz, 12H, CHs(py).

13C {*H} NMR (100 MHz, benzene-dg): & (ppm) = 8 175.3 (Ccarbene), 164.7 (Car), 145.7 (Car), 134.1
(CHar), 133.7 (CHar), 131.1 (CHar), 130.9 (CHar), 124.5 (CHar), 123.7 (CHal), 123.2 (CHa), 28.9
(CHsgen), 24.6 (CHsgen), 24.4 (CHsgen), 24.1 (CHsgpn).

szinz
'H NMR (400 MHz, benzene-dg): 5 (ppm) = 6 1.01 (s, 12H).

9.7.5 Reaction with HCOOH

/N 3 ‘7@/ \éQ
NN
%\( ﬁ RN )
AIU + HCOOH benzene’ rt [ )>___AU—AU——<( ] O/ \o
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In the glovebox, [Au(IPr)(Bpin)] (10.00 mg, 0.01 mmol) and HCOOH (1.90 mg, 0.04 mmol) were
added to a J Young NMR tube followed by benzene-ds. The reaction was monitored for 3 h. *H
NMR were recorded after 5 min, 1 h, 2 h and 3 h. Crystals were grown using benzene in pentane.
'H NMR (400 MHz, benzene-dg): 6 (ppm) = & 13.33 (s, 2Hsormato), 8.62 (s, 4Himia), 7.31 (t, J = 8.4
Hz, 4Hary), 7.06 (d, J = 7.4 Hz, 8Hary), 2.44-2.40 (m, 8Hipr(chy), 1.25 (s, 10Hipricn3), 1.16 (d, J = 7.2
Hz, 21Hpr(ch3)), 1.04-1.01 (m, 30Hpr and 8pin)-

13C {H} NMR (100 MHz, benzene-ds): & (ppm) = 6 186.5 (COHtormato), 164.8 (C), 145.7 (C), 133.6
(C), 131.1 (CHar), 131.0 (CHar), 124.7 (CHar), 124.5 (CHar), 124.4 (CHar), 29.0 (CHier), 28.9 (CHipr),
25.0 (CHsqer), 24.7 (CHsqen), 24.5 (CHsqen), 23.9 (CH3qer), 23.7 (CH3qer)-

Elemental Analysis for Cs3sHssAuBN,O, 2CH,Cl,: C 49.24 H 6.00 N 3.59. Found C49.55 H6.04 N
3.60

Vmax (thin film) = 2962.66 (C-H(OCOH)stretching), 1610.20 (C=0 stretching), 1458.18 (CH,
bending), 1384.89 (CHs bending), 1263.37 (C-O stretching).

9.7.5.1 Mechanistic studies

a)
(0] b -d (0]
(PHAU—H  + L . Jig
H” “OH -2 (IPr)Au—0~ "H

Procedure: In the glovebox, [Au(IPr)H] (15 mg, 0.025 mmol) was transferred into a J-Young
NMR tube, followed by HCOOH (1.2 mg, 0.025 mmol) in benzene-de (0.5 mL). The NMR tube
was shaken for 5 min and a 'H NMR spectrum was taken, confirming the formation of
[Au(IPr)(OCOH)].

'H NMR (400 MHz, benzene-ds): & (ppm) = 6 9.23 (s, 1H, CHrormato), 7.18-7.16 (m, 2H, CHa,),
7.00 (d, J=7.6 Hz, 4H, CHa/), 6.22 (s, 2H, CHimig), 2.57 (sept, J = 6.5 Hz, 4H, CHypr), 1.45 (d, J = 7.6
Hz, 12H, CHsen), 1.03 (d, J = 8.1 Hz, 12H, CHs(er).

b)

O:t
O O - =

/U\ . HB/\ benzene-dg IPrAu—H + " O Bb
IPrAu—0”~ ~H e} _<O

Procedure: In the glovebox, [Au(IPr)(OCOH)] (10 mg, 0.015 mmol) was transferred into a J-Young
NMR tube, followed by 4,4,5,5-tetramethyl-1,3,2-dioxaborolane (HBpin) (2 mg, 0.015 mmol) in
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benzene-ds (0.5 mL). The NMR tube was shaken and a *H NMR was taken, confirming the
formation of [Au(IPr)H].

'H NMR (400 MHz, benzene-ds): 6 (ppm) =& 7.24 (t, J = 7.9 Hz, 2H, CHa/), 7.09 (d, J= 7.9 Hz, 4H,
CHar), 6.31 (s, 2H, CHimig), 5.09 (s, 1H, Au-H), 2.70 (sept., J = 6.4 Hz, 4H, CHier), 1.49 (d, J = 6.8 Hz,
12H, CHsey), 1.11 (d, J = 6.4 Hz, 12H, CH3qen).

Oﬁ/H
(o] O + O
U + HE HCOOH H | 8‘5’*
— N % Cd \
IPrAu=0" "H o i benzene-dg IPrAu“—AulPr A O
H™ ~O

Procedure: In the glovebox, [Au(IPr)(OCOH)] (20 mg, 0.032 mmol) was transferred into a J-Young
NMR tube, followed by HBpin (4 mg, 0.032 mmol) and benzene-d¢ (0.5 mL). Afterwards, HCOOH
(2.9 mg, 0.032 mmol) was added. The NMR tube was shaken and a 'H NMR was taken after 16
h, confirming the formation of [Aux(IPr)(p-H)][(OCOH),Bpin].

'H NMR (400 MHz, benzene-dg): 5 (ppm) = 6 13.33 (s, 2Htormato), 8.62 (s, 4Himia), 7.31 (t, J = 8.4
Hz, 4Hary), 7.06 (d, J = 7.4 Hz, 8Hary), 2.44-2.40 (M, 8Hiprchy), 1.25 - 1.01 (M, 60H b and spin)-

9.7.7 Synthesis of [Au(IPr)(OCOH)] from [Au(IPr)(OH)]

3 NN ; benzene-d S NN g
\r c> + HCOOH Enzene-dey, <j Y Q}
rt, 16 h A
i A |
OH (@) o

H

Outside the glovebox [Au(IPr)(OH)] (200.00 mg, 0.33 mmol) was added to a round bottom flask,
followed by formic acid (12.50 pL, 0.33 mmol). The mixture was dissolved in anhydrous toluene
(50 mL) and left to stir for 16 h. The crude product was concentrated and washed with pentane.
[Au(IPr)(OCOH)] was obtained as a white powder in 92% isolated yield (192.00 mg).

'H NMR (400 MHz, benzene-dg): & (ppm) = 6 9.26 (s, 1H, CHformato), 7.21-7.19 (m, 2H, CHa,),
7.04 (d, J = 8.2 Hz, 4H, CHa/), 6.25 (s, 2H, CHimig), 2.55 (sept, J = 8.7 Hz, 4H, CHys), 1.48 (d, J=7.5
Hz, 12H, CHsen), 1.06 (d, J = 8.2 Hz, 12H, CHs(pr).

13C {*H} NMR (100 MHz, benzene-ds): 6 (ppm) = 6 175.6 (COH), 168.4 (C), 166.7 (C), 145.8 (C),
134.1 (CHar), 130.9 (CHar), 124.4 (CHar), 123.3 (CHar), 123.2 (CHar), 29.0 (CHipr), 24.6 (CHsger),
24.5 (CHsqer), 24.2 (CHsqpr).

Vmax (thin film) 2960 (O-H stretch), 1641 (C=0 stretch), 1469 (O-H bend).
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9.7.9 Reactions with Mel
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9.7.9.1 Time optimisation

Inside the glovebox, [Au(IPr)(Bpin)] (50.00 mg, 0.07 mmol) was added to a NMR tube, followed

by methyl iodide (9.95 mg, 0.07 mmol) and the mixture was dissolved in benzene-dg (0.6 mL).

'H NMR spectra were taken over 16 h.

r Au(IPr)(Bpin) + Mel 45 min
\

Au(lPr)(Bpin) + Mel 1.30 h

Au(IPr)(Bpin) + Mel 215 h

Au(lPr)(Bpin) + Mel 3 h

Au(IPr)(Bpin) + Mel 4.30 h

Au(IPr)(Bpin) + Mel 5.30 h

e

Au(lPr)(Bpin) + Mel 6.30 h

Au(PTyBpin) + Mel 7300

Au(lPr)(Bpin) + Mel 16 h

Figure S-2: Time optimisation of [Aul(IPr)].

The crude mixture was concentrated and washed with pentane. *H NMR of the solid was

recorded and identified as [Aul(IPr)].
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[Aul(IPr)]

-

; N?N _
|
|
H NMR (400 MHz, benzene-ds): & (ppm) = 6 7.20-7.18 (m, 2H, CHa,), 7.03 (t, J = 7.8 Hz, 4H,
CHar), 6.23 (s, 2H, CHimia), 2.55 (sept, J = 6.8 Hz, 4H, CHpy), 1.42 (d, J = 6.8 Hz, 12H, CHs(en), 1.05
(d,J = 7.5 Hz, 12H, CHsqpy).
3C {*"H} NMR (100 MHz, benzene-de): & (ppm) = & 187.3 (Cearbene), 145.7 (Car), 134.3 (Car), 131.0

(Car), 124.4 (CHar), 122.4 (CHar), 82.8 (CHimig), 29.0 (CHipr), 25.0 (CHsqen), 24.7 (CHsqen), 24.0

(CHsgpr). This is in agreement with the literature.>®

2,4,4,5,5-pentamethyl-1,3,2-dioxaborolane

,O:E :
—B,

\

O

'H NMR (400 MHz, benzene-ds): 6 (ppm) = 6 1.05 (s, 12H, CH3), 0.39 (s, 3H, CHa)

NMR analysis was in agreement with a commercially available sample.

9.7.10 Reaction with tolyl iodide

@¢ 5 b = @
S8t

Bpin

Outside the glovebox [Au(IPr)(Bpin)] (10.00 mg, 0.01 mmol) was added to a NMR tube, followed
by methyl iodide (6.10 mg, 0.03 mmol) and the mixture was dissolved in benzene-ds (0.6 mL).
The reaction was left to stir for 48 h in air. The crude product was concentrated and washed
with pentane. 'H NMR spectrum of the solid was recorded and the compound identified as

[Aul(IPr)].

[Aul(IPr)]
'H NMR (400 MHz, benzene-ds): & (ppm) = 6 7.20-7.18 (m, 2H), 7.02 (d, J = 8.1 Hz, 4H), 6.23 (s,
2H), 2.55 (sept, J =9.2 Hz, 4H), 1.42 (d, /= 6.9 Hz, 12H), 1.05 (d, / = 6.8 Hz, 12H)

This is in agreement with the literature.>
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9.7.10.1 Catayltic borylation of tolyl iodide

Outside the glovebox, a vial was charged with [Au(NHC)(Bpin)] (5 mol%), iodotoluene (55.00 mg,

0.25 mmol), Bypin, (95.00 mg, 0.38 mmol), NaOMe (21.00 mg, 0.38 mmol), THF (1 mL), a

magnetic stirring bar and sealed with a septum cap. The reaction was stirred at room

temperature (24 °C) for 16 h. A sample was taken and analysed via GC analysis and the

conversion was based on iodotoluene. No side products were detected via GC analysis and NMR

analysis.

4,4,5,5-tetramethyl-2-(p-tolyl)-1,3,2-dioxaborolane

© Chemical Formula: C13H4gBO,
Molecular Weight: 218.10

1H NMR (400 MHz, CDCls): & (ppm) = & 7.75 (d, J = 7.6 Hz, 2H), 7.21 (d, J = 7.7 Hz, 2H), 2.39 (s,

3H), 1.37 (s, 12H).

13C {*H} NMR (100 MHz, CDCl5): § (ppm) = & 141.5 (Car), 134.9 (CHar), 128.6 (CHar), 83.7 (Capin),

25.0 (CH3spin)), 21.8 (CHs).

Table S-62: Preliminary results for the catalytic borylation of tolyl iodide.

Entries [Au(NHC)(Bpin)] (mol%) GC conversion (%)
1 [Au(IPr)(Bpin)] (5 mol%) n.r.
2 [Au(IPr®)(Bpin)] (5 mol%) n.r.
3 [Au(IPr*)(Bpin)] (5 mol%) 6.
4 [Au(SIPr)(Bpin)] (5 mol%) 99
5 [Au(SIPr)(Bpin)] (3 mol%) 62
6 [Au(SIPr)(Bpin)] (1.5 mol%) 53

GC conversion was based on 4-iodotoluene, average of two runs.
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9.7.11 Computational analysis

Results were obtained by Laura Falivene and Luigi Cavallo

Computational details. Dissociation free energies have been calculated using the Gaussian09
package. The BP86 GGA functional of Becke and Perdew was used. Geometry optimizations were
performed with the standard split-valence basis set with a polarization function of Ahlrichs and
coworkers for H, C, N, O, F and B atoms (SVP keyword in Gaussian), while the quasi relativistic
small-core Stuttgart effective core potential (ECP) was used for Gold (SDD keyword in
Gaussian09). The reported free energies have been obtained via single point energy calculations
with the triple-T basis set of Ahlrichs for H, C, N, O, F and B atoms (TZVP keyword in Gaussian09).
Solvent effects, CH,Cl,, were included using the PCM method. The dissociation free energies
reported have been computed as the free energy difference between the fully optimized
IPr-Au-L (L = BPin, F, OH) complexes and the optimized fragments corresponding to IPr-Au* and

L fragments for the gold-anion bond, and to the IPr and Au-L fragments for the gold-IPr bond.

To have a better understanding of the bonding in the three complexes, energy decomposition
analysis (EDA) has been performed using the Amsterdam Density Functional (ADF) program. The
analysis was performed starting from the ADF optimized structure of the IPr-Au-L complexes, by
rigid fragmentation of the complex. The electronic configuration of the molecular systems was
described by a triple-{ STO basis set with a polarization function (ADF basis set TZP). Relativistic
effects have been inlcuded via ZORA approximation. The local exchange-correlation potential by
Vosko et al., augmented in a self-consistent manner with Becke’s exchange gradient correction

and Perdew’s correlation gradient correction, was used in this analysis.

The energy decomposition analysis (EDA) has been performed computing the bond snapping
energy (BSE) corresponding to the interaction of two rigid fragments that both possess the local
equilibrium geometry of the final molecule and which both have an electronic structure suitable
for bond formation.

Although BSE does not always correlate with the bond dissociation enthalpies, since
reorganization and relaxation of the fragments are not taken into account, BSE is closely related
to bond enthalpy terms, which in turn provide a good approximation to bond strength values.
In addition, BSE can be decomposed into two main components, namely steric interaction

AEo and orbital interaction AEin: (egn (1)):
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BSE = —[AEy + AE;,+] (1)
The steric interaction term AEocan be split further into an electrostatic interaction term
AEeistat and a Pauli repulsion term AEpaui, Which is directly related to the two-orbital electron
interactions between occupied orbitals on both interacting fragments (eqn (2)):

AEy = AEgistar + AEpqui (2)

where AEeistat constitutes a stabilizing contribution to BSE, AEp.ui constitutes a destabilizing
contribution, and it is the relative size of electrostatic interaction and Pauli repulsion that
determines the overall character of the steric interaction term.
The total orbital interaction energy AEin: can be broken down further into contributions from the
orbital interactions within the various irreproducible representations 7 of the overall symmetry
group of the system (eqn (3)):

AEp; = Y AEL, (3)

All the molecules studied in the present work possess Cs symmetry; the NHC and the BPin
ligands are located in the o, mirror plane of the molecule. Therefore, A’ contributions to the
orbital interaction energy are associated with o-bonding and A” contributions represent
n-bonding. The A’ and A” contributions of the orbital interaction energy are further divided into
both o/n—donation and o/m—backdonation.

In order to estimate these interactions, additional constrained space orbital variation (CSOV)
calculations have been performed. In particular, to assess the contribution of /m-donation, the
bond decomposition analysis was performed by again considering the interaction of the
fragments, but now excluding the set of virtual a’ and a” orbitals of the ligand from the
variational space. This way, the A’/A” contribution of the orbital interaction energy can be
associated only with the ligand to metal fragment donation. Similarly, the amount of
o/m-backdonation is determined explicitly excluding all virtual a’ and a” orbitals on the [Au]

fragment.

Results. As a first step, we calculated the accurate dissociation free energy in CH,Cl; of both the
anionic ligand L (L= BPin~, F-, OH™) and of IPrfrom the IPr-Au-L systems. The energy to dissociate
the anionic ligand L increases in the order F (212 kJ/mol) < OH (263 kJ/mol) < BPin (376 kiJ/mol).
Conversely, the energy to dissociate IPr decreases upon moving from F~ to OH™ to BPin~, with

272, 236 and 105 kJ/mol, respectively. These results indicate that BPin™ is a ligand clearly
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different from F~ and OH~, and that it remarkably weakens the Au-IPr bond. To have a better
understanding of the differences between the Au-BPin and the Au-F and Au-OH bonds, as well
as of the different impact of BPin™ on the Au-IPr bond compared to that of F~ and OH~, we
performed an energy decomposition analysis (EDA).

In these calculations, the geometry of the metal fragment is kept rigid and we calculated the
heterolytic BSE, which means fragmenting the complex into cationic [IPr-Au]* and anionic [BPin]
fragments. As expected, electrostatic interaction is the most important attractive bonding force,
since the fragments are ions. The total steric interaction AEy is stabilizing, indicating that the
attractive electrostatic interaction overcompensates the Pauli repulsive term (-1740 vs.
+1320 kJ/mol). The orbital term is mainly constituted by o interaction consisting for the 60% of
filled molecular orbitals on the ligand interacting with empty orbitals on the metal (ligand-to-
metal o-donation), the remaining 40% deriving from interaction of filled molecular orbitals on
the metal interacting with empty orbitals on the ligand (metal-to-ligand o-backdonation). As
regard the smaller in magnitude 1 interaction, it is ascribed both to donation from the ligand to
the metal (55%) and to the retro-donation from the metal to the ligand (45%). Overall the bond
strenght of 837 kJ/mol is almost 50%-50% shared between the steric and orbital terms (-420 vs

-417 kJ/mol).

Table C-1. Bond decomposition analysis (in kJ/mol) of the (IPr)Au-L and IPr-Au(L) bonds for L =
BPin, F, OH.
(IPr)Au-BPin  (IPr)Au-F (IPr)Au-OH IPr-Au(BPin)  IPr-Au(F) IPrAu(OH)

AEeistat -1740 -800 947 619 923 -882
AEpayi 1320 408 547 670 887 877
AE, -420 392 -399 52 -36 5

AEin: (0) -366 -243 -276 -188 -264 -249
AEin: () -52 -62 -81 -34 71 71
AEint -418 -305 -357 222 -335 -320
BSE -838 -696 -756 -170 371 -325

As comparison, we considered the IPr-Au-F and the IPr-Au-OH systems and we performed the
BSE analysis of the Au-F and Au-OH bond, see Table C-1. The data reported in Table C-1 indicate
that the decreased strength of the Au-X (X= F, OH) bond, 696 and 756 kJ/mol, compared with
the Au-BPin bond, 838 kJ/mol, is mainly ascribed to the much lower orbital interaction term
AEn, which is 113 and 61 kl/mol weaker for the Au-F and the Au-OH bonds, respectively, while
the steric term AEo is substantially the same for both systems (oscillating in a 20 kJ/mol window).

Interestingly, despite of the similar magnitude in AEo, the AEgistat and AEpaui components of AEg
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are remarkably lower in the Au-F and Au-OH bonds, which indicates that these bonds are less
polarized than the Au-BPin bond.

This result is confimerd by the Hirshfeld charge analysis showing a charge of -0.71 and -0.38e on
F and OH, respectively, versus a charge of -0.82e on BPin. Correspondingly, the positive charge
on Au is larger in the F and OH systems (0.75 and 0.52e for X = F and OH, respectively) than in
the BPin system (0.83e). As for the orbital interaction term, the m contribution is marginally
larger in the Au-F and Au-OH system, while the o term is clearly larger in the Au-BPin complex
due to the strong o-back-donation [Au] = ligand (the first empty o orbital on Bin~is clearly more
stable than that on F-and OH"). Overall, these results suggest that the increased strength of the
Au-BPin bond is a consequence of its high ionic character, leading to stronger electrostatic
interaction, and of increased orbital interaction correlated to a stronger o-backdonation from
the metal to the ligand.

Moving to the Au-IPr bond, we performed a bond decomposition analysis fragmenting the
complex into the neutral Au[L] and [IPr] fragments. The BSE analysis shows the opposite trend
relative to that reported for the Au-BPin/FL bond. Infact, the Au-IPr bond is 200 and 155 kJ/mol
stronger in the Au-F and Au-OH systems, relative to the Au-BPin system. The clearly weaker IPr-
Au bond in presence of BPin is almost equally distributed in the overall steric interaction term
AEo and the overall orbital interaction term AEi. In the following we report the HOMO and

LUMO analysis, see Figure C-1.

Figure C-1. Images of HOMO and LUMO for IPr-Au-BPin at top and of HOMO for IPr-Au-F (on the
left) and IPr-Au-OH (on the right) at bottom.
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The LUMO arising from the NHC m moiety, with contribution of orbitals on the aryl N-
substituents, is almost identical for the three systems. As an example, the LUMO of the IPr-Au-
BPin system is reported in Figure 1. Moving to the HOMO, the Au-F and Au-OH complexes differ
significantly from the Au-BPin one. The Au contribution is clearly higher in the BPin system,
47.6% vs 31.5% and 19.4% in the F and OH systems, respectively. The orbitals involved are the
Au dyx2.2, mainly, with a small contribution from the Au d,; for the BPin system, and the HOMO
results in a strong bonding interaction from the Au center to the O-B-O moiety, with the B atom
mainly participating with the s and p, orbitals. Differently, in the F and OH complexes the HOMO

corresponds to an antibonding interaction between the Au d,; and the p, of F and OH.
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