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Abstract

Chapter 1: Gives the reader a background on carbenes paying particular attention to N-
heterocyclic carbenes (NHCs). The chapter describes NHC’s electronic and structural
properties and their behaviour as ligands. The recent usage of NHC-palladium complexes

as catalysts for cross-coupling reactions is explored.

Chapter 2: Provides a background on NHC-palladium complexes bearing N-donors as
throwaway ligands, highlighting the importance of throw-away ligands on catalytic
activity. The chapter describes the preparation of a number of novel NHC-palladium
complexes bearing throw-away ligands and the activity of (IPr*)PdCI>(TEA) in

Buchwald-Hartwig aminations is explored.

Chapter 3: Provides a background on the Mizoroki Heck reaction, focusing on the
importance of charged intermediates in the process. Then reviews the current
development of anionic NHC-palladium complexes in the literature. An account of the
discovery and preparation of novel [(NHC)PdCI3[TBA] complexes and the catalytic
activity of [(SIPr)PdCI3[TBA] in Mizoroki-Heck coupling reactions is given. A plausible
Amotore-Jutand type mechanism is proposed which is supported by DFT calculations

provided by research collaborators.

Chapter 4: Provides a background on C-H activation reactions catalysed by palladium
compounds with particular focus on acetoxylation reactions. The chapter describes the
synthesis of [(NHC)PdCI>X][Y] complexes including the development of
[(IMes)PdCI2OAC][TBA] and its performance in acetoxylation reactions. A proposed
mechanism for the reaction of [(IMes)PdCI.OACc][TBA] is discussed, using experimental

observations.

Vi



Contents

1 INtroducCtion....————————————————— 1
1.1  Carbenes....—————————————_— 1
1.2 Electronic Effects of Substituents on Carbene Multiplicity ........coousssnnns 2

1.2.1  INAUCLIVE EFfECES ot sssas 2
1.2.2  MeSOMETIC EffECES .ot snsas 3
1.3  Steric Effects of Substituents on Carbene MultiplicCity .......ccounmmmreresesnnnns 6
1.4 Persistent Singlet Carbenes: Synthesis and Stability .........ccounnnninininnens 6
1.4.1  Phosphinosilyl and Phosphinophosphonio Carbenes..........cccovnerirniennee. 7
1.4.2  Acyclic AMIN0 Carbenes......oerinrennssessses s sssssssssssens 9
1.4.3  N-Heterocyclic Carbenes ........uneieenessssssssesssssessessssssssssssssssssseens 11
1.4.4  Cyclic DiphoSphinoCarbenes.......curninerensinsenessesssessssssssssssssessssssssssssas 15
1.4.5  Cyclopropenylidene Carbene.......eneneninsnessenssnessssssssssssssssssssssssssssas 17
1.5 Bonding of NHCs to Metal Centres.........cumnmmmnmmsmsssss 18
1.5.1  Nature of the NHC-metal bond......concenrrcrcrereseeereeseeseeseeseesesseeseeees 18
1.5.2  Abnormal CarbeNES.......oeereceeeceeeeeseeesseeseeseesesssse s ssesssssessssssssessssssees 20
1.5.3  Tuning electronic effects of NHCs as ligands......c.ccocneneneeneenceneeneeneenceneenens 21
1.5.4  Stericimpact of NHC ligands......oounermnenrnennssesssessesssssssssssessessseens 23
1.6 (NHC)-Palladium Complexes used in Cross Coupling Reactions........ 27
1.6.1  Suzuki-Miyaura Cross-CoUPling ... 29
1.6.2  Negishi REACION ...t 34
1.6.3  Buchwald-Hartwig Aminations..........esssessssssssseens 35
1.6.4  Hiyama COUPING.....ccorreriririsereessrisessesssssss s ssssssssssssesssssseens 37
1.6.5  Sonogashira COUPING ... sssssesssssseens 39
1.6.6  Heck-Mizoroki CroSS-COUPIING .....ccoceeereremreereereereeeesemsessessesseesessesssssessessessesees 42
1.6.7 Kumada-Corriu Cross-COUPING.....cccocermreremreeneereeremseeseesemseesessessessessessessessees 45
1.7  ReferencCes ... 46

2 N-Donors as Throw-away Ligands ... 52

2.1 BacKground ... 52
2.1.1  (NHC)PACI2(Py) COMPIEXES ...cuvevriririrririrsrsissesssisssssessesssssssssssssssssssessssssssns 53
2.1.2  (NHC)PACI2(Im) COMPIEXES....cririririrririrsrisissesssisssssessessssssssssssssssssssssssssssnes 61
2.1.3  (NHC)PACI2(TEA) COMPIEXES...corirmerreermrerensressesssesssssessessessssssesssessssssesssssssses 62

vii



2.2  DiscusSion and ReSUILS....ccciurrrmrsmssssssssssssssasssassssssssssssssssssssssssssssnssssssnssssssssses 64

2.2.1  Synthesis of novel (NHC) palladium complexes with N donors as throw

AWAY LIGANAS. ..o 64
2.2.2  Comparative testing of (IPr")PdCl2(TEA) as a precatalyst in Buchwald-
Hartwig aminations ... 71
2.2.3  ScOPEe Of FEACLIVILY ..ovvueerircesirsrsis s ssssnss 72
% N 6 1 Tol 11 1) 4 74
2.4  EXperimental ... 74
2.5  RefErenCeS ... 80

3 [(NHC)PdCI3][TBA] complexes as catalysts for the Mizoroki-Heck Reaction

.82

3.1  BacKground ... 82
3.1.1 Discovery of the Mizoroki-Heck reaction.......onnnnessnnenssnenenssnenes 82

S 700 7/ Y (=T o = 1 0 L) o o U T 83
3.1.3  Anionic (N-Heterocyclic Carbene) palladium complexes.......cccrruerenne 98
3.1.4  Investigation AIM ... 99
3.2 Discussion and Results........sss 100
3.2.1  Synthesis of [TBA][(NHC)PdACl3] complexes........cumememmrnmererreeseerennnns 100
3.2.2  Catalyst OptimiSation ... 102
T8 TN Yol0) o T 0] 8 == Vot A4 1 PSSR 105

S J0Z S\ (=Tod o - U s U £ o oo OO OO 106

R 20 TR 071 1 Lol 11 E3 1) 1 L, 107
3.4 Experimental ... 108
R RS T 20 ) ) 1 Lol L, 112

4 Synthesis of [(NHC)PdClz0Ac][TBA] complexes and a study of their

activity in acetoxylation reactions. ......um———————— 115
4.1 BacKZround .......ssssssssssssssssssssssssssssssssssssssssssssssssses 115
4.1.1  Origins of transition metal catalysed C-H functionalisation................ 115
4.1.2  Mechanisms of C-H activation by transition metal complexes........... 118
4.1.3  Concerted metalation-deprotonation (CMD) .......ccoorerererereererrerressensenne 118
4.1.4  OXidative addition .....correereereereeseiseeesesessesseesesses e ssssessessessesssssessssssssssseans 119
4.1.5  Sigma-bond Metathesis. ... 119



4.1.6 Transition metal carbene mediated C-H activation ........coeeevveeerniennns 120

4.1.7  Single electron transfer-involved deprotonation ... 121
4.1.8  Hydrogen atom transfer .......emeneesesssssssessesssssesssssssssssssessssssssseens 122
4,19  Directed C-H functionalisation of aromatic compounds........c.ccuuuee. 123
4,1.10 Palladium catalysed acetoxylation reactions ... 127
4.1.11 Investigation AIMS ... ——————— 131
4.2 Discussions and Results........ccoummnmnmnsssssssss 131
4.2.1  INItial tESTINEG ..ot s 131
4.2.2  Synthesis of [TBA][(NHC)PdCl20Ac] complexes.......corrmrrerrersesrsrnenns 134
4.2.3  Reaction optimiSation......u s 135
4.2.4  SUDSITAte SCOPE vt s sssaes 138
4.2.5 Mechanistic INSIGNT ... 140
4.3 CONCIUSION v —————— 146
4.4 Experimental ... 146
4.5 References .....miiisssss——————. 153



1 Introduction

1.1 Carbenes

Carbenes are neutral, divalent derivatives of carbon containing six valence electrons with
a formal charge of zero. The existence of carbenes was first postulated in 1903 by Edward
Buchner in cyclopropanation studies of ethyl diazoacetate with toluene, and the simplest
carbene: methylene (:CH2) was identified by Herzberg in 1959.! Although in the
following decades some information regarding the synthetic utility of carbenes was
obtained, it was not until 1988 when attempts to isolate them were successful.> The
carbene moiety consists of two covalent bonds and two nonbonding electrons localised
on the carbon (Table 1.1).

Table 1.1 Common reactive intermediates of carbon

Carbon reactive Structure Number of Number of Valence
intermediates covalent bonds electrons

Carbanions | 3 8
Radicals | 3 7

—Ce

|

Carbenium ion | 3 6
Carbenes \C . 2 6

/ L]

Carbenic carbons can exist with either a bent or linear geometry using differing amounts
of hybridisation. Linear geometry would require a sp-hybridised carbon centre with two
nonbonding degenerate orbitals (px and py). Bending the molecule involves the carbon
adopting sp? hybridisation, removing the degeneracy of the orbitals resulting in one p
orbital remaining the same (known as px) and the other adopting some s character (known
as o). The linear geometry is rare as most carbenes are bent with frontier orbitals
systematically called pr and o. The frontier orbitals of the carbene could be filled in four
possible ways (Figure 1.1) firstly with the two nonbonding electrons located in two



different orbitals with parallel spins, known as the triplet state 1a, or spin paired in the
same orbital known as singlet states 1b, 1c (with 1b generally being the most stable) and
finally spin paired in different orbitals 1d known as an excited singlet state. This ground
state spin multiplicity is an integral feature of carbenes and dictates their reactivity, for
example: triplet carbenes have two singly occupied orbitals and are therefore regarded to
behave as diradicals, whereas singlet carbenes possess a filled and a vacant orbital and

can be nucleophilic or electrophilic in nature.

pTC pTC pT[ pn
for goe for ho
(&) c (e (¢
R R R R
Gl pnl 62 pnz G1 pnl

la 1b lc 1d

Figure 1.1 Electronic configurations of bent carbenes.

Theoretically almost all carbenes have the potential to exist in either the triplet or singlet
state, however this ground state multiplicity is affected by the relative energy of the ¢ and
p- orbitals. If the difference in energy between the two orbitals is large (2 eV or more
calculated by Hoffmann?) then the singlet state would be favoured, however if the o-p;
energy separation is small, then the triplet state would be the more favoured electronic
configuration due the reduced electron-electron repulsion generated. Since as mentioned
above the carbene ground state multiplicity is dependent on the relative energies of the o
and pr orbitals, it is not surprising that substituents on the carbene have an effect on this.

This influence has been analysed in terms of electronic and steric effects.
1.2 Electronic Effects of Substituents on Carbene Multiplicity

1.2.1 Inductive Effects

Research in the 1970s by Harrison et al. showed that the ground states of carbenes could
be altered when substituents were changed.® This work involved changing the
substituents from electropositive lithium to hydrogen, then to electronegative fluorine

2



(although mesomeric effects also contribute to the latter), this established that - electron
withdrawing substituents favour the singlet over the triplet state. These observations can
be rationalised by considering perturbation of the orbital diagrams (C2v symmetry) of the
carbenes, as shown o- electron withdrawing substituents inductively stabilize the o
nonbonding orbital thus increasing the c-px energy gap and favouring the singlet state
(Figure 1.2a), conversely o- electron donating substituents induce a reduction of the 6-px

gap resulting in the triplet state being favoured (figure 1.2b).

pr,y,z Pr (bl)
sz,y,z
c (ap)
2s __C__)__ b,
Q 2
X
X
- 9__ -
b
C Atom ? Substituents C Atom Substituents
A B

ay
4

Figure 1.2 Inductive effect of substituents on c-p, energy gap (A) o- electron withdrawing substituents.
(B) o- electron donating substituents.

1.2.2 Mesomeric Effects

While inductive effects do play a role in dictating the ground state multiplicity of
carbenes, mesomeric effect contributions have been found to be more profound.®
Substituents interacting with the carbenic centre can be placed in two classes: X
substituents, which consist of =- electron donating groups such as halides, amines,
phosphines, oxygen and sulphur and Z substituents which consist of =- electron

withdrawing groups such as carbonyls, cyanide, boron containing substituents and



trifluoromethyl. Singlet carbenes can therefore be classified according to the type of
substituent with three combinations possible (X-X), (Z-Z) or (X-Z) carbenes.

(X-X) carbenes: In this type of carbene the o-p, energy gap is increased via the increase
in energy of the vacant p. orbital of the carbenic carbon through interaction with the
symmetric combination of the substituent lone pairs (Figure 1.3) therefore favouring the
singlet state. Donation of the X substituents lone pairs results in the formation of a
polarised four electron three centre  system. This interaction means the C-X bond show
some multiple bond character therefore (X-X) carbenes are best described as two
zwitterionic superimposed structures with a negative charge at the carbenic centre. They

are predicted to exist as bent singlet carbenes.’

.
TN

1/28+ 1/28+

Figure 1.3 Perturbation of orbital diagram due to mesomeric effects of electron withdrawing groups.

(Z-Z) carbenes: This type of compound is predicted to exist as a linear singlet motif in
which, the symmetric combination of the substituent vacant orbitals interacts with the
filled py orbital of the carbenic carbon (Figure 1.4). Since only the py orbital has the
correct spatial orientation (perpendicular to the valence plane) to interact with the vacant

orbitals the px-py degeneracy is broken making these carbenes have a singlet state even

4



though they have a linear geometry. This substitution pattern results in the formation of
a polarized two electron three centre  system, which is described as two zwitterionic

superimposed structures with a positive charge at the carbenic centre.

Z--7Z
. o+
I—C—Z7 «&——» 7——C——=7
1/26- 1/26-

Figure 1.4 Perturbation of orbital diagram due to mesomeric effects of electron donating groups.

(X-Z) carbenes: This is the last possible electronic configuration which consists of a
combination of X and Z substituents. In this format the X substituent lone pair interacts
with the py orbital destabilising it, while the Z substituent vacant orbital interacts with the
px orbital stabilizing it (Figure 1.5). Both of these interactions favour formation of the

singlet state and result in a polarised allene-type system, which is pseudo linear.



pm

Z
Px
Py
C
c
X
o5+ S-

X—C—Z <> 7——C——=Z

Figure 1.5 Perturbation of orbital diagram due to mesomeric effects of a combination electron donating
and withdrawing groups.

1.3 Steric Effects of Substituents on Carbene Multiplicity
Although electronic effects are more significant, in cases where they are negligible, steric
effects can dictate the ground state multiplicity of the carbene. Bulky substituents stabilise
all types of carbenes to a certain extent by blocking reactants approach to the carbenic
centre. However since increasing the steric bulk of the carbene substituents would result
in a broadening of the carbenic angle leading to a more linear geometry, the triplet state
which derives its electronic stability from the degeneracy of the frontier orbitals is more

stabilised by this increase.

1.4 Persistent Singlet Carbenes: Synthesis and Stability
Most carbenes are very short lived (transient) and normally exist as reactive
intermediates, however there is a class of these compounds known as persistent carbenes

that are stable enough to be isolated.



1.4.1 Phosphinosilyl and Phosphinophosphonio Carbenes

Stable phoshinocarbenes can be prepared via the decomposition of diazo compounds
which is a classical method for the synthesis of many transient carbenes. The first reported
method for the preparation of an a-diazophoshine 4 (Scheme 1.1) was in 1985 and was
achieved via the reaction of the lithium salt of trimethylsilyldiazomethane 2 with one
equivilant of bis(diisopropylamino)chlorophosphine® 3. Further work by Betrand et al.?
established that the corresponding phosphinosilylcarbene 5 could be formed from the a-
diazophoshine via dinitrogen elimination by thermolysis (250 °C under vacuum) and that
this compound which was isolated as a red oil in an 80% yield was stable for weeks at

e

P—C—SiMe,
-Licl / N /
N N
)74 >_5

Scheme 1.1 First synthesis of phosphinosilylcarbene.

room temperature.

VO e

1
/P—C| + Li—C—SiMe; — P—C—SiMes
N>7
3

2

A number of phosphinosilylcarbenes have been prepared using the same procedure. %
However, only a few of them were found to be stable at room temperature (Table 1.2).
Studies have shown that bulky substituents kinetically stabilize phosphinosilylcarbenes
but this stability is often inversely proportional to that of the diazo precursors.!! It has
also been reported that the silyl functionality at the carbenic centre can be replaced by an

isoelectronic isovalent phosphonion substituent without any loss of stability.



Table 1.2 Stability of a number of Phosphinosilyl and Phosphinophosphonio Carbenes and the Diazo-

precursors.
Rlﬁ—EZ—Rs and RliD'—'ci—R3
RZ R?
4 5
R? R? R3 Diazo Stability Carbene
Stability
b.p 75-80 °C,
b.p 85-90 °C, 102 mmHg
4a,5a i-Pro2N | i-PraN | SiMes 102 mmHg Several weeks at
25 °C
4b,5b Tmp? i-Pr2N | SiMes Few minutes at Several weeks at
25°C 25°C
4c, 5¢ Tmp? MezN Si(i- Several days at Several weeks at
Pr)s 25 °C 25 °C
1 hat35°C
4d, 5d Tmp? Me;N | SiMes Several days at Several weeks at
25 °C 25 °C
1 hat35°C
4e, 5e Tmp? Ph SiMes Few minutes at Few hours at
25°C 25°C
4f, 5f c-HexzN C- SiMe3 Stable 24 h at Several weeks at
HexoN 70 °C 25 °C
4q, 59 i-Pro2N | i-Pra2N | PR2H™ | Not observed at m.p. 88°C
25 °C indefinitely at
25 °C
4h, 5h i-ProN | i-PraN | PRoCI™® | Not observed at Few days at
25°C 25°Cin
solution

Tmp = 2,2,6,6-tetramethylpiperidino; "R= N-iPr,.




Investigations into the nature of the bonding system in phosphinosilylcarbenes have been
carried out using single-crystal X-ray analysis,'> NMR spectroscopy, and theoretical
calculations.™® The results of these techniques suggest that phosphinosilyl and
phosphinophosphonio carbenes exist as singlets wherein the phosphino group act as X
substituents with their lone pair interacting with the carbenes vacant orbital, and the silyl
or phosphonio groups act a Z substituents with the carbenic lone pair interacting with

their low lying ¢~ orbitals.

1.4.2  Acyclic Amino Carbenes

(Pr)N. _NGPr); (PPN O—Ar SN __Ar (PrN___PR,

.o R/ \C/

\C/
6 7 8 11

R = t-Bu, Ad, i-Pr
R'= t-Bu, N(iPr),, Ph

Figure 1.6 Acyclic amino carbenes.

With the aim of developing nucleophilic catalysts based on derivatives of imidazol-2-
ylidenes the first acyclic diaminocarbene (Figure 1.6) 6 was isolated in 1996.* It was
prepared as stable solid via the deprotonation of N,N,N".N -tetraisoproplyformamidinium
chloride by lithium diisopropylamide (LDA). Analysis of this compound by single crystal
X-ray diffraction showed that both C-N bonds have substantial double bond character
implying an X-X carbene classification. Non cyclic X-X carbene system are rare probably
due to their decreased stability and co-ordination ability when compared to their cyclic
counterparts. In fact to date predominately diamocarbene 6 and amino-alkoxy carbene 7
have been used as ligands.”®> A Density Functional Theory (DTF) study of
diaminocarbene 6 found that this carbene has a much smaller singlet-triplet energy gap
and stronger nucleophilicity than cyclic analogues.*®

Research by Bertrand in 2001 found that one amino substituent bonded to the carbenic
carbon is sufficient to stabilise the system and permit isolation at room temperature.'’
The second substituent can be a spectator group that merely affords some degree of steric

protection only. The first compound of this new class of carbenes (X-spectator) 8 was



prepared by the deprotonation of the iminium salt 9 with potassium hydride at 78°C in
tetrahydrofuran (THF) under an argon atmosphere (Scheme 1.2). This amino-arylcarbene
10 was found to be stable for days at -50°C but only stable at room temperature for a few
hours. Following the same procedure described above a number of amino-arylcarbenes

have been synthesised.

t-Bu t-Bu t-Bu t-Bu
| K i
_—>
t-Bu/@\\Cli - tBu” C
-H, -
H t-Bu

t-Bu
-78 °C
9 10

Scheme 1.2 First synthesis of a stable amino-arylcarbene.

The aryl group’s role as a spectator in the stabilisation of the carbenic centre was proven
both by X-ray analysis and carbene reactivity. The X-ray structure of amino-arylcarbene
9a showed that the N-C bond length was shorter (1.283 + 0.003 A) in comparison to
diaminocarbenes, implying a stronger donation of the nitrogen lone pair into the vacant
carbene orbital. Also the carbene to aryl carbon bond length was longer (1.453 + 0.003
A) and the carbene bond angle more acute (121.0° + 0.2°) when compared to analogous
X-Z carbenes such as phosphino-arylcarbenes. In terms of carbene reactivity, amino-
arylcarbenes were found to undergo coupling reactions with tert-butyl isocyanide at room
temperature, which is typical of transient singlet carbenes but not observed with X-X
carbenes, demonstrating that in the case of amino-arylcarbenes the vacant carbene orbital

remains accessible.

10



Later work by Bertrand and co-workers, aimed at exploiting the reactivity of the spectator
substituent which is not electronically involved with the carbenes stability, led to the
synthesis of amino-phoshinocarbene 11.%8 In this molecule the phosphino groups retains
it pyramidal geometry, due to it high planarization energy*® and is therefore available for
further co-ordination to a metal centre. As a consequence carbenes of this type can behave

as a, B-bidentate ligands.

1.4.3 N-Heterocyclic Carbenes

N-heterocyclic carbenes are a specific type of persistent carbene where the carbenic
carbon is located within an N-heterocyclic structural motif.?° Over the last few decades
they have become a dominate feature in the fields of organocatalysis,?® and
organometallic chemistry.?° Imidazole and imidazoline 5-membered heterocycles are the
most common and will be the focus of this section but other classes are known (Figure
1.7).

iPr I}liPr iPr, R2 RS R? O O
N/P\N - /N:(
_N_ Y _N_ N
R1 R1 \R2 N N
Y N N/ 2ad” 7 N2Ad
iPr iPr Y=0,S

Figure 1.7 Examples of structural variety of NHCs.

Before the isolation of stable NHCs was achieved, research in the early 1960s by
Wanzlick probed the reactivity of in situ generated NHCs (Scheme 1.3) and identified the

nucleophilic nature of these reactive species.?
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0
J\ 0, H,O H_/<

PhN™ "NPh PhHN NPh
_/ 25°C 110 °C __/
Ph
Ph Ph / Ph
N N N HCI N
P Ph N 25°C N
b Ph
PhN_ _NPh C,(CN), PhCHO PhN_ _NPh
NC. CN H
25 °C 130 °C
NC CN o) Ph

Scheme 1.3 Early reactivity studies of NHCs.

Based on these findings Wanzlick et al. described direct synthesis of metal-carbene

complexes,? prepared without isolation of the free carbene (Scheme 1.4).

20
Ph Ph
® N\ <) Hg(OAc), N® " ©
2 [ o, | ——— " u [ N p j 2C10
N> ! -2AcOH N>_ < !
PhN
Ph Ph ®

Scheme 1.4 Direct synthesis of NHC-metal complex

Despite these insights, the real potential of NHCs as ligands for transition metal chemistry
was not realised until Arduengo et al. published the synthesis and high stability of the
carbene IAd (13) in 1991 (Scheme 1.5).%* This compound, which was generated via the
reaction of imidazolium chloride 12 with NaH and catalytic DMSO in THF, was
significant because its high stability allowed detailed characterisation of a free carbene

for the first time.

No\e NaH, cat. DMSO, THF N
Y/ > A
Lo -NaCl, -H, -
Cl

Scheme 1.5 Synthesis of 1Ad.
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Initially the stability of this carbene was thought to be purely a result of the sterically
demanding N-substituents. A following publication from the same group reported the
synthesis of a further four more analogous carbenes,?® prepared via the same methodology
which were far less sterically hindered but also relativity stable (Figure 1.8). After these
findings attention naturally turned to identifying why some species were stable and
isolatable while others were not.

>=( A //\ R R =Me, R=Me
NN~ /Q/NVN@\ R=H,R =Me
- R - R R=HR=Cl
R R

Figure 1.8 Stable NHCs isolated by Arduengo.

As mentioned earlier in this chapter a key factor in carbene stability is the size of the
singlet-triplet energy gap (singlet species are more stable). NHCs are best described as
X-X carbenes which are stabilised mesomerically, via the donation of electron density
from adjacent lone pairs on the hetero atom to the empty p orbital of the carbene and
inductively due to the electronegativity of the nitrogen groups relative to carbon. These
systems are further stabilised due to their cyclic nature,® which constrains the spatial
orientation of the carbenic carbon into a bent geometry favouring the singlet state (Figure
1.9). Other factors which can increase NHC stability include increasing the aromaticity

of the heterocycle?” and the use of sterically demanding N-substituents.?®

Figure 1.9 Bonding arrangement in NHCs.

As interest in the chemistry of NHCs has grown, driven in part by their high utility as
ligands for transition metal catalysts, numerous methods for their preparation have been
developed. A full discussion of every synthetic route is beyond the scope of this chapter,
however the earliest common route to the most utilised NHCs such as IMes, SMies, IPr

and SIPr involves the deprotonation of the corresponding imidazolium salt using a strong
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base, 2 typically NaH or KH in the presence of a catalytic amount of KO'Bu (Scheme
1.6). The imidazolium salt precursor can be prepared in a multistep process beginning
with the condensation of glyoxal with the corresponding aryl amine in the presence of an
acid catalyst to produce the desired diazabutadiene 14 (DAD). The DAD can either be
reduced using NaBHs or LiAlH4 then ring closed with triethylorthoformate in the
presence of an ammonium salt to yield the saturated precursor, or directly treated with
paraformaldehyde under acidic conditions if the unsaturated precursor is required. This
methodology is only suitable for synthesising symmetrical imidazolium salts, where the

N-substituents are the same.

CH(OEt),
NH,CI
/7 \ ®
—_—
R—NH HN—R RN N~Rr
Cl©
NaBH/
"
o) O  H*cat 7\
R—NH, + - > R—N N—R
H H 14
CH,0, HCI\‘ @N/=\N
R "R
Cl1o

Scheme 1.6 Common route to symmetrical imidazolium and imidazolidinium salts.

A versatile method for the preparation of unsymmetrical imidazolium salts,*® was
described in 2006 by Furstner et al. (Scheme 1.7). The key feature of this synthetic route
was the exchange of the oxygen in the oxazole heterocycle with various amine based
reaction partners such as substituted anilines, primary and secondary amines, as this
tolerance to many functional groups facilitated the preparation of many previously

unattainable NHC precursors.

14



RE 0 RE 0O b R 0 ¢ R* R

a
H —_— _— —_— OAc
HO RS R'-NH R® R'—N R —
o R gvo
oxX
d
R* R® R* RS
(3
= 1 OH
— - RN N<
RN ~R? xR
oX oX

Scheme 1.7 Synthesis of unsymmetrical imidazolium salts. [a] R*NH;, HCI cat, toluene. [b]
MeC(O)OC(O)H. [c] Ac20, HX. [d] R2NH,, toluene. [e] Ac.0O, HX cat.

1.4.4 Cyclic Diphosphinocarbenes

In a 1996 seminal paper by Schleyer et al.l® it was stated that the intrinsic © donor
capacities of heavier elements such a phosphorus are as large or in some cases larger than
those of their second row counterparts such a nitrogen, and that their apparent observed
donor inferiority is a result of their difficulty in attaining the required planar
configuration. This information coupled with the isolation of stable NHCs led other
groups to research the synthesis of cyclic diphosphinocarbenes (PHCs) in the hopes of
developing viable alternatives to NHCs in catalysis. The earliest example of a PHC was
reported in 1999,%! and reported the synthesis of 1-3-diphosphacyclobutane-2,4-diyl-
ylidenides (15) via deprotonation using LDA (Scheme 1.8). It was found that this
compound could be stored under inert atmosphere for some time without decomposition.
Unfortunately ab initio calculations on model compounds, NBO analysis and X-ray data
of its Lewis acid adduct 16 revealed significant pyramidalization of the phosphorus atoms
which led to low singlet-triplet energy gap and would therefore imply poor performance

as an NHC mimic.
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Scheme 1.8 First synthesis of PHC.

Later work reported the synthesis of complexes with titanocene (17) and zirconocene (18)
containing a PHC as a ligand (Scheme 1.9).3? These complexes were only able to be
analysed spectroscopically and were found to be unstable in the absence of solvent.

Preliminary DFT calculations confirmed the nucleophilic character of the carbenes in the

complexes.
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/
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Scheme 1.9 Metal PHC complexes.

In 2005 the first synthesis of a stable isolatable PHC was reported.®® This synthetic
approach (Scheme 1.10) consisted of: a [3+2] cycloaddition of a diphosphallylic cation
19 with acetonitrile in the presence of silver trifluorometnesulfonate or gallium trichloride
to produce the desired salt 20, followed by deprotonation of the salt by lithium
bis(trimethylsilyl)amide to yield the target free PHC 21.
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Scheme 1.10 Synthetic route to isolatable stable PHCs.

This carbene is the diphosphorus analogue of Enders” NHC and contains bulky P-
substituents to attempt to sterically facilitate the planarization of the phosphorus atoms.
The X-ray diffraction analyses of compounds 20 and 21 revealed that this was successful,
as both molecules expressed an almost planar environment with regards to the phosphorus
centres. As a consequence the calculated singlet-triplet gap was larger than all other PHCs

reported though still not as large as Enders” NHC.

1.45 Cyclopropenylidene Carbene

The existence of cyclopropenyilidene was proven in 1985 by astronomical detection,*

and has now been inferred to be the most abundant cyclic hydrocarbon observed in

interstellar space.®® Despite this fact, the isolation this class of molecule in the laboratory

remained elusive until 2006 when it was reported by Bertrand and co-workers. *¢ In this

paper the bis(dialkylamino)cyclopropenylidene (22) was prepared by the deprotonation

of the cyclopropenium salt (23) with potassium bis(trimethylsilyl)amide (Scheme 1.11).
<

Sl S
N7
l
\( % Y Dry ether Y ; Y
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22

Scheme 1.11 First Synthesis of Cyclopropenylidene carbene in the laboratory.

Single crystal X-ray diffraction analysis of the molecule found that the amino groups and

ring were nearly coplanar which suggests interaction of the nitrogen lone pairs with the
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electron deficient  system of the ring. This interaction coupled with the acute carbene
angle induced by the three carbon ring and the sterically demanding N-substituents result
in a large calculated singlet-triplet energy gap and therefore a more stable carbene.

Molecule 22 was found to be air sensitive, but very thermally stable.

1.5 Bonding of NHCs to Metal Centres

As mentioned above in recent years NHCs have found considerable utility as ligands in
transition metal catalysts. As a result of this, research into understanding the bonding
nature of NHCs to metal centres and the influence of that bonding on the properties of
the metal has been of great importance. NHCs were considered to behave as ligands in a
similar fashion to phosphines, since both bind to metal centres via dative co-ordination
using a lone pair of electrons. In fact in the early days of NHC development they were
labelled as “phosphine mimics”.®” However as research continued the ligand properties

of these two classes of compounds have diverged considerably.

1.5.1 Nature of the NHC-metal bond

The Tolman electronic parameter (TEP) is the most typically used method to determine
the donating ability of NHCs.*® This method was first designed to investigate the
electronic properties of phosphanes®®, and involves the analysis of CO stretching
frequencies of M-L complexes (Figure 1.10). The stretching of the CO bonds is derived
from the © donation of electron density from the metal centre into the anti-bonding orbital
of the CO bond and is dependent on how electron rich the metal is. Hence the degree of
donation from the NHC ligand to the metal will have a correlation to the C-O bond
distance and therefore the IR stretching frequency. A number of NHCs have been

characterised in this manner,*® and have been found to be strongly donating.

RNYNR RN NR RN NR

NinC=0  qeIrC= C=0
% ! ci-f
W I G

o 0

Figure 1.10 Systems commonly used for TEP analysis of NHCs.
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NHCs were originally believed to be purely o donors. However, later studies have shown
that though the principal interaction between an NHC and a metal is ¢ donation, a degree
of m bonding and = back-bonding is possible (Figure 1.11). For example in 2005 Nolan
et al. reported that = donation from a NHC was responsible for the high stability of a low

valent, 14 electron Ir complex.*!

0 Y
GE{ 8 | L oo | (21 %
0 0

n—backbonding o- donation n-donation

Figure 1.11 Contributions to metal-NHC bond.

The importance of  back-bonding was highlighted by Hu et al.*? with the analysis of the
NHC C-N bond lengths for a series of [Z(IMes).] (Z = Ni° Ag?, I") complexes (Figure
1.12). In the nickel complex 23, the metal is comparably electron rich and so donates
electron density into the anti-bonding N-C orbital resulting in lengthening of the C-N
bond. In the case of complex 24, in which the metal centre is less electron rich, the back
bonding potential is diminished and therefore the C-N elongation is less pronounced. The
C-N bond is shortened further in the iodine complex 25 which has no filled d orbitals at

all and consequently cannot back bond at all.

23 Z=Ni® d(C-N) = 1.375A
] 247 = Ag' d(C-N) = 1.358A
257=1" d(C-N)=1.346A

Figure 1.12 Effect of & back-bonding in bis(NHC) compounds.

Research by Bertrand and co-workers reported the synthesis of an NHC ligand 26,*
where one of the nitrogen atoms in the ring had a fixed orientation which prevented its
donation of electron density into the carbenic carbons’ empty p-orbital (Figure 1.13). This
carbene was found to be still as nucleophilic and ¢ donating as other NHC analogs,

however it had a smaller singlet- triplet energy gap and was more m-accepting.
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Figure 1.13 Tuning the bonding nature of the NHC-metal bond via structural confinement.

As shown in the examples above, the bonding nature of NHCs to metals is a more nuanced
affair then originally believed, and though ¢ donation is the most predominate mode of
bonding, the amount of which these other bonding modes contribute to the overall
strength of the metal-NHC bond is dependent on both the electronic arrangement of the

metal and structure of the NHC.

1.5.2 Abnormal carbenes

The conventional bonding motif of NHCs to a metal centre involves co-ordination via the
C2 position, however systems where binding occurs in the C4 or C5 positions have been
synthesised (Figure 1.14). These compounds, known as abnormal NHCs (aNHCs) or
mesoionic carbenes (MICs) exhibit different electronic properties as ligands, which

naturally confers different reactivity when compared to the metal-NHC complexes.

R R
N N
| 0
R L P
N
R LM g

Normal NHC Abnormal NHC

Figure 1.14 Normal vs abnormal bonding of NHCs to a metal centre.

The first example of an aNHC complex 27 was synthesised in 2001,* by the reaction of
a pyridine-substituted imidazolium salt 28 with IrHs(PPh3). (Scheme 1.12). Currently
there are two main methods of the synthesis of aNHCs. The first method is via the
deprotonation of the C4 or C5 position using a strong base.* Since the C2 proton of
imidazolium salts is more acidic than the C4 or C5 protons, it must be blocked either by
direct substitution at the C2 position,*® or by careful selection of N substituents.*” The
second method is by the oxidative addition of the imidazolium salt to a low —valent group
10 metal such as Pd° or Pt° via an C-X bond (X=Br,I) on the C5 position in the ring.*®
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Scheme 1.12 First synthesis of an aNHC complex.

Abnormal carbenes have been found to more nucleophilic and more m-accepting than
their NHC congeners, due to the absence of the second neighbouring electron

withdrawing nitrogen.*

1.5.3 Tuning electronic effects of NHCs as ligands

The structural features of an NHC which can be modified to tune its electronic properties
when co-ordinated to a metal centre are: i) the electronic nature of the C4-C5 backbone
(saturated or unsaturated), ii) substitution on the carbon atoms in the NHC backbone and
iii) variation of the N-substituents (Figure 1.15). As mentioned earlier, the key
experimental parameter used in assessing the electronic properties of NHCs as ligands is
measuring the CO stretching frequency vay, by IR spectroscopy. This methodology has
been used to explore the effect of modifications on the three structural features outlined

above.

Saturated / Unsaturated .
Replacement of hydrogens with other groups

4.
L

N

R N\R ———— varying N substituents

Figure 1.15 Handles for modification of a typical NHC for tuning its electronic properties as a ligand.
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The electronic nature of the C4-C5 bridge was found to have a negligible effect on the
binding properties of the NHC, only resulting in a 2-3 cm™ variation in stretching
frequency.® More impact has been observed when considering substitution on the C4 and
C5 carbon atom. For example, replacement of the hydrogens on those carbon atoms of
complex 28 with more electron withdrawing Cl atoms as in complex 29, resulted in the
average CO stretching frequency shifting from 2024 to 2028 cm™ (Figure 1.16).* It has
been reported that changing the nature of the N-substituents can have some effect on the
NHCs electronic properties (less the 5 cm™).%° In general alky N-substituents are better

electron donors then aryl N-substituents.

Ay Q% :
iPr OC ] iPr OC iP
28 29

V= 2024 cm™ Va= 2028 cm™”

Figure 1.16 Tuning electronic properties of NHC through backbone modification.

The greatest impact on the electronic properties of NHC is derived from the modification
of the para position of an aromatic N-substituent. Switching from a strongly electron
donating group (NEt,) to a strongly electron withdrawing group (SO2-(p-tolyl)) results in
the average CO stretching frequency increasing by 8 cm™(Figure 1.17).! Experimental
testing and quantum mechanical calculations have been carried out to understand how
these groups could influence the electronic properties of the NHC to such a great extent,
despite being 7 o bonds away from the metal. These studies concluded that this interaction
occurs via a ‘through space’ donation from the Cipso atom of the N-substituent either
directly into the empty d orbitals of the metal or into an appropriately orientated

electronically suitable group attached to the metal.>?

N N R = NEt, Vay= 2022 cm™
R Y\Cl R R=Me Vay = 2025 cm!
i R = SO,-(p-tolyl) v,,= 2030 cm""
/|
oC’%o

Figure 1.17 Tuning electronic properties of a NHC through N-substituent modification.
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1.5.4 Steric impact of NHC ligands

The steric properties of NHCs can have a significant effect on the catalytic performance
of an NHC-metal complex. Conventional methods used to quantify the steric impact of
phosphanes such as the Tolman cone angle,*® proved to be insufficient for NHCs due their
markedly different shapes (Figure 1.18).

Figure 1.18 Difference in the steric environments imposed by phosphanes and NHCs.

Systems designed to more accurately describe NHCs steric qualities, such as the fence
model, proved imprecise.>® Then in 2010 the concept of percentage buried volume
(%Vour) Was introduced;® this system defines the fraction of the volume of a sphere,
centred on the metal, which is occupied by the ligand (Figure 1.19). One of the major
advantages of this methodology was its generality. The %V calculations were found to
accurately describe the steric properties of NHCs and other ligands such as phosphines,
facilitating direct comparison for the first time.3® Research by Nolan et al. found an almost
linear correlation between experimental bond dissociation energy (BDE) and %Vyur, With
BDE increasing with reduction of steric bulk.®® This highlighted the important role the
steric bulk of the NHC has on their binding ability to transition metals. In the same
publication the authors identified that saturated NHCs have a greater steric impact than
their unsaturated analogs, and reasoned that was a result of the longer backbone imposing

a greater N-C-N bond angle, directing the N-substituents closer to the metal centre.

Figure 1.19 Diagram illustrating the %V, 0of an NHC ligand.
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Analysis of the catalytic reactivity of NHC-metal complexes such as ruthenium complex
30 indicated that the steric pressure of the NHC ligand is not expressed evenly in the first
co-ordination sphere of the metal (Scheme 1.13).%° It was theorised that this variation in
steric environment could result from an intrinsic flexibility around the N-substituent
bond,>” and that exploitation of this parameter could shape the co-ordination sphere
around the metal, therefore improving the complex’s catalytic performance.

Ssil_a P, ik
O —
cat 30
| | CH2C|2 40 °C, j Q/ YC'\Q
i-Pr cl’ | _\
98 % conversion PCy3
88 % ee 30

Scheme 1.13 Experimental evidence for NHC steric flexibility.

This theory was confirmed by Cavallo et al. using ab initio molecular dynamics
calculations of a series of NHC-Ru catalysts used for olefin metathesis (Figure 1.20).58
This study found that the distribution of dihedral angles ¢1 and ¢2 around the N-
substituent bonds are influenced by both the steric nature of the ortho groups on the N-
substituents and the specific orientations of other ligands co-ordinated to the metal centre
(Figure 1.21). Distribution of dihedral angles ¢1 and ¢2 in the SIMes complex 31 is centred
at 90° with a restricted flexibility of + 15°.

[Ru} CH, [Ru] CH, [Ru} CH,
31 32 33
N N N N@
W[;u]:CHz W[;u]:CHz
34 35

Figure 1.20 Series of NHC-Ru catalysts used for olefin metathesis.
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Figure 1.21 Distribution of the dihedral angles ¢1 (A) and ¢, (B) in NHC-Ru pre-catalysts. [Ru]
represents Ru(Cl,)(PMes) which were omitted for clarity.

In the case of the SIPr complex 32 the ¢ distribution is similar to the SIMes analogue,
however the ¢1 plot is comparatively broader and flatter as a result of steric interaction
between the halide ligands and the larger i-Pr groups on the N-substituent. Both the ¢1
and ¢2 values for the sterically unhindered N-phenyl system 34 have very flat profiles
with tails approaching 0-180 °C, indicating free rotation N-substituent bond. Geometries
approaching 0-180 °C can have catalytic implications as N-substituents in those positions
are predisposed to interact with the ylidene moiety via C-H activation, resulting in a loss
of catalytic activity.>® The NHC-Ru complex with a single ortho substituent 35 showed
the largest difference between the ¢1 and ¢2 values. The ¢1 plot of this complex was found
contain two major peaks: one around 90°, similar to the SIMes system; implying that the
inclusion of a single methyl group on the N-substituent can impose a marked reduction
in flexibility and the second at lower ¢1 values which indicates that the o-tolyl ring can
twist to turn its unsubstituted side toward the CI-Ru-Cl plane. Conversely the ¢z
distribution contains a well-shaped peak approximately 30° higher than the other
complexes, this suggests the o-tolyl ring can assume a sterically preferential conformation

derived from twisting the methyl-substituted side away from the crowded CI-Ru-Cl plane.

The above rationalization on the nonhomogeneous distribution of the steric impact from
NHCs as ligands led to the refinement of the %Vuyr descriptor (which only measured the
average of the steric properties) into topographic steric map systems that analysed the

%Vburin single quadrants around the metal centre. Topographic steric maps can be viewed
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as chemical analogues to geographical maps, wherein different colours and lines indicate
differing degrees of elevation. In the case of topographic steric maps % Vpur values are
combined along the z-axis, which is the area the NHC ligand occupies in the first co-
ordination sphere of the metal. Positive values of the isocontour lines refer to the top half
of the sphere and negative the bottom. This system facilitates a three dimensional
visualisation of the steric environment around the metal centre, highlighting the structural
motifs of the NHC which exert the most steric pressure in a given complex. The

topographic steric maps of the complexes 31, 32 and 35 are shown below (Figure 1.22).

L D T R S S —— ]
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Figure 1.22 Steric maps of NHC-Ru complexes

In the SIMes-bearing complex 31, the side of the NHC which occupies the space above
the vacant Ru co-ordination position is shown to twist down (signified by the dark blue
areas on the two left quadrants) sterically shielding that site. The other side of the NHC
has less steric impact on the metal centre as it is competing with the methylidene for
space, however the yellow band at 1.00-1.25 A does suggest that the mesityl ring does
impart some steric pressure on the Ru-methylidene bond, especially through the ipso and
ortho carbon atoms of the ring (green imprints on steric map for 31). The ortho methyl
groups on the ring are also reported to have a small impact at the borders of the co-
ordination sphere. The bulkier i-Pr groups of the IPr-Ru complex 32 are shown to exert
more steric pressure at the borders of the co-ordination sphere then the SIMes counterpart
31 (darker areas in the corners of each quadrant). In order to relieve this steric pressure,
the SIPr ligand is pushed away from the metal centre slightly; consequently the steric
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impact of the SIPr ligand relating to the central zone, where the Ru-methylidene bond is
orientated, is diminished. This is indicated by the absence of green spots characterising
ortho C atoms in 32 when compared with 31. This clear difference in steric environment
imparted by the SIMes and SIPr NHCs to the Ru metal centre is not seen when using the
simple %Vuyr descriptor as they have similar average %Vuur values. In the case of the
ortho-tolyl NHC-Ru complex 35 both sides of the NHC have rotated their N-substituent
bonds to orientate their unsubstituted sides down towards the metal centre, minimising
their steric impact. This results in a roughly Cs-symmetric map, with the bottom two
quadrants more hindered and could explain the ability of the ortho-tolyl system to
selectively form cis olefins when used as a catalyst.®

1.6 (NHC)-Palladium Complexes used in Cross Coupling Reactions

Transition metal catalysed cross-coupling has become one of the most predominant
methods for carbon-carbon bond formation. Research by many groups in the late 1970s
expanded the scope of palladium catalysis, to the point where currently, palladium
mediated transformations are the most common form of cross coupling reaction. The
significance of palladium catalysed reactions was acknowledged in 2010 when Richard
Heck, Ei-ichi Negishi and Akira Suzuki were jointly awarded the Nobel Prize for their
contribution to this field of chemistry. The Suzuki-Miyaura reaction is the most
commonly utilised currently in the literature, followed by the Heck and Sonogashira
coupling reactions. Generally the mechanisms for these palladium catalysed cross
coupling reactions can be categorised into two pathways (Scheme 1.14). Both begin with
the oxidative addition of an aryl halide (or pseudohalide) to the catalytically active L,Pd°
species. At this point the processes diverge. In pathway A, the reaction progresses via
transmetalation of an organometallic species, generating a Pd'' intermediate bearing the
two organic coupling partners. This intermediate subsequently undergoes reductive
elimination, forming the C-C bond between the partners and regenerating the Pd° species.
Alternatively in pathway B the reaction progresses though co-ordination of an alkene to
the Pd" species, followed by syn migratory insertion. The insertion is regioselectively
controlled by the nature of the alkene, the catalyst and reaction conditions. The generated
organopalladium species then undergoes syn B-hydride elimination, releasing the coupled
alkene product. The LnPd° catalyst is then regenerated via base assisted elimination of H-
X.
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Scheme 1.14 The general catalytic mechanisms for Mizoroki-Heck, Suzuki-Miyaura and Negishi
reactions.

Palladium cross coupling reactions are conventionally defined by the type of nucleophile
that they couple with: the organic halogen or pseudo-halogen reagent (Scheme 1.15).
These systems traditionally used tertiary phosphines as ligands, however, due to the fact
that NHCs are more electron donating, form more stable metal complexes and are highly
tuneable with regard to their steric and electronic properties, they have recently seen a
high degree of utility as catalysts in cross coupling reactions. This is due to research in
the early 2000s by the groups of Herrmann®?, Nolan®®, Beller®* and Sigman® which
identified that Pd-NHC complexes showed high activity, pioneering their use in Pd-
catalysed cross-coupling reactions.

The aim of the rest of this section is to outline the recent developments in the design of
(NHC)-palladium complexes in each category of cross-coupling reaction. Discussions of
catalysts containing N-donors which function as throw-away ligands have been omitted

from this section as they are described later in Chapter 2.

28



Hiyama coupling

Suzuki coupling

R |
AN =
l \
R_
L% BN X % R2N X
| R | R
= =
Y
Heck coupling Buchwald-Hartwig coupling
X /T \ Y

Sonogashira coupling

Scheme 1.15 Summary of palladium cross coupling reactions, classified by nucleophilic partner.

1.6.1  Suzuki-Miyaura Cross-Coupling

The Suzuki-Miyaura cross-coupling is the palladium catalysed coupling of organoboron
compounds with organohalides (Scheme 1.16.) Among the plethora of cross-coupling
reactions now available, the Suzuki-Miyaura reaction has emerged as one of the most
versatile, finding use in the synthesis of many compounds such as polymers,
agrochemicals and pharmaceuticals®®. As a result of this high utility, the development of
Pd-NHC complexes as catalysts for Suzuki-Miyaura coupling has been the focus of much
research in the last two decades.

29



1 2 [Pd] 1 2
R=X + R-BR, — ——* R'-R
ase

R'= alkyl, alkenyl, alkynyl, aryl. X = OTf, ClI, Br, I.
R2 = alkyl, alkeneyl, aryl, R = OH, alkyl, O-alkyl

Scheme 1.16 General scheme for a Suzuki-Miyaura cross-coupling.

In 2006 Nolan and co-workers designed and fully characterised a series of (NHC)Pd(R-
allyl)Cl complexes based on (NHC)Pd(allyl)Cl systems previously developed by this
group and tested their use as catalysts for Suzuki cross coupling.®® Comparison of these
new complexes to the original (NHC)Pd(allyl)Cl systems found that substitution at
terminal position of the allyl scaffolds favoured a more facile activation step. Of the
complexes tested (IPr)Pd(cinnamyl)CI (36) was reported to be the most effective, able to
couple hindered substrates such as tri-ortho-substituted biaryls at room temperature.

The goal of designing a Pd-NHC catalyst which could facilitate the room temperature
synthesis of highly desirable tetra-ortho-substituted biaryls by Suzuki-Miyaura coupling
was first achieved in 2011 by Dorta et al.%” The central feature of the catalyst used (37)
was the introduction of a Co-symmetric NHC ligand with appropriately substituted
naphthyl side chains. Advanced DFT calculations showed how this ligand’s symmetry
induced steric properties and allowed a dramatic increase in the catalytic performance.
Recent research into (NHC)-Pd(cinnamyl) complexes as catalysts led Nolan and co-
workers to develop complex [Pd(IPr)(cin)CI] (38). This catalyst was found to show
excellent catalytic activity in Suzuki-Miyaura cross coupling, allowing the generation of

tetra-ortho-substitued biaryls at room temperature®®.

PhQ
IPgN/ﬁ
N
7N
&—Pd\ IPr
Cl
36 37 38

Figure 1.23 NHC-palladium(allyl)Cl complexes used for Suzuki-Miyaura reactions
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In 2008 the synthesis of a number NHC-Pd complexes were reported bearing a novel
NHC-sulpthonamide ligand, derived from binaphthyl-2-2’-diamine (BINAM).%° It was
reported that of the six NHC-Pd(Il) complexes tested, the two tridentate Pd complexes
(39, 40) bearing weakly co-ordinating acetate counterions proved the most effective in

catalysing Suzuki-Miyaura cross-coupling reactions (Figure 1.24)

Research by Cazin et al. found that the easily prepared [Pd(u-CI)CI(IPr)]2 dimer 41 could
be used to good effect in Suzuki-Miyaura coupling reactions, mediating the synthesis of
simple biaryls at low catalysts loadings and a room temperature.”® Although 41 cannot
compete in activity with non-dimeric NHC-Pd complexes it is worth mentioning as its
development was a stepping stone to the much more effective mono NHC co-ordinated

palladium catalysts.

R O iPr/Q
0K, L
N{fp?j\,o [ c Q\iPr
)\\OAC N o Pg_‘i: iPr \
OO NN iPr\G ‘C|\<Nj
iPr.
@ iPr

Or

39 R= Me
4
40 R= PhMe

Figure 1.24 NHC-Pd catalysts used in Suzuki-Miyaura cross coupling.

In 2009 Chen and co-workers prepared a series of tetra and penta-coordinated Pd-NHC
complexes bearing mono- and dicarbene ligands. "* The complexes were prepared via
transmetallation of corresponding in situ generated silver-carbene complexes to
Pd(cod)Cl, and fully characterised by NMR, elemental analysis and X-ray single crystal
diffraction. Testing of these compounds as catalysts for Suzuki coupling reactions found
tetra-coordinated mono-NHC bearing complex 42 to be the most effective (Figure 1.25).
The dicarbene palladium complexes were reported to be much less active than their
mono-carbene counterparts, an observation rationalised by the authors who proposed that
the blocking of one of the co-ordination sites at the metal by the additional donor inhibits

the substrates approach to the Pd centre.
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Recently the synthesis of palladium complexes based on 1,8-naphthridine functionalized
NHC motifs have been reported.”? One of these complexes, 43 was tested as a catalyst
for Suzuki- Miyaura coupling reactions. It was reported to couple aryl bromides in ethanol
under refluxing temperatures, but was found to be ineffective for activated or un-activated

aryl chlorides.
2+

| XN

N/—;\N N/=\N N N/=\N

N R Mes—™ “Mes
r .Y b A
_ ‘Pld-CI c—Pd Pd~
Cl
Mes\N)\N N\ N\ N)\N/Mes
=" = [(PFo)T;
L OF _
42 R = 2, 4, 6-trimethylphenyl 43

Figure 1.25 Example of NHC-Pd complexes with novel structural motifs.

Many NHCs are derived from imidazolium or 4,5-dihydroimidazolium salts and bind a
metal at the C2 position, but it has been reported that metalation of the imidazolium salts
can also take place at the C4 or the C5 position, known as abnormal N-heterocyclic
carbenes (aNHCs). Early research has reported that aNHCs are even stronger donors then
conventional NHC and could provide new opportunities in catalysis.”

In 2010 Hong and co-workers produced an aNHC 44 derived from a C2-protected
imidazolium salt (Figure 1.26). This ligand then was used for the in situ generation of a
Pd-aNHC catalyst for Suzuki-Miyuara coupling reactions.”*Analysis of the results
showed that abnormal NHC performed better when compared to their corresponding
normal counter parts, suppressing homocoupling of arylboronic acids. Recently two
halobridged dimers 45 containing aNHCs where synthesised, fully characterised and
tested as catalysts for Suzuki coupling reactions’. These dimers were found to be able
to cross-couple an array of aryl chloride at room temperature with very low catalyst

loading.
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Figure 1.26 Abnormal NHCs which have been co-ordinated to Palladium for Suzuki-Miyuara cross
coupling reactions.

Recently a number of groups have reported investigations into developing complexes
consisting of both a phosphine and a NHC which have allowed access to stable chelate
complexes with interesting electronic properties (Figure 1.27). In 2010 a number of air
stable neutral (46A) and cationic Pd (46B) complexes bearing chiral phosphine-NHC
ligands were prepared. They were designed to have planar chirality and characterised by
NMR and X-ray diffraction. These complexes were shown to catalyse asymmetric
Suzuki-Miyaura coupling reactions between aryl bromides and arylboronic acids with
moderate enantioselectivites and yield utilising low catalyst loadings.

A series of mixed P(OR)s/NHC Pd complexes (47) were synthesised and fully
characterised in 2010.7® X-ray analysis was used to computationally determine the steric
properties of both carbene and phosphine ligands. It was reported that the NHCs modulate
their bulkiness with respect to the steric requirements of the co-ligands. These complexes
were tested as catalysts in Suzuki-Miyuara cross-coupling reactions and were found to be
effective. Mechanistic analysis suggest that the presence of alkoxide groups is necessary

for activation of the precatalysts to generate the catalytically active Pd(0) species.

IP
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o, o g ]
_Pd _P / ™~N
Ph,P 7/N Ph,P N 4 cl
/ 1Pr
NZ N P N™"pd
/ ‘P/OR
Fe Fe CIRO: OR
IPr
46A 46B 47
R= Me, Et, Ph, iPr
R = Me, Mesityl

Figure 1.27 Mixed NHC, Phosphine palladium complexes used in Suzuki-Miyuara cross coupling.
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Over the past few years Suzuki reactions of aryl chlorides have been successfully
completed using homogenous Pd-NHC catalysts. However, homogenous catalysis has
some inherent problems, such as the need to separate and recycle the catalyst and
contamination from ligand residues in products. With this in mind a number of research
groups have developed several types of heterogeneous NHC catalysts. One group
developed an immobilized NHC- palladium catalyst 48 (Figure 1.28), prepared by
reacting macroporous chloromethyl polystyrene with 1-mesitylimidazole.”” This MPS-
supported NHC complex was found to be an effective catalyst for the Suzuki reaction of
aryl iodide and bromides at room temperature. This system could be even used for the
coupling of aryl chlorides using elevated temperatures (100 °C).

Recently a novel IPr-functionalized mesoporous ethane-silica was synthesized via the co-
condensation of IPr-bridged triethoxysilane and bis(triethoxysily)ethane.”® This new
mesoporus material containing an organic framework was found to have high surface
area, large pore volume and good co-ordination capacity for Pd. As a result of these
characteristics these materials showed remarkable catalytic activity for Suzuki cross
coupling reactions. The surface NHC complexes with acetylacetonate (acac) ligands in
particular could be reused 10 times without a significant decrease in activity and is the
most efficient phosphine-free solid catalyst for coupling reactions.

48

Figure 1.28 Example of an immobilized NHC-palladium catalyst.

1.6.2 Negishi Reaction

Extensive research by Negishi developed a synthetic pathway for the Pd- or Ni catalysed
cross coupling of organozincs with aryl, alkenyl or alkynyl halides, a reaction now known
as the Negishi cross coupling reaction’® (Scheme 1.17). Traditionally the most common
ligand co-ordinated to the Pd/Ni metal centre was PPhs but with the recent emergence of

NHCs as effective ligands in many cross coupling reactions their use in Negishi couplings
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has increased. The most successful NHC-palladium complexes for catalysing Negishi
reactions are based on PEPPSI systems and will be discussed in later chapter 2.

| ) [Pd] or [Ni]
RI—=X 4 R?*Zn-X ———— » RI-R2

R" = acyl, alkenyl, alkynyl, aryl. X = OAc, OTf, Cl, Br, I.
R2 = allyl,benzyl, alkenyl, aryl, X = CI, Br, I.

Scheme 1.17 General scheme for a Negishi cross-coupling.

1.6.3 Buchwald-Hartwig Aminations

Aryl amines have many varied applications in organic chemistry, industry and materials
science,®® and as such the field of research devoted to the development of efficient
protocols for their synthesis is extensive. Since its inception in 1995 by the groups of
Buchwald® and Hartwig® the use of Pd complexes to catalyse amination reactions
between aryl halides and secondary amines has become one of the most prominent and
powerful methodologies for C-N bond formation (Scheme 1.18). This is due to its
selectivity, mild reaction conditions and high tolerance to other functionalities.®

R2 R1

/ P /
R=x + H—N —L9 5 gy

'R3 Base 'R2

R' = aryl. X = OTf, Cl, Br, .
R23 = 1°,2° gromatic or aliphatic

Scheme 1.18 General scheme for Buchwald-Hartwig aminations.

In 2008 Dorta and co-workers reported the development of a series of chiral
(NHC)Pd(cin)Cl catalysts.®* These complexes contained NHC ligands which were
derived from C,-symmetric diamines with napthyl side chains. The complexes were
found to exist as a mixture of diastereomers that could be separated via column
chromatography, allowing their absolute configurations to be assigned. Investigation into
the effect of side chain orientation and their ease of rotation relative to the chiral NHC
backbone in these Pd-NHC complexes revealed that these factors have dramatic effects
on the selectivity and efficiency of these catalysts and lead to the identification of
precatalyst [(Ra,Ra)-(4S,5S)-DiPhSIPrNap]Pd(cin)CI (49) as the most effective complex.
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This complex was reported to catalyze the preparation of the target oxindoles with ee’s
of 86% and percentage yields of up to 99% (Figure 1.29).

Work by Winkelmann et al. used X-ray crystallography and *H NMR spectroscopy to
highlight the difference in catalytic performance in Buchwald-Hartwig aminations
between (IPr)Pd(acac)Cl and its saturated counterpart (SIPr)Pd(acac)Cl. It was reported
that the SIPr-bearing complex (50) performed better in this type of reaction and
hypothesized that this greater efficiency was derived from the greater steric demand the
SIPr ligand places on the metal center®.

Very recently, Nolan and co-workers reported (IPr*)Pd(cinnamyl)Cl (51) as an excellent
pre-catalyst for Buchwald—Hartwig amination reactions, with high efficiency for the

coupling of numerous (hetero)-aryl chlorides, at room temperature.86
iPr

|||||

Q 4
,pr/Pd\ CI—Pd ,Pr & Pd K

Ph Ph

49 50 51

Figure 1.29 NHC-palladium complexes used in amination reactions

Research into the synthesis NHC-Pd catalysts bearing a cyclopentadiene (Cp) unit have
been reported.8” Aiming to exploit the extreme sensitivity of Cp rings to reductive
removal from Cp-Pd complexes, resulting in the formation of active [(NHC)Pd(0)]
species, this new class of NHC-Pd complexes were found to be air-stable and able to
exhibit high catalytic activity for Buchwald-Hartwig aminations at room temperature. Of
all the Cp-Pd complexes tested CpPd(SIPr)Cl (52) was found to be the most effective
precatalyst (Figure 1.30).

Pd—Cl
iPr iPr

52

Figure 1.30 NHC-palladium complex with Cp ligand
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In 2007 Yang and co-workers reported an efficient synthetic pathway for the preparation
of tri-arylamines catalysed by the use of Pdz(dba)s and IPr.HCI. This method is an
efficient and convenient route to the target tri-arylamine compounds and is more
convenient, economical and versatile when compared to other Pd/phosphine,® and Cu
catalysed systems reported at the time. 8 Recently Nolan and co-workers tested the
catalytic activity of the palladium hydroxide dimer 53 in amination reactions (Figure
1.31).%° The complex proved to be a viable catalyst, facilitating the coupling between p-

chloroanisole and morpholine at 50 °C with 99% conversion.

PN N~ 1pr

/Pd\ /
HO, OH
_\_Pd

1P|
r\N N/IPr

53

Figure 1.31 NHC-Palladium Hydroxide dimer

1.6.4 Hiyama Coupling

Although Suzuki-Miyaura cross-coupling is still the most prevalent transition metal
coupling reaction for the construction of biaryl frameworks, over the last few decades
Hiyama cross-coupling has become increasingly popular.®* The Hiyama reaction utilises
organosilicon compounds as organometallic nucleophiles in Pd catalysed cross-coupling
reactions (Scheme 1.19). Organosilicon reagents are attractive substrates due to their
environmentally benign nature, good stability and ease of availability. However their low
nucleophilicity, which results from the small electronegativity difference between Si and
C, means the reactions often requires the presence of an anionic activator such as a
fluoride ion or a base.®?

As a result of the growing success of Pd-NHC systems in analogues cross coupling
methodologies such as Suzuki couplings, there has been increased interest in their

utilisation in Hiyama cross-coupling reactions.
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R'=X  + siR%);—R? — P rire

Base

R' = aryl, alkenyl, alkyl X = OTf, Cl, Br, I.
R2 = aryl, alkenyl, alkyl
R3 = halide, alkyl

Scheme 1.19 General scheme for Hiyama coupling.

Very recently the preparation of four linear dinuclear NHC-Pd complexes was reported.®
These novel complexes containing either pyrazine or DABCO bridging ligands were
made through one pot reactions under mild conditions and fully characterised by NMR,
FT-IR and elemental analysis. Testing of these Pd-NHC complexes as catalysts for
Hiyama coupling reactions found that the more sterically bulker systems exhibited higher

activity, with complex [PdCI2(IPr)]2(p-pyrazine) (54) being the most effective (Figure

1.32).

Figure 1.32 [PACI(IPr)]2(u-pyrazine) catalyst

]

'U

/

This complex (54) was reported to facilitate the coupling of aryl chlorides with
aryltrialkyoxysilanes with good to moderate yields. A comparison of the activity of
catalyst 54 compared to the very active (IPr)PdCl2(Im) complex is shown below (Table
1.3).
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Table 1.3 Comparison of the catalytic activity of complex 54 vs (IPr)PdCl,(Im)
Cl Si(OMe)3
Pd cat O
+ _ =
Solvent, O

Anionic Activtor
120 °C

Catalyst
number and | Solvent Anionic | Temperature | Time | Yield (%)
percentage Activator oC (h)
loading
(IPr)PdCI2(Im) | None | TBAF.3H20 120 3 68
(1.0 mol %)
54 Toluene | TBAF.3H,0 120 5 80

(0.50 mol %)

1.6.5 Sonogashira Coupling

The Sonogashira coupling reaction is the most prevalent and effective method for the
synthesis of sp2-sp2 carbon-carbon bond synthesis between terminal alkynes and organic
halides (Scheme 1.20). Since compounds bearing carbon triple bonds are ubiquitous in
pharmaceuticals and fine chemicals, protocols dedicated to their synthesis have been the
subject of much scientific scrutiny. Although the classic methodology of using
Pd(PPh3).Cl, with a copper co-catalyst is still the most popular, the last decade has seen

much interest in the development of palladium catalyst containing NHC ligands.

[Pd]

R—X 4 H—=—=—rz —CuOsalt _ o1 — g

Base

R' = aryl, alkenyl, heteroaryl X = OTf, Cl, Br, I.
R? = H, alkyl, aryl, alkenyl, SiRy

Scheme 1.20 General Scheme for Sonogashira coupling.

In 2006 the first Sonogashira coupling of alkynes with unactivated secondary alkyl
bromides was reported.®* This synthesis used bioxazoline derived NHC (IBiox) as ligands

in PA(NHC) dimer complexes, exploiting the ligands electron rich donor nature and steric

39




bulk to increase the complexes catalytic activity. Testing of the Pd-dimers in the
Sonogashira coupling of cycloheptyl bromide and 1-octyne identified complex
[IBiox7PdCl2] (55) to be the most effective catalyst (Figure 1.33). This catalyst was
reported to couple both secondary and primary alkyl bromides, tolerating a variety of
functionalities on the alkyl halide component with good yields at 60°C.

Research into another Pd-NHC dimer system, investigating the effect of the c-donor
nature of di-coordinated NHCs compared to mono-coordinated analogue’s, led to the
synthesis of two new N/O-functionalised NHC palladium complexes.®® Theses
complexes were trans-[(1-benzyl-3-(3,3-dimethyl-2-oxobutyl).PdBr2] (56), and cis-[(1-
benzyl-2-oxobutyl)imidazole-2-ylidene).PdBr;2] (57) (Figure 1.33). The unusual cis
structure of complex 57 was proved by single crystal X-ray diffraction and was believed
to result from hydrogen bonding between the amido N-H proton on the functionalised
side group of one of the NHC ligands and the amido oxygen of the functionalised side
arm of the other NHC ligand.

55 56 57

Figure 1.33 NHC-palladium dimers used in Sonogashira cross coupling

These complexes (57, 58) were reported to be effective catalysts for the Sonogashira
cross-coupling, coupling a range of aryl iodides with substituted acetylenes in air under
amine free conditions. Comparative testing of these complexes against a PEPPSI based
mono NHC co-ordinated system (discussed In chapter 2) showed they had higher activity;
DFT studies showed this could be a due to the fact that the di-coordinated NHC systems
cause a more electron rich metal centre.

Research in 2011 by Fukuzawa and co-workers, hoping to exploit the reported superior
donor qualities of 1,2,3-triazol-ylidene when compared to imidazole-2-ylidenes resulted

in the synthesis of a catalyst based on abnormal NHC ligands (Figure 1.34).% Of the
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complexes prepared, (TMes).PdCl, (58) was found to be the most effective for
Sonogashira cross-coupling reactions, however, its activity was reported to be limited to

electron poor aryl halides only.

N cl Ve
N~ | N
O—A—O)
e Cl N~
58

Figure 1.34 Abnormal NHC-palladium systems used for Sonogashira cross coupling reactions.

Very recently a series of chiral NHC-palladium complexes were prepared from I-
phenlalanine and fully characterised by *H and **C- NMR spectroscopy and single crystal
X-ray diffraction.®” The catalytic activity of these complexes was tested in the
Sonogashira coupling under copper free conditions in air. Analysis identified chiral Pd-
NHC complex 59 to be the most efficient, coupling a range of aryl halides to
phenylacetylene (Figure 1.35).
Ph
@JQ
Br—Pd—Br
N
|
X

59

Figure 1.35 Example of a chiral NHC-palladium complex used in Sonogashira cross coupling reactions.
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1.6.6 Heck-Mizoroki Cross-Coupling

The palladium-catalysed Heck-Mizoroki cross-coupling reaction is a powerful and
versatile method for arylation and vinylation of olefins using a hindered amine base, and
a Pd(0) catalyst at elevated temperatures (Scheme 1.21). Since its discovery in the 1970s
by T. Mizoroki and R. F. Heck it has become one of the most widely used catalytic
carbon-carbon bond forming tools in organic chemistry. Although traditionally the Pd
complexes contained phosphine based ligands, the observed high thermal stability of
NHCs has led to a number of catalysts being reported which include NHCs as ligands
instead.

P
H R4 [Pl R! R*
R'-X + >=< — >:<
2
R? R3 Base, Heat R R®

R' = aryl, benzyl, alkenyl, alkyl (no § hydrogen) X = OTf, CI, Br, I, OTs, N,*
R?, R%, R* = alkyl, aryl, alkenyl

Scheme 1.21 General Scheme for Heck reaction.

In 2007 Sen and co-worker reported the synthesis of imidazolium based NHC-Pd
complexes which have been immobilized on 10 nm silica nanoparticles®. It was reported
that due to the high surface area and small size, these nano-particles can remain suspended
in a number of solutions, with their active site readily accessible to the reactants. Testing
the catalytic activity of these immobilized NHC-Pd complexes in Heck reactions found
complex 60 to be the most efficient (Figure 1.36). This complex was able to couple n-
butyl acrylate to a number of iodo-aryls with excellent yield within two hours, however

attempts to extend the protocol to the utilisation of bromo-aryl proved unsuccessful.

CeH4H3C0,S0-Pd—0S0,CH3CqH,
EtO

o\ J\
Si(CH
Oio’ ( \3)?\1 N~ C1oMtz1

60

Figure 1.36 NHC-palladium complex bound to silica nanoparticles.
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With the aim of developing NHC-Pd complex which are catalytically active for carbon-
carbon bond formation in pure water, Shao and co-workers have reported the synthesis
of a proline derived NHC-Pd complex 61 (Figure 1.37). This complex was found to be to
a good catalyst of Heck reactions of aryl iodides and bromides in pure water.®
Optimisation of this reaction found the systems activity to be heavily base dependant,
KO'Bu was identified as the ideal base for this protocol. Further testing showed that
functionality of the aryl halides had some effect on activity of the catalyst, as aryl halides
with electron donating groups were reported to have high yields compared to substrates

with more electron deficient functionalities.

NTN
M
AN \
Pd_
Br” 'Br
61

Figure 1.37 Water soluble NHC-palladium complex.

In 2008 Wang and co-workers reported the synthesis of two new palladium complexes
containing  pyrimidine  functionalised NHC  ligands:  [Pd(1-n-butyl-3-(2-
pyrimidly)imidazolylidne)2(CHsCN)](PFe) (62) and [Pd(1-(2-picolyl)-3-(2-
pyrimidyl)imidazolylidene).](PFs) (63). These complexes were fully characterised by *H,
13C NMR spectroscopy, elemental analysis and single crystal X-ray diffractometry®
(Figure 1.38). Testing revealed that both complexes were excellent catalysts for the Heck
cross-coupling reactions of aryl bromides and activated aryl chlorides, resulting in the
formation of target compounds in high yields with a very low catalyst loading of 0.01%.
It is worth noting that complex 62 is unusual as it has a penta-coordinated palladium,
where the metal centre is co-ordinated by two imidazolylidne, two pyridine motifs and

one acetonitrile molecule forming a square-pyramidal molecular geometry.

43



62 63

Figure 1.38 Novel cationic NHC-palladium complexes.

Research by White and co-workers resulted in the synthesis and testing of catalysts in
Heck cross-coupling reactions of a number of bis(benzimidazolin-2-ylidene based NHC-
Pd complexes!®. The NHCs moieties were joined by either one or two o-xylyl linkers,
and contained butoxy groups. The inclusion of the butoxy groups was to serve a dual
purpose, increasing electron density around the metal centre and helping complex
solubilisation. The complexes were fully characterised by *H, **C- NMR spectroscopy
and single crystal X-ray diffraction. The activity of four complexes 64a, 64b, 65 and 66
in Heck reactions was explored and compared to the well-known Heck catalyst: Pd(OAc)2
(Figure 1.39). All of the new complexes proved more effective than Pd(OAc)2, coupling
iodo and bromo aryls to butyl acrylate with good yields in 24 hours. Of the four tested

complexes 64b and 65 were reported to be the most active in Heck reactions.

64a 5,6-BuO
64b 4,7-BuO 65 66

Figure 1.39 NHC-palladium complexes based on bis(benzimidazolin-2-ylidene)
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1.6.7 Kumada-Corriu Cross-Coupling

In 1972 M. Kumada'®? and R.J.P Corriu*® independently discovered methods for the
steroeoselective cross-coupling of aryl/alkenyl halides with Grignard reagents, catalysed
by the presence of nickel-phosphine complexes (Scheme 1.22). The scope and limitations
of this reaction were further explored by Kumada and as a result this transformation is
now known as Kumada cross-coupling. Recently a number of Pd-NHC complexes have

been developed which can facilitate this coupling reaction.

R R3 R4-Mg—X [Pd] or [Ni] R’ R3
—( + or _— —
R? X R4—Li R R

R', R?, R® = aryl, alkenyl, alkyl. X =OTf, Cl, Br, |, F
R* = alkyl, aryl, alkenyl. X = Br, |

Scheme 1.22 General Scheme for Kumada-Corriu coupling.

Research by Cazin and co-workers investigated the activity of a series of Pd-NHC dimers
as catalysts for Kumada coupling reactions!®*. Of the fours complexes tested (NHC= IPr,
SIPr, IMes and SIMes) the SIPr based NHC-Pd complex [Pd(u-Cl)(CI)(SIPr)]2 41 proved
to be the most effective. It was reported to catalyse the coupling of tri, tetra-ortho-
substituted and hetero atom containing aryl halides to Grignard reagents with good yields
under relatively mild reaction conditions (Figure 1.40). It is worth noting that the use of
Pd-NHC dimers in the Suzuki-Miyaura coupling of tetra-ortho substituted biaryl proved
unsuccessful, highlighting the relevance of Kumada coupling reactions as a viable

synthetic pathway for the preparation of these highly sort after compounds.

Recently the use of CpPd(NHC)CI complexes as pre-catalysts for the coupling of aryl
and heteroaryl chlorides with PhMgBr was reported.'® The investigation into the
electronic and steric effects of the NHC ligand on the CpPd(NHC)CI complexes revealed
that saturated NHCs with less bulky R substituents were the most effective catalyst in
Kumada coupling reactions, opposite to the optimised steric requirements of Pd-NHC

systems for Suzuki-Miyaura cross coupling reactions wherein bulkier R groups yielded
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higher activity. The Complex CpPd(SIMes)CI 67 was reported to be the most effective
catalyst able to couple an array of aryl and heteroaryl chlorides with PhMgBr at room

temperature with low catalyst loadings.

iPr
[\ iPr/©\iPr
N_ N cl

\( N : i N

~Cl iPr

Pd
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Pd—Cl \ m Cl,pq__—(N
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iPr{ i _iPr
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67 M

Figure 1.40 NHC-palladium complexes used in Kumada-Corriu Cross-Coupling reactions.
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2 N-Donors as Throw-away Ligands

2.1 Background

In order to avoid the rigorous anhydrous conditions required to handle free NHCs, prior
to co-ordination to a Pd centre, a number of the earliest NHC-Pd catalysts used in cross
coupling reactions were synthesised in situ. These protocols involved adding imidazolium
salts with common palladium sources along with the coupling partners to the reaction
mixture.! Optimisation of these systems were hampered by ambiguity over the
stoichiometry, the composition of the active species and the rate and efficiency of forming
these complexes in solution. To counter this problem, research groups like Nolan et al.
developed well defined NHC-Pd(I1) complexes which could behave as air stable pre-

catalysts (Figure 2.1).2

R
CO\Pd \ ):?
duo ¢ <<_Pd\

\
R
R = 2,6-diisopropylphenyl

Cl

Figure 2.1 Examples of well-defined NHC-Pd(l1) precatalysts.

This type of complex, such as (NHC)Pd(acac)Cl (68) could be reduced to form
catalytically active NHC-Pd(0) species during the cross coupling reactions (Scheme
2.1Error! Reference source not found.).® The ease and speed that these precatalysts

form the active Pd(0) species is an important factor in their catalytic activity.
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Scheme 2.1 Proposed mechanism for the activation of precatalyst (NHC)Pd(acac)CI.

As result of this fact the development of NHC-Pd catalysts which contain labile ligands,
known as “throw-away ligands " have been the focus of much research. One of the earliest
and most prevalent examples of this class of complex are (NHC)PdCI2(PEPPSI) systems

(PEPPSI =pyridine-enhanced precatalysts, preparation, stabilisation, and initiation).

2.1.1 (NHC)PACIx(py) complexes

In 2006 Organ et al. reported the synthesis of a number of NHC-Pd complexes bearing
one NHC ligand, two anionic ligands and 3-chloropyridine as the fourth throw-away
ligand.* These compounds were analogous to complexes reported by Grubbs et al. in 2002
for ruthenium catalysed cross metathesis.®> Organ’s complexes were prepared by heating
imidazolium salts with PdCl» and K>COs in neat 3-chloropyridine (Scheme 2.2) in air and
resulted in formation of the target complexes in excellent yields.
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70c R' = Me R2 = Me
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69c R' = Me RZ = Me

Scheme 2.2 Synthesis of (NHC)PdCI(PEPPSI) complexes in air.

These complexes were tested as catalysts for alkyl-alkyl Negishi and Suzuki cross
couplings (Table 2.1) and found that the most sterically bulky (IPr)PdCly(3-

chloropyridine) complex was the most effective.

Table 2.1 Comparison of the catalytic activity of (NHC)PdCI,(PEPPSI) complexes in alkyl-alkyl cross
coupling reactions

NHC-Pd
precatalyst

Br 1 mol %
+ >
tBuOK,

rt, 24h

m

Entry Organometallic | GC yield of GC yield of GC yield of
reagent product (70a | product using | product using
M= precatalyst) (70b (70c
precatalyst) precatalyst)

1 ZnBr (1.3 100 34 8.0
equiv)

2 BBu (1.2 100 31 6.5
equiv)
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The activation of the Pd(ll) precatalysts into the active Pd(0) species was proposed to
operate through reduction by the organometallic reagent, followed by dissociation of the
pyridine (Scheme 2.3). This hypothesis was supported the observation of n-tetradecane
and 3-chloropyridine by GC/MS, in the reaction of (IPr)PdClI2(3-chloropyridine) with two
equivalents of n-heptyzinic bromide. The authors stated that the pyridine ligand in these
complexes played an integral role in the synthesis and stabilisation of the Pd(lI)
precatalysts and aided catalyst activation by readily dissociating after its reduction to the
active NHC-Pd° species. The importance of this step led to the adoption of the moniker
PEPPSI (pyridine-enhanced precatalysts, preparation, stabilisation, and initiation) to
describe this particular structural motif.

R‘l R‘l

R R!
NTN N_ _N
2R*>M  R2-R? T
1 1
CIR—Pd—RCI \ ) > R1 0R1
< Pd
N
N
’
| z | R'=jPr
N R2 =nBu
Cl X
Cl M = ZnX, BR,

Scheme 2.3 Proposed mechanism of activation of (NHC)PdCI»(PEPPSI) precatalysts.

A full exploration of (IPr)PdCI>(PEPPSI) 70a as a catalyst for Negishi coupling was
carried out in 2006.° It was reported that under optimised conditions this complex was
able to facilitate the coupling of all combinations of alkyl and aryl partners (Scheme 2.4).
This system was also significant as it was the first NHC-Pd methodology which surpassed

analogous phosphine-ligated Negishi protocols in both scope and activity.
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o —
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CN

70 %, OTs, rt 90 %, Cl, rt

Scheme 2.4 Examples of Negishi coupling products catalysed by (IPr)PdCIl.(PEPPSI) complex.

In 2008 complex 70 was found to catalyse the Suzuki-Miyaura coupling of sp®-sp® and
sp3-sp? partners,’ reacting unactivated alkyl bromides and aryl bromides/chlorides with
alkyl-9-BBN at room temperature using a mild base (K3POs) in good yields. Although
the research mentioned above highlighted the catalytic efficiency of
(NHC)PACI,(PEPPSI) complexes, a detailed study into the effect of the throw-away
ligand moiety on catalytic activity was not undertaken until 2010.8 In this study a number
of NHC-Pd complexes bearing different pyridine congeners were synthesised (Figure
2.2), then subjected to structure-activity relationship (SAR) analysis. It was reported that
variation of the throw-away ligand does have an effect on catalytic activity. For example
complex 71 showed lower catalytic activity in simple sp?-sp?> Kumada Corriu cross
coupling compared to complex 70 (Scheme 2.5A). This was rationalised to be a result of
slower activation of the palladium pre-catalyst, derived from the stronger o donating
nature and steric bulk of lutidine compared to 3-chloropyridine ligand. Conversely, when
exploring reactions between more challenging coupling partners (Scheme 2.5B) the
catalysts with the more strongly bound throw-away ligands showed better activity, with
complex 72 performing the best. It was suggested that this reversal in activity was due to
the fact that the conversion of more challenging coupling partners required longer
reaction times and therefore catalysts with lifetimes extended either by a slower release
of the active Pd® complex or re-coordination of the throw away ligand to the active species

would be more effective.
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Figure 2.2 (IPr)PdCI,(PEPPSI) complexes analysed in SAR study.
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Scheme 2.5 Effect of throw-away ligand on PEPPSI complexes in Kumada Corriu cross coupling.
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Influenced by the “flexible steric bulk” concept first proposed by Glorius et al.® a number
of research groups have focused on the inclusion of bulkier NHC ligands when designing
new catalysts. This trend has been observed in the case of PEPPSI based NHC-Pd
complexes, with the preparation of numerous pre-catalysts containing sterically
demanding ligands, the most notable being IPent and IPr* (Figure 2.3). Complex 73, first
reported in 2009, was found to catalyse the coupling of challenging tetra-ortho-
substituted biaryls.'® This system facilitated these couplings at a lower temperature and
with a greater scope of partners than the first reported NHC based procedure described

by Gloruis et al. using 1Box12 complex.!

Ph Ph
Ph Ph
—\ —\

N N N N

Cl \PE Cl Ph T Ph

| Ph Cl—Pd—cCl Ph
N |

~ N
| Z
L |

Cl ™

73 74

Figure 2.3 (NHC)PdCI,(PEPPSI) complexes with flexible steric bulk.

In 2011 (IPent)PdCI>(PEPPSI) complex (73) was reported to be a very effective catalyst
in the Negishi cross coupling of secondary alklyzinic halides with aryl and hetero-aryl
halides.*?> This complex enabled the coupling of sp®-hybridised organometallics,
suppressing the formation of the isomerised by-product which is formed via the
competing B-hydride elimination/migratory insertion pathway. It was hypothesised that
this selectivity was a more exaggerated form of the process described previously for the
(IPr)PdCIz(PEPPSI) complex®. In the case of (IPent)PdCI2(PEPPSI) the high selectivity
was reported to be derived from weak, fleeting through space (IPent)H-Pd interactions
that guide the organometallic reactant to and from the metal centre, making the spatial
orientation required for B-hydride elimination unfavourable. These through space
(IPent)H-Pd interactions were believed to be integral to the reported high activity of
complex 73 in the Buchwald-Hatwig amination of electronically deactivated and

sterically hindered aryl chlorides to a wide array of secondary amines.' It was stated that
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interactions between the hydrogens on the N-substituents of the NHC and the metal centre
lead to an increase in positive charge on the metal and that this facilitates the rate
determining deprotonation step in the cycle, improving catalytic activity. An analogous
complex to (IPent)PdCI(PEPPSI) was developed in 2012 by Nolan et al.'® This complex
74, which contained the IPr" NHC ligand, was proved to be highly active in Buchwald-
Hartwig amination reactions, showing similar reactivity at room temperature to the IPent
complex 73, but much improved activity at high temperature and low catalyst loading.
With the intention of further enhancing the catalytic activity of (NHC)PdCI>(PEPPSI)

complexes in Negishi coupling, Organ et al. prepared a series of complexes with a variety
of substitution patterns on the NHC backbone.° From this series (IPent®)PdCl,(PEPPSI)
75 (Figure 2.4) performed the best, showing high reactivity, broad functional group
tolerance and excellent selectivity for the desired non-rearranged product. The authors
suggested that the higher selectivity imparted by NHC backbone substitution was steric
in origin, as TEP analysis failed to yield consistent correlation between electronic ligand
effects and selectivity. Later in 2012 the preparation of acenaphthoimidazolylidene
palladium complex 76 was reported.*® This complex was found to be an efficient catalyst
for the Suzuki-Miyaura cross-coupling of sterically hindered partners, allowing
successful coupling in excellent yields with low catalyst loading under mild reaction

v o

conditions.

N N N N
Cl—Pd—Cl Cl—Pd—Cl
~ | /N |
"¢ X Na
75 76

Figure 2.4 Sterically bulky (NHC)PdCI,(PEPPSI) with modified back bones.
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2.1.2 (NHC)PdCIz(Im) complexes

A highly effective protocol for Sonogashira coupling reactions was reported in 2002.%
The pre-catalyst was an N-carbamoyl-substituted heterocyclic carbene Pd complex 77,
which contained N-methylimidazole as a throw-away ligand. This complex 77, prepared
via the reaction of two equivalents of carbamoyl imidazolium salt with Pd(OACc)
(Scheme 2.6), was found to couple aryl iodides with a variety of alkyne partners at room
temperature with excellent yields. Modification of the protocol; increasing the
temperature to 80 °C and changing the base to Cs2COz allowed the coupling of more
challenging aryl bromides.

LA
\]]/N N

J\ Pd(OAc),
N N/%ﬁ’ —  » O |—pg—i
— THF, reflux |11
¢J
N
/

Scheme 2.6 First synthesis of an (NHC)PdClI,(Im) complex

In further studies Shao et al. prepared the IMes and IPr derivatives of the
(NHC)PCI2(Im) complex, using the same protocol as that in the preparation of the
PEPPSI systems (Scheme 2.7).18

NN i [\ 3
N 2 N N "
cie PdCl, \(
i
;

CI—Pd-Cl
+ THF, K,CO4 R N R
reflux [ N\
NP — N>
— \

78=R'='PrR?=H
79 =R"=CH; R?2=CH,4

Scheme 2.7 Synthesis of IMes and IPr (NHC)PdCl»(Im) complexes.

Single crystal X-ray analysis of 78 revealed that compared to the PEPPSI derivative the
N-methylimidazole complex has a shorter Pd-N bond, due to its stronger o-donor

properties. This factor could perturb the complexes catalytic activity. Indeed a
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comparison of complexes 72 and 78 performance in the Buchwald-Hatwig reaction of
chlorobenzene with piperidine showed the methylimidazole based complex required a
higher temperature to operate (Table 2.2).18° Research by Lu et al. in 2012 reported the
use of (IPr)PdCl(Im) 78 in Hiyama coupling.?° In this study aryl chlorides were coupled
with arylsiloxanes in good yields using 1 mol% of the palladium precatalyst at 120 °C in

toluene.

Table 2.2 Catalytic activity of complexes 72 and 78 in Buchwald-Hartwig amination.

[cat]
O+ D —= OO
BuOK

Catalyst Mol % Solvent Reaction | Temperature | % Yield
Time/ (h) / (°C)
(IPr)PdCl2(py) 72 2 DME 24 30 83
(IPr)PdClI2(Im) 1 Dioxane 3 90 89
78

2.1.3 (NHC)PdCI>(TEA) complexes

Research by Navarro et al. in 2011 reported the preparation of novel complexes
containing triethylamine (TEA) as a throw away ligand.?* These complexes were
prepared by the reaction of the corresponding [(NHC)PdCI.]> dimer with an excess of
triethylamine in dichloromethane (DCM) at room temperature (Scheme 2.8). The TEA
throw away ligand was selected due to both its o-donor capabilities and low steric

demand.
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Scheme 2.8 Synthesis of (NHC)PdCI(TEA) complexes.

The (IPr)PdCI2(TEA) complex 80 was shown to be an effective precatalyst in both
Suzuki-Miyaura cross-coupling and Buchwald-Hartwig aminations (Scheme 2.9),
showing higher activity at lower temperatures then the PEPPSI based analogue. Single
crystal X-ray diffraction analysis of the (IPr)PdCI>(TEA) 80 complex revealed a Pd-N
bond distance significantly longer than the (IPr)PdCI.(PEPPSI) 70 complex. This
difference was attributed to the m-acceptor character of 3-chloropyridine ligand. The
authors suggested that the higher activity of the TEA complex at lower temperatures was
a result of either or a combination of both: the longer Pd-N bond aiding formation of the
Pd° catalyst and the stronger c-donor characteristics of the TEA ligand that facilitate re-
coordination, increasing the active catalyst life time.

Al
7\ 1 % [cat] — —
cl + /7 N B(OH), > \ /
e X X N
RA— R\= NaOH, EtOH R/ N\ %
25°0C
B]
7\ /R" 1 % [cat] — R’
[ >
N c  + HN R\/\ /
R 'BuOK, DME R
50°C

Scheme 2.9 A] Reaction conditions used for Suzuki-Miyaura cross coupling catalysed by
(IPr)PdCI(TEA). B] Reaction conditions used for Buchwald-Hartwig aminations catalysed by
(SIPr)PACI(TEA).

63



2.2 Results and Discussion

Due to the success of the NHC palladium precatalysts containing N-donors, the aim of
this investigation was to synthesise a series of novel NHC palladium complexes
containing a nitrogen co-ordinated throw-away ligand, and test the most promising

complexes as a precatalysts for cross-coupling reactions.

2.2.1 Synthesis of novel (NHC) palladium complexes with N-donors as throw away

ligands.

2.2.1.1 (IMes)PdClz(2-phenylpyridine)

Inspired by the success of the (NHC)PdCI2(PEPPSI) complexes reported above, we
decided to investigate the synthesis of novel complexes containing a pyridine based throw
away ligand. We selected 2-phenylpyridine as an alternative to the 3-chloropyridine of
the PEPPSI based systems, believing that the increased steric bulk could facilitate easier

de-coordination of the throw away ligand, improving catalytic performance.

The IMes.HCI salt 82 was prepared using the protocol described in 2007 by Hintermann
(Scheme 2.10).% It begins with the reaction between glyoxal with 2,6-dimethylaniline
catalysed by acetic acid, resulting in the formation of 1,4-diaryl-1,4-diazadiene (DAD).
This DAD was then reacted with paraformaldehyde and chlorotrimethylsilane (TMSCI)
yielding the target IMes.HCI salt in a good yield (67 %).
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The IMes salt was then reacted with palladium acetyalacetonate in a process reported by

Scheme 2.10 Synthesis of IMes HCI.

Navarro et al.?® by heating to 110 °C with microwave irradiation for 30 min, resulting in
the formation of the (IMes)Pd(acac)Cl complex 83 (Scheme 2.11). The [(IMes)PdCI:]>
dimer 84 was prepared by stirring the (IMes)Pd(acac)Cl complex with an excess of HCI

in dioxane for 6 h at room temperature.

.

THF, 110 °C, CI—Pd fe)
| )
30 min Og
83

Scheme 2.11 Synthesis of (IMes)Pd(acac)Cl via microwave irradiation.

Stirring the [(IMes)PdCl.]> dimer 84 with 2-phenylpyridine for 4 h at room temperature
in tetrahydrofuran (THF) resulted in the solution changing colour from orange to yellow.
Removal of the solvent in vacuo, yielded a yellow solid which was found to be the desired
(IMes)PdCl2(2-phenylpyridine) complex 85 (Scheme 2.12). This new complex was fully
characterised by means of elemental analysis, tH and *C NMR spectroscopy. The solid
state structure was unambiguously determined by X-ray single crystal diffraction (Figure
2.5).
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Scheme 2.12 Reaction between [(IMes)PdCl,]» and 2-phenylpyridine.

Figure 2.5 X-ray structure of (IMes)PdCl2(2-phenylpyridine). Thermal ellipsoids at the 50% probability
level. Hydrogen atoms are omitted for clarity. Selected bond lengths [A] and angles [°]: Pd1-C1:
1.972(5), Pd-CI1: 2.337(11), Pd-CI2: 2.291(13), Pd-N3: 2.124(4), C1-Pd1-CI1: 92.3(3), C1-Pd1-CI2:
91.20(16), N3-Pd1-CI2: 89.32(13), N3-Pd1-CI1: 92.3(3).

The complex was found to have a distorted square planar geometry with the 2-
phenylpyridine trans to the IMes ligand. Unfortunately the Pd-N bond length was found
to be very similar to the PEPPSI derived system; therefore increasing the steric bulk of
the throw-away ligand is unlikely to affect the ease of activation of the palladium
precatalyst and thus improve the complexes performance in cross coupling reactions.
However since the bulky phenyl group does occupy the co-ordination sphere of the metal
centre, it could be beneficial in palladium (ll)-palladium (IV) systems such as
acetoxlaytion reactions. This hypothesis has been tested and results reported in a later
chapter (Chapter 4).
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2.2.1.2 (IMes)PdCl(S-methyl-pyrrolidine-2-carboxylate)

Aiming to explore alternative N donor ligands in NHC palladium precatalysts, we
identified I-proline methyl ester hydrochloride as a potential candidate. The compound
was chosen due to its availability, cheap price, interesting chiral properties and weaker o-
donor ability compared to TEA. An initial attempt to synthesis the target compound by
reacting the [(IMesPdCl2]> dimer with I-proline methyl ester hydrochloride proved
unsuccessful. However, running the reaction under the same conditions but replacing the
dimer with (IMes)PdCI2(TEA) complex generated (IMes)PdClz(S-methyl-pyrrolidine-2-
carboxylatye) in quantitative yields (Scheme 2.13). This complex was fully characterised
by means of elemental analysis, *H and 3C NMR spectroscopy. The solid state structure
was unambiguously determined by X-ray single crystal diffraction (Figure 2.6). The
complex was found to have a distorted square planar geometry with the I-proline methyl
ester trans to the IMes ligand. The Pd-N distance was found to be shorter than the TEA
counterpart; this could be explained by an enhancement of the o-donor character of the
nitrogen facilitated by intramolecular hydrogen bonding between the pyrrolidine and one
of the chlorines attached to the palladium. This hypothesis is plausible as the H-CI
distance (2.58 A) is shorter than the sum of the van der Waals radii of H and CI atoms,
2.95 A. A similar effect was observed with the (NHC)PdCI2(DEA) complexes (DEA =
diethylamine) reported by Navarro et al. in 2011. 2* They found that the complexes
bearing the DEA functionality had a shorter Pd-N bond then their TEA analogues,
resulting from intramolecular hydrogen bonding. It was reported that these
(NHC)PdCI,(DEA) complexes performed comparatively worse in the Suzuki-Miyaura
cross coupling of 2,6-dimethylphenyl chloride with phenylboronic acid. The performance
difference was attributed to the slower activation of the precatalyst, resulting from slower
disassociation of the throw away ligand. Due to this observation, we believe the
(IMes)PdCl(S-methyl-pyrrolidine-2-carboxylate) complex is unlikely to provide higher
activity in cross coupling reactions then the TEA ligated compounds, but due to its chiral

properties may find use in Pd(l1) catalysed stereoselective reactions.
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Scheme 2.13 Synthesis of (IMes)PdCl»(S-methyl-pyrrolidine-2-carboxylate)

Figure 2.6 X-ray structure of (IMes)PdCl,(S-methyl-pyrrolidine-2-carboxylate). Hydrogen atoms are
omitted for clarity. Selected bond lengths [A] and angles [°]: Pd1-C1: 1.971(6), Pd-Cl1: 2.3006(17), Pd-
Cl2: 2.2945(16), Pd-N3: 2.119(5), C1-Pd1-Cl1: 89.56(19), C1-Pd1-CI2: 94.02(19), N3-Pd1-CI2:
85.32(14), N3-Pd1-Cl1: 91.36(14).

2.2.1.3 (IPr')PACI(TEA)

Intending to explore the potential further enhancement of catalytic activity of these TEA
containing NHC-palladium complexes, we decided to synthesise the (IPr")PdCIx(TEA)
complex. The imidazolium salt IPr".HCI was prepared by the following literature

procedure and its identity confirmed by *H NMR spectroscopy (Scheme 2.14).2°
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Ph

Ph (CHO)Zaq

CH2C|2, MgSO4

‘Ar— gv N<ar

cio

*Ar/NwN/Ar
Ph
Ph
Ar' = g

Ph
Ph

This imidazolium salt was then used to prepare the target (IPr*)PdCI2(TEA) complex in

a procedure depicted below (Scheme 2.15).2% This procedure begins with the reaction of

the IPr".HCI with AgCIl under conditions reported in the literature to yield the

corresponding (IPr)AgCl complex. This was followed by transmetalation with

[Pd(allyl)Cl]2. Without isolation of the intermediate complex, the crude reaction mixture
was treated with 4 M HCI in dioxane to generate the dimer [(IPr)PdCl,]. 87. Finally, the
dimer was reacted with an excess of TEA to yield the target (IPr")PdCI>(TEA) 88 complex
in an overall yield of 79 %. Both the [(IPr")PdCl.]2and (IPr)PdCly(TEA) complexes were

fully characterised by H, 3C NMR spectroscopy and elemental analysis.

) AqCI ) [Pd(allyl)Cl],
PrHO ——3 e (IPr)AGC
DCM, r.t. DCM, r.t.
Ph Ph
Ph Ph
[\
N N TEA
Y -~
CI—Pld—CI CHCI3, r.t.
Ph Ph
N
PH \/) ~ Ph

88
(79% overall)

Scheme 2.15 Synthesis of (IPr)PdCI,(TEA).
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A slow recrystallization of (IPr")PdCI,(TEA) in chloroform/hexane mixture yielded
crystals suitable for X-ray diffraction analysis. As expected, the molecular structure
shows a square planar Pd centre with the NHC and TEA trans to each other (Figure 2.7).
The bond lengths from the metal were of a similar range to that of the IPr-bearing
complex. The Pd-N bond was found to be significantly longer than the
(IPr)PdCI,(PEPPSI) analogue, suggesting a weaker interaction between the Pd and the

throw away ligand and therefore an easier activation process.

Figure 2.7 X-ray structure of (IPr")PdCI,(TEA). Hydrogen atoms are omitted for clarity . Selected bond
lengths [A] and angles [°]: Pd1-C1 1.960(6), Pd1-N3 2.179(5), Pd—Cl1 2.2989(17), Pd—CI2 2.3041(17),
C1-Pd1-Cl1 86.15(17), C1-Pd1-CI2 89.35(17), N3—-Pd1-CI1 94.11(16), N3—Pd1-CI2 90.41(16).

After analysing the structures of the three novel complexes prepared, we identified the
(IPr)PACI(TEA) complex to be the best candidate for catalysing cross-coupling
reactions. As a result of this the (IPr")PdCI(TEA) complex was tested as a catalyst for

Buchwald-Hartwig amination reactions.
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2.2.2 Comparative testing of (IPr")PdCI,(TEA) as a precatalyst in Buchwald-Hartwig

aminations

In order to facilitate a direct comparison between the catalytic activity of
(IPr)PdCI(TEA), (SIPr)PdCI(TEA) and (IPr*)PdCIz(PEPPSI) complexes, we used the
same base and solvent system (KO'Bu, DME) that was reported for these catalysts in the
literature. The (IPr")PdCI(TEA) complex was found to be air and moisture stable,

therefore the coupling reactions were set up and performed in open air.

In a direct comparison of (IPr")PdCI(TEA) and (SIPr)PdCI,(TEA) in the Buchwald-
Hartwig coupling between 3-chloropyridine and morpholine (Table 2.3), the IPr” bearing
complex showed a clear improvement in activity, enabling the coupling reaction to occur
in a good yield at room temperature. This difference in activity is probably a result of the
flexible steric bulk of the IPr* carbene adjusting towards incoming substrates and thus

applying steric pressure during the reductive elimination step.

Table 2.3 Comparative catalytic activity of (SIPr)PdCI,(TEA) and (IPr")PdCI,(TEA) complexes.

(, _\ cl + HNCO % {\1 _\ NDO
Catalyst Conditions Temperature Time /(h) % vyield
/1(°C)
(SIPr)PdCI2(TEA) glovebox 50 3.5 77
(IPr)PdCI,(TEA) in air room 26 91
temperature

The significance of the TEA throwaway ligand was highlighted in the comparison of the
catalytic performance of (IPr")PdCI,(PEPPSI) and (IPr*)PdCIz(TEA) in the Buchwald-
Hartwig coupling of 1-chloro-4-methylbenzene and morpholine (Table 2.4). The TEA
ligated complex was able to couple the substrates in a shorter time, with a better yield and

half the catalyst loading.
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Table 2.4 Comparative catalytic activity of (IPr")PdCI(TEA) and (IPr")PdCI,(PEPPSI) complexes.

~©—0| + BN o ]l @N 0
_/ DME, KO'BU, __/

rt

Catalyst Conditions | Catalyst loading | Time /(h) % vyield
(mol %)
(IPr")PdCI,(PEPPSI) glovebox 2 24 94
(IPr")PdCI(TEA) in air 1 20 97

2.2.3 Scope of reactivity

The scope of this pre-catalyst in Buchwald-Hartwig aminations was then investigated.
The complex was found to catalyse the coupling of a number of aryl chlorides and
secondary amines, without the need to set up or perform the reactions under an inert
atmosphere (Scheme 2.16). The use of more sterically demanding aryl chlorides had no
significant effect on reaction times or yields. Unsurprisingly less time was needed when
the chlorine was replaced with bromine. Two piperazine based compounds were
successfully synthesised, including the 1-benzyl-4-(4-methoxyphenyl)piperazine 98,
which has displayed selective potency at the D4 receptor and is a benchmark for the

development of compound libraries for potential schizophrenia treatment.
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Scheme 2.16 Room temperature Buchwald Hartwig couplings catalysed by (IPr*)PdCI,(TEA). Reaction
conditions: aryl chloride (1 mmol), amine (1.1 mmol), KO'Bu (1.1 mmol), DME (1 ml). The yield is the
average of two runs. [a] 2-bromo anisole used. Yields given are isolated pure compounds.
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2.3 Conclusion
The aim of this chapter was to design a novel (NHC)-palladium catalyst bearing an N-
donor throw away ligand and test its activity in cross-coupling reactions. We have
reported the preparation of three new NHC palladium complexes, and the best candidate:
(IPr*)PdCI>(TEA) has been tested in Buchwald Hartwig amination reactions. The
complex was found to facilitate the coupling of aryl chlorides and bromides to secondary

amines with excellent yields under mild, and user friendly conditions.

2.4 Experimental

General Considerations

Unless otherwise noted, all manipulations were performed in air. All solvents and
reagents were used as received with the exception of KOtBu, which was flame-dried prior
to use. The reagents were purchased from Sigma Aldrich, Fluorochem and Alfa Aesar.
The imidazolium salt IPr*-HCI and complex (IPr*)AgCl were prepared by following
literature procedures and their identity and purity was confirmed by 'H NMR
spectroscopy.?® The [(IMes)PdCl,]z and (IMes)PdCIl(TEA) complexes were prepared by
following reported literature procedures and their identity and purity confirmed by *H
NMR spectroscopy.?:

Synthesis of [(IPr*)PdCl:]2 (87)

In a vial equipped with a magnetic stir bar, (IPr*)AgCl (2.38 g, 2.25 mmol) and
[Pd(allyl)Cl2]2 (0.42 g, 1.15 mmol) were dissolved in dichloromethane, and the mixture
was allowed to stir at room temperature for 16 h. The reaction mixture was filtered, and
the filtrate was concentrated in vacuo and triturated with hexane to afford an off-white
solid (2.06 g). This solid was re-dissolved in chloroform (10 mL), and 4 n HCI in diox-
ane (1 mL) was added. The solution was allowed to stir at room temperature for 4 h and
was then concentrated in vacuo and tritu-rated with hexane to afford a pale yellow solid,
yield 2.0 g (94%). *H NMR [(CD3)2S0, 300 MHz]: 6 = 2.16 (s, 12 H), 4.57 (s, 4 H,), 6.13
(s,8H,),6.58 (d,J=6, 15 H), 6.70 (s, 8 H), 6.99-7.08 (m, 25 H,), 7.21 (t, J = 7.5, 10 H),
7.29 (t, J=7.5,15H,), 7.38 (d, J =6,15 H) ppm. *C{*H} NMR [(CD3).S0O, 75 MHz]: 6
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=21.4,50.1, 126.4, 127.9, 128.2, 128.7, 129.9, 130.1, 134.5, 137.9, 141.4, 143.4, 143.8.
Anal. Calcd for C13sH112ClsN4Pd> (2181.04): C 75.99, H 5.18, N 2.57; found C 75.71, H
4.95, N 2.64.

Synthesis of (IPr*)PdCI2(TEA) (88)

In a vial equipped with a magnetic stirbar, [(IPr*)PdCl2]> (545 mg, 0.25 mmol) was
suspended in chloroform (1 mL), and an excess of triethylamine (0.5 mL) was added. The
solution was stirred at room temperature for 2 h. The removal of the solvent afforded a
pale yellow solid, which was washed with hexane, yield 532 mg (89%).'H NMR (CDCls,
300 MHz): 6 = 0.95 (t, J =7.5Hz,9H), 2.23 (s, 6H), 2.77 (q, J =7 Hz, 6H), 4.44 (s, 2 H),
6.07 (s, 4 H),6.70 (m, 8 H, ArH), 6.81 (s, 4 H), 7.01 (m, 12 H), 7.25(m, 14 H), 7.48 (d, J
=6 Hz, 6 H,).C{*H} NMR (CDCls, 75 MHz): § = 9.6, 21.8, 22.3, 46.5, 50.9, 123.1,
125.8,126.0, 127.8, 127.9, 129.3, 129.6, 130.1, 134.6, 138.3, 142.8, 143.7, 145.6, 152.5
Anal. Calcd for C7sH71CloNsPd (1191.71): C, 75.59, H 6.01, N 3.53; found C75.45, H
6.33, N 3.44.

Synthesis of (IMes)PdClI2(2-phenylpyridine) (85)

In a vial equipped with a magnetic stirbar, [(IMes)PdClI2]. (100 mg, 0.104 mmol) was
dissolved in THF (5 mL), the solution was stirred until the complex dissolved. Then 2-
phenylpyridine (15 pL, 0.104mmol) was added via a micro pipette, and the reaction left
to stir for 4 hours at room temperature. Once the reaction had finished the solvent was
removed under vacuum. The product was then recrystallized in benzene and hexane in a
quantitative yield. '"H NMR (400 MHz, CDCls) 6 8.57 (d, J = 6.0 Hz, 1H), 7.80 (d, J = 7.3
Hz, 2H), 7.61 (td, J = 7.7, 1.4 Hz, 1H), 7.35 (t, J = 7.5 Hz, 1H), 7.27 (s, 1H), 7.20 (t, J =
7.7 Hz, 2H), 7.17 - 7.10 (m, 1H), 7.07 (s, 2H), 7.04 (s, 2H), 7.02 (d, J = 1.5 Hz, 1H), 6.93
—6.88 (m, 1H), 2.51 (s, 3H), 2.40 (s, 3H), 2.34 (s, 6H), 2.16 (s, 6H). 1*C NMR (100 MHz,
CsDs ): 0 =160.6, 155.4, 151.0, 139.3, 138.9, 138.3, 137.2, 136.3, 136.1, 135.3, 134.9,
129.2, 128.9, 128.0, 125.2, 123.8, 122.3, 21.01, 19.0, 18.6. Anal. Calcd for
Cs2H33CIoNsPd: C, 60.34; H, 5.22; N, 6.66. Found: C, 60.42; H, 5.21; N, 6.52. CCDC
number: 1473490.
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Synthesis of (IMes)PdCl2(methyl pyrrolidine-2-carboxylate) (86)

In a vial equipped with a magnetic stirbar, (IMes)PdCI>(TEA) (100 mg, 1.715 mmol) was
dissolved in dry acetone (5 mL). Then L-proline methyl ester hydrochloride (0.28, 1.715
mmol) was added, and the reaction was left to stir overnight. The solvent was then
removed in vacuo and the product then purified by recrystallization in a benzene and
hexane mixture in a quantitative yield. 'H NMR (399 MHz, benzene-ds) & 6.85 (s, 4H),
6.14 (s, 2H), 4.20 (dt, J = 9.3, 6.1 Hz, 1H), 3.83 — 3.64 (m, 1H), 3.10 (s, 3H), 3.00 — 2.77
(m, 1H), 2.56-2.51 (m, 1H), 2.48 (s, 12H), 2.10 (s, 6H), 1.79 — 1.55 (m, 1H), 1.32 - 1.16
(m, 1H), 1.16 — 1.01 (m, 1H), 0.74 (dt, J = 12.4, 8.2 Hz, 1H).3C NMR (100 MHz, CsDs)
5 172.3,156.8, 138.5, 136.3, 135.5, 129.1, 129.0, 60.5, 51.2, 49.2, 29.8, 23.9, 20.7, 19.0.
Anal. Calcd for Co7H3sCI2N3O2Pd: C, 53.00; H, 5.93; N, 6.87. Found C, 52.68; H, 5.95;
N, 6.81. CCDC number: 1504858.

General Procedure for Buchwald-Hartwig amination reactions

Complex 88 (1 mol %), KO'Bu (1.1 mmol) aryl halide (1 mmol) amine (1.1 mmol) and
DME (1 ml) were added in turn to a vial equipped with a magnetic stir bar. The solution
was then stirred at room temperature and monitored by gas chromatography. Once the
reaction was finished, the solution was poured into distilled water (5 mL) and the organics
extracted three times with ethyl acetate (10 mL). The organic portions were combined,
dried over MgSOs, filtered, and the solvent removed in vacuo. The products were isolated
by flash chromatography using the solvent systems described below. The amount of

product shown is the average of two runs.

76



4-Methylbenzyl)morpholine.?” (89)

—<: :>—N 0]
—/

The procedure afforded, after purification (Petroleum ether/EtOAc = 90/10), 172 mg (97 %) of
the title compound as a yellow oil. *tH NMR (500 MHz, CDCls): § 7.10 (d, J = 9.3 Hz, 2H), 6.84
(d, J=9.3 Hz, 2H), 3.87 (t, J = 4.5 Hz, 4H), 3.12 (t, J = 4.5 Hz, 4H), 2.29 (s, 3H).

4-(4-Methoxyphenyl)morpholine.?” (90)

Me0—< >—N O

_/
The procedure afforded, after purification (Petroleum ether/EtOAc = 98/2), 180 mg (93 %) of the
title compound as a white solid. *H NMR (500 MHz, CDCls): 6 6.93-6.83 (m, 4H), 3.86 (t, J =

4.5 Hz, 4H), 3.78 (s, 3H), 3.06 (t, J = 4.5 Hz, 4H).

4-Mesitylmorpholine.?’ (91)

The procedure afforded, after purification (Petroleum ether/EtOAc = 80/20), 195mg (95 %) of
the title compound as an off-white solid. *H NMR (500 MHz, CDCls): § 6.82 (s, 2H), 3.79 (t, J =
4.5 Hz, 4H), 3.08 (t, J = 4.5 Hz, 4H), 2.31 (s, 6H), 2.24 (s, 3H).

4-(2-Methoxyphenyl)morpholine.? (92)
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The procedure afforded, after purification (Petroleum ether/EtOAc = 90/10), 191 mg (99 %) of
the title compound as a yellow oil. *H NMR (500 MHz, CDCls): § 7.06-6.99 (m, 1H), 6.96-6.92
(m, 2H), 6.90-6.86 (m, 1H), 3.90 (t, J = 4.5 Hz, 4H), 3.87 (s, 3H), 3.07 (t, J = 4.5 Hz, 4H).

2-(Piperidin-1-yl)pyridine.?” (93)

The procedure afforded, after purification (Petroleum ether/EtOAc = 99/1), 149 mg (92 %) of the
title compound as a colorless oil. tH NMR (500 MHz, CDCl3): § 8.20-8.14 (m, 1H), 7.47-7.39
(m, 1H), 6.63 (d, J = 8.4 Hz, 1H), 6.57-6.51 (m, 1H), 3.51 (s, broad, 4H), 1.63 (s, broad, 6H).

N,4-dimethyl-N-phenylaniline.?” (94)

|
JORe
The procedure afforded, after purification (Petroleum ether/EtOAc = 80/20), 178 mg (90 %) of
the title compound as a yellow oil. *H NMR (500 MHz, CDCls): 6 7.25-7.356 (m, 2H), 7.23-7.16

(d, 2H), 7.11-7.06 (d, 2H), 7.04-6.99 (m, 2H), 6.99-6.92 (m 1H), 3.36 (s, 3H), 2.41 (s, 3H).

N-Methyl-N-phenylpyridin-2-amine.? (95)

O

The procedure afforded, after purification (Petroleum ether/EtOAc = 80/20), 177mg (96 %) of
the title compound as a yellow oil. *H NMR (500 MHz, CDCl3) § 8.23 (m, 1H), 7.40 (m, 2H),
7.30 (m, 2H), 7.21 (m, 2H), 6.60 (td, J = 6.0, 0.9 Hz, 1H), 6.53 (d, J = 8.4 Hz, 1H), 3.48 (s, 3H).
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4-(Naphthalen-1-yl)morpholine.? (96)

N O
)

The procedure afforded, after purification (Petroleum ether/EtOAc = 90/10), 194 mg (91 %) of
the title compound as a white solid. *H NMR (400 MHz, CDCls): 6 3.15 (t, J = 4.6 Hz,4H,), 4.03
(t, J = 4.6 Hz, 4H), 7.13 (dd, J = 7.4, 0.8 Hz, 1H), 7.47 (t, J = 8.2 and 7.4 Hz, 1H), 7.50-7.59 (
m, 2H), 7.64 (d, J = 8.2 Hz, 1H), 7.90 (m, 1H), 8.30 (m, 1H).

Tert-butyl 4-(pyridin-2-yl)piperazine-1-carboxylate.* (97)

The procedure afforded, after purification (Petroleum ether/EtOAc = 98/2), 234 mg (99 % ) of
the title compound as a white solid. *H NMR (500 MHz, CDCls): § 1.47 (s, 9H), 3.47 (m, 8H),
6.54-6.61 (m, 2H), 7.40-7.46 (m, 1H), 8.11-8.14 (s, 1H).

1-benzyl-4-(4-methoxyphenyl)piperazine.®! (98)

MeO

The procedure afforded, after purification (Petroleum ether/EtOAc = 98/2), 263 mg (93 %) of the
title compound as an off-white solid. *H NMR (500 MHz, CDCls): 6 2.60-2.63 (m, 4H), 3.08—
3.11 (m, 4H), 3.57 (s, 2H), 3.76 (s, 3H), 6.83 (d, J = 9.0 Hz, 2H), 6.89 (d, J = 9.0 Hz, 1H), 7.26—
7.36 (m, 5H).
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3 [(NHC)PACIs][TBA] complexes as catalysts for the

Mizoroki-Heck Reaction

3.1 Background

The formation of new C-C bonds is vital to the synthesis of pharmaceuticals, natural
products and material science. In the pursuit of these endeavours the Mizoroki-Heck
reaction is a uniquely attractive process among cross-coupling reactions, due to its direct
formation of C-C bonds from the comparatively inert vinylic C-H bonds of a-olefins.?
This inertness, compared to substrates required for other coupling reactions, is
advantageous as it means that fewer steps are required in its installation and maintenance

throughout a synthetic procedure.

3.1.1 Discovery of the Mizoroki-Heck reaction

The basis for the modern day Mizoroki-Heck reaction was reported in a series of
monographs by Heck in the late 1960s.2® They described the formation of arylated
alkenes by the reaction of alkenes with a stoichiometric amount of [Ar-Pd-X] (X = Cl or
OAc), which was generated in situ by reacting ArHgX (X = CI or OAc) with LiPdCls
(Scheme 3.1). Although this methodology was an effective method for the preparation of
arylated alkenes, the utilisation of toxic arylmercury reagents rendered this process

undesirable for widespread adoption.

Cl

LiPdCl,
HgCl >
g + | CUC|2, CH3CN,

rt, 24 h

Scheme 3.1 Stoichiometric coupling of arylmetallic reagent with 3-chloro-1-butene

In 1968 Fitton and co-workers reported that Pd(PPhs)s a palladium(0) complex can
undergo oxidative addition with chloroolefins, alkyhalides and arylhalides;* this
observation showed that mercury reagents were not required to facilitate the oxidative
addition step. Based on this study, procedures that utilised the oxidative addition of ArX

directly to a palladium (0) species were reported independently by Mizoroki and Heck in
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1971 and 1972 respectively,>® (Scheme 3.2). These reactions, which were found to work
faster when a base was added, were the earliest examples of a new reaction later called

the Mizoroki-Heck reaction.
A) Mizoroki 1971

PdCl, (1.0 1%
O+ = ot (YN
KOAc, MeOH,

120 °C

74 %

@I N @__\ Pd(OAC), (1.0 mol%) O X O
\ nBusN, 100 °C

75 %

B) Heck 1972

Scheme 3.2 Early examples of palladium (I1) cross coupling reaction.

Mizorki and co-workers further developed their preliminary work in 1973,” extending the
scope of reactivity to include bromobenzene. In this study the use of a phosphine ligand
PPh3z was found to slightly increase the yield.

3.1.2 Mechanism

The first full mechanism for the reaction between iodobenzene and styrene catalysed by
Pd(OAc), was reported in 1972 by Heck and Nolley.® They proposed the oxidative
addition of the aryl halide to palladium metal, which had been formed in situ by the
reduction of Pd(OAc) by the alkene. The newly formed organopalladium halide then
underwent an addition reaction with the olefin, which then decomposed by eliminating
hydridopalladium halide to form the target substituted olefinic compound. It was then
suggested that the hydridopalladium halide species further decomposes into hydrogen
halide and palladium which can then re-enter the cycle.

In 1974 the usage of PPhgz as the ligand associated with Pd(OAc). was reported by Dieck
and Heck.® The addition of the ligand was found to have little effect when using aryl
iodides, but its inclusion allowed the procedure to couple aryl bromides at temperatures
in the range of 100-135 °C. The mechanism for reactions catalysed by Pd(OAc)2
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associated  with monophosphine ligand was proposed in this monograph. This
mechanism, described by Heck as successive reactions, is presented in a cyclic format
below (Scheme 3.3).

Pd(OAc), + nL

reduction
) BaseH" X ArX
reductive
elimination oxidative addition
Base PdOL,,
] ]
H—Pld—X Ar—Pld—X
Ar L L
\:\ -L
R +L L
]
H—Pd—X Il-
A |— Ar—Pd—X
R :\
syn o
p-hydride L
LT - L
elimination |
H PdXL, Ar—Pd—X
Arng Qs |
H R +L -\
\ Ar, PdXI;z/ R
H||>—<||H
internal H R syn
C-C rotation insertion

Scheme 3.3 Proposed mechanism when the precursor is Pd(OAc)2 and a monophosphine ligand.

In this cycle the following steps were postulated:

I.  Aloosely defined reduction process of palladium(ll) species to palladium(0)
Il.  The oxidative addition of the aryl halide to a palladium (0) complex
[1l.  The dissociation of one phosphine from the generated c-aryl-palladium(l1) halide,
followed by n-2 co-ordination of the alkene.
IV.  Syninsertion of the alkene, generating a o-alkyl-palladium(Il) halide.
V.  Aninternal C-C rotation which places a sp® B hydrogen in a syn position relative
to the palladium. This facilitates a syn p-hydride elimination resulting in a

hydridopalladium(Il) halide with a co-ordinated arylated alkene.
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VI.  Dissociation of the arylated alkene followed by a reversible reductive elimination
of hydrogen halide regenerating the Pd(0) complex which continues the cycle.

The reactions described above formed the bases of the textbook mechanism for the
Mizoroki-Heck reaction, of which many of the steps have been proved correct. However
over the last thirty years, with the advent of new analytical techniques and the
identification of novel ligand systems, there have been many gains in knowledge
pertaining to i) the intermediate palladium species in the cycle, ii) the reduction pathways
of the palladium(I1) species and iii) the factors which control the regioselectivity of the
Mizoroki-Heck reaction.

3.1.2.1 Catalyst activation pathways

The suggested pathways for reduction of the palladium(ll) precatalyst are varied and
dependant on the reaction conditions. In the case of ligand free systems three possible
mechanisms have been proposed. The first, suggested by Heck, involved the alkene acting
as a reducing agent (Scheme 3.4).° This requires an intramolecular nucleophilic attack of
the acetate onto the alkene, followed by S-hydride elimination leading to the formation

of HPdOAc which then undergoes a base promoted reductive elimination yielding Pd(0).

H AcO
l \ rotation
Pd(OAc), + A R ——» R — R — [“I°R
_Pd_ OAc Pd H' Pd
AcO” “OAc Ac

Pd0 + baseH*AcO" ‘T HPdOAc + A~

base

Scheme 3.4 Reduction of the Pd(I1) reagent by alkene.

It has been proposed that when amines are used as the base they can also act as a reducing
agent (Scheme 3.5). In this case, after co-ordination to the palladium metal centre, a -
hydride elimination may take place resulting in the formation of HPdOAc which then

undergoes reductive elimination to produce the active Pd(0) species.
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(IDAC

®
T ) Pld—OAc—> R3—C=NR'R2 T HPdOAc
HC—LNR'R2 H

||?3 V amine

Pd® + amineH* AcO"

Pd(OAc), + R'R2NCH,R® — >

Scheme 3.5 Reduction of the Pd(Il) reagent by amine base.

In 2000 Reetz and Westermann realised that in Mizoroki-Heck reactions performed in
the absence of phosphine ligands, additives such as ammoniums salts can facilitate the
thermolytic decomposition of Pd(OAc), at 100-130 °C.1° The cleavage of the Pd-OAc
bond generates Pd(0) nanoparticles stabilised by RsN*X", which then act as the active
catalyst for the reaction.

In catalytic systems, when a monophosphine such as PPhsz is used in conjunction with a
divalent palladium species containing an oxygenated ligand (AcO", NOs", CF3COy), the
palladium(Il) compound is proposed to be reduced by the phosphine ligand. This
hypothesis was developed by Jutand and co-workers in 1992,'* and was based on
electrochemical analysis and 3P NMR spectroscopy. They reported that in DMF,
mixtures of Pd(OAc)2 and nPPhz (n > 2) rapidly react to produce Pd(OAc)2(PPhs)2, which
slowly forms Pd(PPhs)n(OAc)” and phosphine oxide via an intramolecular reduction
(Scheme 3.6). Further studies by Amatore and Jutand investigated the kinetics of the
reduction process.*? They reported that the reduction of the Pd(ll) by the phosphine is
much faster than by the alkene or amine. It was also determined that the reduction process

IS sensitive to electronic and steric factors with more electron poor phosphines reacting

faster.
Pd°(PPh;),(OAc)
(O)PPh,
PhsR  OAc @ +H50, -H*
Pd(OAC)2 + nPPh3 — Pd ) ACO—PPh3 _— +
N
(n=2) Aco” D pph, AcOH

Scheme 3.6 Reduction of Pd(OAc). by monophosphine PPhs.

The composition of the palladium complex formed post reduction is dependent on the

equivalents of phosphine used. When 2 equivalents of PPhz are added to Pd(OAC)2, only
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one PPhs is available to stabilise the resulting Pd(0) complex since the other is used in
the reduction process. This would imply that the complex would have the formal structure
[Pd°(PPhs)(OAC)]. However, because the 3P NMR spectra of this species showed two
singlets of similar magnitude a bridged dimeric cis- and trans-[Pd°(OAc)(p-
OAC)(PPhs)]2* complex has been proposed.

When three equivalents of PPhz are mixed with Pd(OAc). the anionic 16 electron species
Pd°(PPhs)2(OAC)  is formed. This complex is unstable and could be rendered more so via
the interaction of its acetate ligand with protons generated by the hydrolysis of the
phosphonium, as this would result in the formation of a more naked Pd°(PPhs), complex.
However this interaction is prevented by the capture of the protons by the base, which is
used in Mizoroki-Heck reactions to help regenerate the catalyst after completing the
cycle.

When more than 3 equiv of PPhs are mixed with Pd(OACc)2 a saturated stable 18 electron
Pd°(PPhs)3(OAcC)” complex is formed, which exists in equilibrium with Pd®(PPhs)2(OAc)
(Scheme 3.7).

PdO(PPhg)3(OAc) === Pd%(PPh;),(OAc) + PPhs

Scheme 3.7 Equilibrium between the active 16 electron species and the inactive 18 electron species when
more than three equiv of PPhs is used.

In catalytic systems, when a bisphosphine such as dppp is used in conjunction with a
divalent palladium species containing an oxygenated ligand, the catalyst activation
pathway is proposed to be slightly different from monophosphine systems.*3 This is due
to the fact that the phosphonium formed from the reductive elimination step is still ligated
to the palladium via the second phosphine and is therefore vulnerable to fast
intermolecular oxidative addition back to the starting material. In order to drive the
equilibrium to favour formation of the anionic Pd(0) complex, a second equivalent of
dppp is added. This ligand co-ordinates to the palladium centre, substituting the mono-
ligated PAP* which is then hydrolysed to form the hemioxide dppp(O) (Scheme 3.8). The
reversibility of the first step means that the formation of the Pd(0) species is slower for
bisphosphine species when compared to their monophosphine counterparts. The addition
of three equivalents of dppp results in the formation of a stable, catalytically inactive
Pd°(dddp). complex.
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p —O0Ac R P—OAc
R~ \
{ (; ONC ™= < pd P — Pd-OAcO® + @
~OAc /
P PPh,
Ph2 th Ph,
+H,0
- ACOH, H*
Ph,

Scheme 3.8 Reduction by two equivalents of bisphosphine ligand.

In 2005 the mechanism for the generation of a Pd® complex from P,C-palladacycles with
bridging acetates in the absence of any reducing agent was explored by Jutand et al.** It
was reported that the palladacycle acted as a reservoir for the generation of
monophosphine-Pd® complex, which was formed via a reductive elimination between the
0-benzyl moiety and an adjacent "OAc ligand (Scheme 3.9a). As with the bisphosphine
complexes described above, the formation of the Pd® species is reversible, as the
backward oxidation pathway is intramolecular. The use of an acetate derived base can
favourably affect the equilibrium by ligating to the palladium centre, forming a

monomeric anionic P,C-palladacycle (Scheme 3.9b).

A)
(\P(/ OAc
? — P/PdO(S)
o- Tol oToI o-Tol” No-Tol
B)
Ac
pd/o\\ Ore
12 s + A0 2 p OAc - o POP—OAC
/\
o-Tol o-Tol o- Tol o Tol o-Tol” ©o-Tol

Scheme 3.9 Reduction of P,C-palladacycles A) without the presence of acetate ions (S = DMF) B) in the
presence of acetate ions.

These anionic species are deviations from the textbook Mizoroki-Heck pathway, which
suggested that the Pd complex that reacts with the aryl halide is a neutral species with

two L ligands.
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3.1.2.2 Oxidative Addition

The textbook mechanism for the oxidative addition process in the Mizoroki-Heck
reaction is generally excepted to occur between a neutral palladium(0) species and the
aryl halide or pseudohalide via the cleavage of the C-X bond and the formation of new
Pd-X and Ar-Pd bonds (Scheme 3.10).%® However as described above, in a number of
protocols the active palladium species may be anionic in nature which can affect the
palladium(Il) complex generated.

Pd°
+ —

Ar—X

1
AV Ar—Pd''—X
Ar-X '

Scheme 3.10 Concerted oxidative addition step with neutral palladium species. X = halide or
pseudohalide.

In the reaction between Pd(OAc)2 and three equivalents of PPhs, the anionic complex
Pd°(PPhs)2(OAC) is proposed to be the only reactive species. The reaction of this complex
with Phl was investigated electrochemically by Amatore et al.*® They reported that the
product of this reaction was not the expected trans-PhPdI(PPhs)., but instead trans-
PhPd(OAC)(PPhs)2 (Scheme 3.11). This complex was postulated to be synthesised via a
short lived 18-electron penta-coordinated anionic complex [PhPdI(OAc)(PPhs).]". The
new complex exists in equilibrium with a cationic complex trans-PhPdS(PPhs)." (S =

solvent).
- <} PPh OAc
N\ Phi | ~OAC I )
Pd-OAc| — > |Ph—Pdy —_— Ph3P—P|d—PPh3 +
PhsP Ph
PPh

PhPd(OAc)(PPhs), - PhPdS(PPhs),* + AcO"

Scheme 3.11 Oxidative addition step between Phl and the anionic complex generated from Pd(OAc), and
three equivalents of PPhs. S = DMF.

89



When Pd(OAc). and two equivalents of a bisphosphine such as dppp are used in
Mizoroki-Heck reactions they form the anionic species Pd°(dppp)(OAc)™ and dppp(O),
the former of which is proposed to dimerise forming [Pd°(dppp)(OAc)]2%". This complex
was reported to react with Phl to yield the cationic PhPd(dppp)(dppp(O))*, in which the
palladium is ligated by both a dppp ligand and the hemioxide acting as a monodentate
ligand. This cationic species then slowly reacts with iodide or acetate to give either
PhPdI(dppp) or PhPd(OAC)(dppp) respectively. These two complexes are hypothesised
to exchange their anions in a reversible reaction (Scheme 3.12) and exist in equilibrium
with PhPdS(dppp)*.=® Due to the slow substitution by the acetate or iodide, the overall
reaction is slower by a factor of 300 compared to monophosphines under identical

temperatures and concentration of Phl and NEts.

20
Ph,
Phl, Ph
PPh, PBh, - R/
0 - _pg0_' 2 0_ d (©)
2 Pd(dppp)(OAC) —=| AcO—Pa(_ P'ShF?d onc | _depR(0) o ¢ pde o+ 10+ 00Ac
2 2 F P NN
Ph, Phy
+ 10 + ©0Ac
slow slow
© OAc
PhPdI(dppp) <€—— PhPd(OAc)(dppp)
| ©

Scheme 3.12 Oxidative addition step between Phl and the anionic complex generated from Pd(OAc). and
two equivalents of dppp.

3.1.2.3 Complexation/Insertion

The migratory insertion process is the most important step in the Mizoroki-Heck cycle as
it is crucial in the determination of the regio- and stereo chemistry of the products. The
insertion reaction can occur in three ways. ¥ The first case treats the organopallladium
species as the nucleophile in which the organic moiety is a carbanion existing with a
metal-based cation. The second possibility is the reverse situation wherein the alkene is
the nucleophile which then attacks the electrophilic Pd species. The third and most likely
pathway is a concerted four centre process wherein the bond breaking and new bond

formation are synchronous (Scheme 3.13).
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Jf ~Pd—X J‘—Pd—x Pd—X
R ! ' |
L L

Scheme 3.13 Most likely pathway for the migratory insertion of the alkene.

In order for the migratory insertion step to take place a co-ordination site on the metal
must first be made available. For this to occur a ligand must disassociate from the
palladium complex. Two different routes have been proposed depending on whether an
L or X ligand deco-ordinates, known as the neutral or the ionic mechanism (Scheme
3.14). The neutral mechanism is initiated by the deco-ordination of a neutral L ligand and
the ionic, deco-ordination of an anionic X" ligand. The pathway favoured is dependent on
both the ligands used, the nature of the substrate coupled being and is major factor in the
determination of the product’s regio-chemistry. The neutral mechanism is proposed to be
more sensitive to steric factors, leading to a preferential migration of the aryl group onto
the less substituted carbon of the alkene, favouring the synthesis of linear alkenes. The
ionic mechanism is stated to be more sensitive to electronic factors, so it will favour the
selective migration of the aryl moiety onto the most charge deficient carbon, which in
some substrates (electron rich alkenes) would be the alpha carbon, leading to the

generation of a branched alkene product.’

Neutral mechanism

% L ll- II- Ph PdIL, Ph
Ph—Pd—| <——2 Ph—Pd—| g——® Ph—Pd—I ——>» — \—
! | Ph Ph
___\
Ph

lonic mechanism

® Ly P '® Ph PdSL," Ph

Ph—Pd-S - Ph—PId—W - Ph—F’ld-L —_— —> \=\

L L —\ Ph Ph
Ph

Scheme 3.14 Possible pathways for the co-ordination of the alkene.
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In the case when 3 equivalents of monophosphine PPhz and Pd(OAc). are used, the
species formed after the oxidative addition of phenyliodide are proposed to be trans-
PhPd(OAc)(PPhs). and trans-PhPdS(PPhs).*, both existing in equilibrium. Reactivity
studies between the two species revealed that the PhPd(OACc)(PPhs). complex reacts with
styrene faster than trans-PhPdS(PPhs).", revealing that in this case the neutral pathway is
dominant.'? This difference in rate was rationalised by both the faster dissociation of PPhs
facilitated by the bidentate character of the acetate ligand and the insertion of the alkene
being slowed in the ionic pathway by the need for an endergonic trans/cis isomerisation

step.

As described above, Amatore, and Jutand postulated that when bisphosphine ligands
such as dppp are used with Pd(OAC)2, the species formed after the oxidative addition of
phenyliodide are PhPdI(dppp), PhPd(OAc)(dppp) and the cationic species PhPdS(dppp)*
which they exist in equilibrium with.** Consequently there are three potential candidates
for the reaction with alkenes in this system, two neutral and one cationic. A Kinetic study
reported in 2007 on the reaction of isolated PhPdX(dppp) (X = I, OAc) with electron-
deficient, neutral and electron rich alkenes in the absence of base revealed that the
mechanism of reaction is substrate dependant with the majority of reactions proceeding

via the ionic mechanism (Scheme 3.15).*®

lonic mechanism

. % TR ) 5.0 1
PhPdX(dppp) —= Ph—Pa—L, + X <—2 Ph—Pld—L — - Fh ‘Pd:L>
k L\) K K (
1 2 :\ 3 R
R

X =0Ac
R = CO,Me, Ph
X =1
R=Ph

Ph\/\R

Scheme 3.15 Reactive species, preferred pathway and regiochemistry for insertion of neutral and
electron-deficient alkenes from kinetic data. S = DMF.
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Of the reactions tested only the reaction of PhPdI(dppp) with the electron deficient alkene
methyl acrylate proceed by both neutral and ionic pathways (Scheme 3.16).

Neutral mechanism lonic mechanism

S
- |®
PhPdX(dppp) ——= Ph—PId—L + X
X= Kq L

R = CO,Me

Ph X~L )

\/

R

Scheme 3.16 Reactive species, preferred pathways and regiochemisty for insertion of electron-deficient
alkene methyl acrylate when the palladium complex is PhPdI(dppp) from kinetic data. S = DMF.

Unsurprisingly, the stereochemistry of the products in these reactions was also found to
be substrate dependant. The linear product was the only product in the reaction between
PhPdX(dppp) (X = I, OAc) and methyl acrylate, and the major product for styrene (80%
selectivity). However when the electron rich alkene isobutyl vinyl ether was used the
major product was the branched alkene (Scheme 3.17).
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lonic mechanism
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PhPAX(dppp) —— Ph—Pol. + X <:> Ph— pD S o L>
Ky ! ks
R
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R = OiBu

Ph

=

R

Scheme 3.17 Reactive species, preferred pathway and regiochemistry for insertion of electron-rich
alkene: isobutyl vinyl ether when the palladium complex is PhPdI(dppp) from kinetic data. S = DMF.

These mechanisms adequately explain the regioselectivity of the alkene products in
relation to the electronic properties of the starting materials. However cannot explain the
high dependence of regioselectivity on experimental conditions. For example, studies by
Xiao and co-workers revealed that Mizoroki-Heck reactions using the same catalyst, the
reactions between n-butylvinyl ether and aryl halides in DMF resulted in a mixture of
branched and linear products,*® whereas in ionic liquids exclusively the branched product
was synthesised.?® This observation was problematic for the proposed model, since
whatever the reaction medium, in reactions with electron rich alkenes the reactive
complex should be the same (PhPdS(dppp)*) and so consequently so should the
regioselectivity. This observation was rationalised in a mechanism proposed by Jutand

and co-workers (Scheme 3.18).18
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lonic mechanism
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Scheme 3.18 Mechanism which rationalizes the dependence of regioselectivity with changing reaction
conditions. S = solvent.

In this mechanism the insertion steps are reversible and in situations where the anion X
(I, AcO) is present at high concentrations the cationic complexes 3* and 3™ can be
reversibly quenched by the anion to form the neutral complexes 4 and 4'. Therefore,
taking an electron rich alkene as an example, the branched product will be formed as a
major product when route a is faster than route b (K2Ksks » K’2K’3k’4). However the
linear product will be formed as the major product whenever route b’ is faster than a
(K*2K’3K’sk’s[X7] » K2K3ka) or when route b’ is faster than route a’ (K’2K’3K’sk’s » »
K2K3Ksks if Ksks[X] » ks). This mechanism can explain the results reported in the
catalytic reaction of Xiao and co-workers because in DMF the halide ions released over
the course of the reaction react with the cationic complexes 3+ and 3+ giving complexes
4 and 4’ and resulting in the formation of a mixture of branched and linear products. In
conditions with high ionic strength, such as ionic liquids, the reaction of the halides with
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the cationic species is inhibited, slowing the formation of 4 and 4’ thus allowing the
reaction to proceed by route a, resulting in the branched alkene as the major product.

3.1.2.4 B-hydride Elimination

The next step in the cycle is the B-hydride elimination process, wherein a hydrogen atom
is transferred to the palladium centre, the double bond is reformed and the sigma bond
between the product and the palladium is broken. In order for this to occur an internal
rotation must take place resulting in a  hydrogen syn to the palladium. Two
conformations are possible for the syn-elimination leading to two possible products with
(E) and (Z) stereochemistry. However in the case of mono substituted alkenes the
conformer resulting in the (Z) is higher in energy due to steric interactions between the R
and aryl groups and is therefore less favoured (Scheme 3.19). This accounts for the
experimentally observed high stereoselectivity for (E)-alkenes in Mizoroki-Heck

reactions.

internal rotation H PdL,X

Ar__~
, e
A an RS2 R

H R
Ar, PdL,X /
T
H \\\> <u/ H > Ar\)
Ar l R
steric clash

Scheme 3.19 Stereoselectivity at the B-hydride elimination step.

When 1,1 di-substituted alkenes are used as starting materials, the elimination step is
complicated by the presence of more p hydrogens, thus the stereochemistry of the product
is non-trivial to predict. For example, a study 1998 reported the Mizoroki Heck reaction
between a-methyl styrene and aryl bromides resulted in a mixture of (E) and (Z) isomers
and the terminal alkene (Scheme 3.20).2! Interestingly the authors reported that the ratio
of the products was affected by the base used, and hypothesised that this was a
consequence of the weaker organic bases abstracting a hydrogen from the more acidic
benzylic group in an apparent E2 type elimination. However a recent publication has
suggested a more likely explanation derived from isomerisation during the reductive

elimination process which will be discussed below.*®
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Scheme 3.20 Products in the reaction between a-methyl styrene and 1-bromo-4-chlorobenzene.

3.1.2.5 Reductive Elimination

After the B-hydride elimination step, the n? co-ordinated alkene product deco-ordinates
leaving a Pd-H species, which can then undergo reductive elimination and re-enter the
catalytic cycle. The reductive elimination step is proposed to be facilitated by the presence
of the base which sequesters the HX generated. If the Pd-H species does not undergo the
reductive elimination quickly then re-addition to the alkene is possible. This could result
in the reformation of the pre B-hydride elimination species or the formation of new

isomers (Scheme 3.21).

PdL2X
—‘ —; R Ar‘— \\\\
R /
d

Scheme 3.21 Isomerisation of the Mizoroki-Heck product.

Since the strength of the base used would have an effect on the lifetime of the Pd-H
species, Beletskaya and Cheprakov reasoned that this isomerisation was responsible for
the observed effect that different bases had on the ratio of alkene products,*® not the E2-
type elimination suggested previously. They suggested that the hindered organic base
would be less effective at facilitating the reductive elimination step, therefore allowing
the system to equilibrate and result in the preferential formation of the most stable internal

olefin products.
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The research described above highlights the significance of anionic species in the activity
of Pd complexes when used in Mizoroki-Heck reactions. With this in mind, when
considering the design of new (N-heterocyclic carbene)-palladium complexes the

development of species bearing a negative charge could be beneficial.

3.1.3  Anionic (N-Heterocyclic Carbene) palladium complexes

A review of the literature showed that the development of anionic N-heterocyclic carbene
(NHC) bearing palladium complexes is quite limited. In this section the existing
complexes are described. To the best of our knowledge, the use of these complexes in

catalytic processes has not been reported.

The first of these anionic NHC-Pd complexes was reported in 1999 by Herrman et al.?
This complex consisted of an ionic palladium co-ordinated to two iodides, one acetate
and an NHC with a pendant imidazolium substituent (99) (Figure 3.1). It was reported as
an isolated intermediate in the formation of a sterically demanding bis(NHC) palladium
complex. Later, when exploring the palladation of diimidazolium salts in the C4 position,
Albrecht and co-workers reported an anionic NHC-Pd complex analogous to the species
identified by Herrmann.?® This complex contained a diimidazolium with isopropyl groups
as N substituents and a functionalised C2 position on the pendant imidazolium (100) .

In 2012 Cowie et al. reported the synthesis of an anionic NHC-Pd complex bearing a
triazolium N-substituent (101).2* This complex was an isolated intermediate in the

generation of dicarbene-bridged mixed metal complexes.

®_N
@ o) AN
N-'Bu _ © - — NN
[T\ N/ VNN NN \)Q/
gy—N N‘Pyn 'Pr— ~ R~ Y iy
S) S)
I—Pd=I I—Pld—l I—Pd=I
| I I R = Me, Bu
99 100 101
Herrman, Albrecht, Cowie,
1999 2008 2012

Figure 3.1 Examples of zwitterionic NHC-Pd complexes.
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The first anionic NHC-Pd complex where the negative charge was not neutralised by a
pendent substituent but instead by a detached cationic fragment was reported by Huynh
and co-workers in 2006 (102).2° This complex was formed by reaction of a Pd-dimer with
the quaternary ammonium salt: 1,3-diisopropylbenzimidazolium bromide (Scheme 3.22).
The authors suggested that this reaction may be reversible and hypothesized that this
species may be present in the catalytic cycle when the Pd-dimer is used in cross-coupling

reactions.

Scheme 3.22 Synthesis of [(NHC)PdBr;][1,3-diisopropylbenzimidazlium] complex.

3.1.4 Investigation Aim

Recently in the Navarro group, we published the catalytic activity of (NHC)PdCI>(TEA)
complexes in Mizoroki-Heck reactions. In this publication the quaternary ammonium salt
tetrabutylammonium bromide (TBAB) was used as an additive, as per successful
conditions published in the literature by other groups. Interestingly it was observed that
the absence of TBAB led to very poor conversion (Scheme 3.23). Taking into account
the findings by Huynh and co-workers described above, it was theorised that maybe the
(NHC) PdCI>(TEA) complex was not the active precatalyst in these reactions as
previously assumed, and instead it may be another species consisting of an anionic
palladium with the TBA as a counter ion. The aim of this investigation was to test this
hypothesis, isolate these new potential complexes and explore their reactivity in

Mizoroki-Heck reactions.
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Without TBA = 9 % yield
With TBA = 94 % vyield

Scheme 3.23 Effect of TBA on conversion in the Mizoroki-Heck reaction catalysed by (IPr)PdCI(TEA).

3.2 Discussion and Results

3.2.1 Synthesis of [TBA][(NHC)PdCls] complexes

In order to ascertain if any reaction occurs between (NHC)PdCI2(TEA) and a quaternary
ammonium salt, complex (SIPr)PdCI>(TEA) was stirred at room temperature with
tetrbutylammonium chloride (TBAC) in dry acetone for 5 hours. TBAC was selected as
a model quaternary ammonium salt over TBAB in order to simplify the characterisation
of the product complex with respect to potential cis-trans isomerisation. The reaction led
to the formation of a novel ionic complex [TBA][(SIPr)PdCIs] (103) in a 88% vyield
(Scheme 3.24).

N N N N

Y Y oN
Cl—Pd—Cl —_— > Cl—Pd—Cl
| acetone, |
\/NQ/ rt,12h Cl

103

Scheme 3.24 Synthesis of [TBA][(SIPr)PdClIs].

When the reaction time was extended to 12 h the reaction proceeded in a quantitative
fashion. This new complex was fully characterised by H, *C NMR spectroscopy and
elemental analysis, with crystals suitable for X-ray diffraction grown from a slow
evaporation of a concentrated solution of acetone and hexane. X-ray analysis revealed the
complex adopted the expected square planar geometry with the Pd-Cl bond trans to the
NHC longer than the other two Pd-Cl bonds. The shortest separation distance in the solid
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state between the cationic quaternized nitrogen and a chlorine on the anionic palladium
complex was measured to be 4.62 A (Figure 3.2).

Figure 3.2 Crystal structure of [TBA][(SIPr)PdCls] Hydrogen atoms are omitted for clarity except those
in the backbone of the NHC. Selected bonds (A) and angles (deg): C1-Pd1: 1.959(2); Pd1-CI2:
2.3770(7); Pd1-Cl1: 2.3020(6); Pd1—CI3: 2.3080(6); C1-Pd1—Cl1: 89.89(6); C1-Pd1— CI3: 88.61(6)

The reaction with TBAC was also carried out with (IPr), (IMes) and (SIMes)PdCI2(TEA)
complexes respectively. In each case the corresponding [TBA][(NHC)PdCIs] complex
was formed in excellent yields (104,105, 106). The same structural motifs observed with
the [TBA][(SIPr)PdCIs] complex were observed in the IPr, IMes, and SIMes derivatives
(Figure 3.3). Attempts to prepare these complexes directly by reacting TBAC with their

respective dimers, thus removing an additional reaction step, proved unsuccessful.
f‘@é)\( ! 3
105

s
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Figure 3.3 Crystal structures of [TBA][(IMes)PdCl3] [TBA][(IPr)PdCls] and [TBA][(SIMes)PdCl3].

3.2.2 Catalyst optimisation

The protocol developed for the synthesis of the novel [TBA][(SIPr)PdCls] complex
proved that conversion of the (SIPr)PdCI>(TEA) species to this complex in the presence
of TBAC is possible. Before any conclusions on the identity of the active species in the
original protocol could be made, we reasoned that the effect of changing the halide from
bromine to chlorine in the quaternary salt should be determined. To that end the activity
of (SIPr)PdCI2(TEA) in the coupling of 4-Br-anisole and styrene with TBAB and TBAC
as an additive was compared (Table 3.1). The results showed that changing the quaternary
salt from TBAB to TBAC had a negligible effect on catalyst activity, therefore any
observed difference in activity between the two procedures should be a result of the

palladium complexes only.
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Table 3.1 Effect of changing the quaternary ammonium salt on the activity of (SIPr)PdCI(TEA) in the
Mizoroki-Heck coupling of 4-Br-anisole and styrene.

MeO (SIPr)PdCI,(TEA) OMe
AN 1 mol%
+ I A
Br K,COgz, TBAX, DMF, O

140 °C, in air

Entry Quaternary Yield (%) Time (min)
Ammonium Salt
1 TBAB 92 60
2 TBAC 93 75

The next step in testing the hypothesis that these anionic species were the real catalyst
precursors was to compare the activity of (NHC)PdCI2(TEA) and [TBA][(NHC)PdCl;3]
in Mizoroki-Heck reactions. [TBA][(SIPr)PdCIs] was selected, as (SIPr)PdCI>(TEA) was
reported to be the most active complex tested in the previous study. The coupling of 4-
Br-anisole and styrene was used as the model reaction, following standard Jeffery
conditions.?® The results showed that the two complexes had almost identical activity,

suggesting that the active catalyst was the same in each case (Figure 3.4).

OMe
Complex 1 mol%
©/\ \
K,COs, TBAC, DMF, O

140 °C, in air

Entry Complex (1 mol%) Yield (%) Time (min)
1 (SIPr)PdCI(TEA) 93 75
2 [TBA][(SIPr)PdCIs] 91 75

Figure 3.4 Comparison of catalytic activity between NHC-palladium complexes, (SIPr)PdCIy(TEA) and
[TBA][(SIPr)PdCI3] in Mizoroki-Heck couplings.
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Running the same coupling reaction between 4-Bromoanisole and styrene with
[TBA][(SIPr)PdCIs] in the absence of a quaternary salt resulted in no change in either
product yield or reaction time, suggesting that the role of the ammonium salt in the early
protocol was exclusively to facilitate the formation of the [TBA][(SIPr)PdCls] complex.
Changing the base from K>CO3 to the less basic KHCO3 increased the catalyst’s activity,
allowing the catalyst loading to be reduced by half without diminishing the yield of the
desired product (Table 3.2). Having developed an optimised protocol for the
[TBA][(SIPr)PdClz] catalysed coupling of 4-Bromoanisole with styrene, we then
proceeded to test this system with other substrates.

Table 3.2 Optimised protocol for Mizoroki Heck couplings catalysed by [TBA][(SIPr)PdCls].

OMe
[TBA][(SIPr)PdCI3] ‘
O <
KHCO;, DMF, O

140 °C, in air
Entry Catalyst loading Yield (%) Time (min)
(mol%)
1 1 94 30
2 0.5 97 75
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3.2.3 Scope of reactivity

Under these optimised conditions [TBA][(SIPr)PdCls] was found to catalyse the coupling
of styrene to a number of unactivated aryl bromides in excellent yields and short reaction
time (Scheme 3.25). The protocol was shown to be tolerant to electron rich aryl groups
as well as heteroaromatic species. In all cases the yields obtained were equal or higher
than those reported for the (SIPr)PdCI2(TEA)/TBAB protocol with comparable reaction

times.

cat 103 =
0.5 mol% AR
X
KHCO3 DMF,
140 °C, in air
OMe % |
™ O ™ AN
107 108 109
75 min 75 min 75 min
91% (83%) 91% (83%) 91% (83%)
| N\
\ S
110
75 min

93% (84%)

Scheme 3.25 Mizoroki-Heck coupling of aryl bromides with styrene. Yields of the
(SIPr)PdCI(TEA)/TBAB protocol are shown in parentheses.

When considering the coupling of activated chlorides, the same pattern of improvement
when compared to the original procedure was observed (Scheme 3.26). As with the
(SIPr)PdCI(TEA)/TBAB protocol the meta-substituted aryl chloride gave a lower yield
compared to the para isomer. Unsurprisingly, the reaction times needed for the coupling

of chlorides were longer than those for the bromides.
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cat 103 =

0 5 mol% :_R1
X
KHco3 DMF,

140 °C, in air
(0] 0
NO, !
111 112 113
2 h, 94% 5 h, 90% 75 min, 95%
(91%) (81%) (95%)
(0]
oh
114
6 h, 83%

(64%)

Scheme 3.26 Mizoroki-Heck coupling of aryl chlorides with styrene. Yields of (SIPr)PDCI(TEA)/TBAB
protocol are shown in parentheses.

3.2.4 Mechanism

We proposed that the [TBA][(NHC)PdCIs] complex catalyses Mizoroki-Heck reactions
via an Amotore-Jutand mechanistic pathway (Scheme 3.27), in which the active species
is the 14-electron anionic species [(NHC)PdCI]- This active species is generated by the
in situ reduction of the anionic precatalyst. The identity of the reducing agent in this
protocol is ambiguous but could be the alkene coupling partner, an amine derived from
the thermal decomposition of the TBA counter ion or DMF. This active species then
undergoes oxidative addition with the aryl halide to form [Ar(NHC)PdCIX]". After deco-
ordination of X" it reacts with styrene, first via n?-co-ordination, then migratory insertion
of the Ar group followed by B-hydride syn elimination resulting in the formation of the
coupled product. Once the alkene deco-ordinates, the active anionic Pd® species is

regenerated by the abstraction of the proton from the resultant palladium hydride complex
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by the base. The validity of this proposed mechanism was explored computationally by
our collaborators using DFT calculations and was found to be plausible, having a smooth

downhill relative energy profile.?’

S}
®
R-NN~R| [TBA]
CI—F’Id—CI
Cl
reduction
S}
H,CO;4 NN ArX
R~ \( ~R
S} .
reductive HCO; Pd oxidative
elimination (|3| addition
—\ S]
R-N_N~R F{/N\(N\R
Fa—cl X=Pd-Cl
H Ar
:\
Ar, Ar
R —_—
B-hydride r—N N<g /Nl N\ -
syn-elimination Ar Y Ph R \( R
):\<Pd—CI - WI_Pl —Cl
H -
H pp migratory Ar

insertion

Scheme 3.27 Proposed mechanism for the Mizoroki-Heck reaction catalysed by [TBA][(SIPr)PdCls].

3.3 Conclusion
The aim of this chapter was to test the hypothesis that the (NHC)PdCI>(TEA) complex
may not be the active precatalyst in the protocol reported by Navarro et al. as previously
assumed, but may instead be another species consisting of an anionic palladium with the
TBA as a counter ion. This hypothesis has been proved true and has led to the synthesis
and identification of a novel class of anionic palladium NHC complexes:
[TBA][(NHC)PACIs]. The catalytic activity of the SIPr bearing derivative in the
Mizoroki-Heck coupling of aryl halides to styrene has been explored and a plausible

Amotore-Jutand type mechanism has been proposed.
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3.4 Experimental

General Considerations

All reagents and solvents were purchased from commercial suppliers and used without
further purification unless noted. (NHC)PdCI>(TEA) complexes were prepared following

literature procedure.

Synthesis of [(SIPr)PdCIs][TBA] (103)

A reaction vial was loaded with a magnetic stirring bar, (SIPr)PdCI>(TEA) (502 mg, 0.75
mmol), tetrabutylammonium chloride (231 g, 0.83 mmol) and 2 mL of dry acetone. The
solution was allowed to stir at room temperature overnight. Removal of the solvent in
vacuo afforded a yellow oil, which was dissolved in ethyl acetate and triturated with
hexane to yield the title compound as a pale yellow solid (613 mg, 97%). *H NMR (500
MHz, CsDs); 6 7.28-7.20 (m, 6H), 3.88-3.79 (m, 4H), 3.55 (s, 4H), 3.16-3.09 (m, 8H),
1.77 (d, J = 6.5 Hz, 12H), 1.46-1.37 (m, 8H), 1.33—1.25 (m, 8H), 1.21 (d, J = 6.5 Hz,
12H), 0.95 (t, J = 7.3 Hz, 12H). 3C {*H} NMR (100 MHz, C¢D6): 6 190.4, 147.6 , 136.5
, 128.5, 124.7, 58.2, 53.5, 27.4, 26.6, 23.9, 25.2, 19.1, 13.9. Anal. Calcd for
Ca3H74Cl3N3sPd: C, 61.06; H, 8.82; N, 4.97. Found: C, 60.94; H, 8.77; N, 4.94.

Synthesis of [(IMes)PdCIs][TBA] (104)

A reaction vial was loaded with a magnetic stirring bar, (IMes)PdCI>(TEA) (200 mg,
0.344mmol), tetrabutylammonium chloride (105 mg, 0.377 mmol) and 2 mL of dry
benzene. The solution was allowed to stir at room temperature overnight. Removal of the
solvent in vacuo afforded a yellow oil, which was dissolved in ethyl acetate and triturated
with hexane to yield the title compound as a pale yellow solid (256 mg, 98%).H NMR
(500 MHz, C¢Dg) 6 6.88 (s, 4H), 6.14 (s, 2H), 3.22 —3.12 (m, 8H), 2.56 (s, 12H), 2.24 (s,
6H), 1.50 (m, 8H), 1.37 (m, 1H), 1.00 (t, J = 7.2 Hz, 12H).1*C NMR (100 MHz, CsDs): &
157.5, 137.9, 136.7, 136.3, 128.9, 122.9, 58.5, 24.1, 20.9, 19.8, 19.5, 13.8. . Anal. Calcd
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for C37HeoN3Pd: C, 58.50; H, 7.96; N, 5.53. Found: C, 58.29; H, 8.06; N, 5.39. CCDC
number 1473488.

Synthesis of [(IPr)PdCIs][TBA] (105)

A reaction vial was loaded with a magnetic stirring bar, (IPr)PdCI(TEA) (200 mg,
300mmol), tetrabutylammonium chloride (105 mg, 0.377 mmol) and 2 mL of dry
benzene. The solution was allowed to stir at room temperature of 12h. Removal of the
solvent in vacuo afforded a yellow oil, which was dissolved in ethyl acetate and triturated
with hexane to yield the title compound as a pale yellow solid (243mg 96%).'H NMR
(500 MHz, CeDs) 6 7.39 — 7.24 (m, 6H), 6.60 (s, 2H), 3.54 (p, J = 6.7 Hz, 4H), 3.26 —
3.13 (m, 8H), 1.69 (d, J = 6.5 Hz, 12H), 1.48 (m, 8H), 1.35 (m, 8H), 1.11 (d, J = 6.9 Hz,
12H), 1.00 (t, J = 7.3 Hz, 12H). 13C {*H} NMR (100 MHz, CsDs): 6 160.7, 147.8, 134.5
, 129.1, 124.1, 58.3, 53.3, 28.6, 26.6, 24.7, 24.0, 19.7, 13.9. Anal. Calcd for
Ca3H74Cl3N3sPd: C, 61.20; H, 8.60; N, 4.98. Found: C, 61.44; H, 8.61; N, 5.01.

Synthesis of [(SIMes)PdCIs][TBA] (106)

A reaction vial was loaded with a magnetic stirring bar, (SIMes)PdCI2(TEA) (200 mg,
0.342mmol), tetrabutylammonium chloride (105 mg, 0.377 mmol) and 2 mL of dry
benzene. The solution was allowed to stir at room temperature overnight. Removal of the
solvent in vacuo afforded a yellow oil, which was dissolved in ethyl acetate and triturated
with hexane to yield the title compound as a pale yellow solid (253mg, 97%). *H NMR
(500 MHz, CeDe): & 6.89 (s, 4H), 3.20 (s, 4H), 3.16 (m, 8H), 2.73 (s, 12H), 2.22 (s, 6H),
1.49 (m, 8H), 1.40 — 1.31 (m, 8H), 1.00 (t, J = 7.3 Hz, 12H). 3C NMR (100 MHz, C¢Ds):
5 188.1, 137.5,137.1, 136.2, 129.2, 58.5, 50.3, 24.1, 20.9, 19.8, 19.7, 13.8. Anal. Calcd
for Ca7He2Cl3NsPd: C, 58.34; H, 8.20; N, 5.52. Found: C, 58.44 H, 8.27; N, 5.61.

General Procedure for Heck reactions

A 4 mL screw-capped vial equipped with a magnetic stirring bar was charged with
potassium carbonate (1 mmol), TBAB (0.5 mmol), aryl halide (0.5 mmol), complex,
anhydrous DMF (1 mL) and the alkene (0.55 mmol). The vial was sealed with a screw-
cap fitted with a septum and the reaction mixture allowed to stir at 140 °C and monitored

by GC. When the reaction was complete or there was no further increase in conversion,
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it was cooled down to room temperature, poured into water (10 mL) and extracted with
Et20 or EtOAc (3 x 10 mL). The combined organic layers were washed with water (3 x
10 mL) and brine (10 mL), dried over MgSO4 and filtered. The resultant solution was
concentrated onto celite under reduced pressure for purification by column

chromatography. All reported yields are an average of two runs.

(E)-1-Methyl-3-styrylbenzene.?® (107)

OO

Product obtained as a white solid (176 mg, 91%). Eluent: 40/60 petroleum ether. *H NMR
(400 MHz, CDCl3) 6 = 7.67 (d, J = 6.9 Hz, 2H), 7.55 — 7.47 (m, 4H), 7.42 (t, J = 7.6 Hz,
2H), 7.3 - 7.20 (m, 3H), 2.54 (s, 3H).

(E)-1-Methoxy-4-styrylbenzene.? (108)

OMe
o I

Product obtained as a white solid (204 mg, 97%). Gradient eluent: 0: 1 to 2 : 8. EtOAC :
40/60 petroleum ether. *H NMR (500 MHz, CDCl3) 6 = 7.52 — 7.44 (m, 3H), 7.35 (t, J =
7.7 Hz, 2H), 7.39 — 7.20 (m, 2H), 7.08 (d, J = 16.3 Hz, 1H), 6.99 (d, J = 16.3 Hz, 1H),
6.94 — 6.89 (m, 2H), 3.84 (s, 3H).

(E)-3-Styrylpyridine.?® (109)

Product obtained as a pale yellow solid (165 mg 91%). Eluent gradient: 5 : 95 to 40 : 60.

40/60 petroleum ether : Et,0. *H NMR (500 MHz, CDCl3) ¢ = 8.74 (br.s 1H), 8.50 (m,
1H), 7.85—7.82 (m, 1H), 7.53 (d, J = 7.5 Hz, 2H), 7.38 (t, J = 7.6 Hz, 2H), 7.34 — 7.218
(m, 2H), 7.18 (d, J = 16.4 Hz, 1H), 7.08 (d, J = 16.4 Hz, 1H).
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(E)-2-Styrylthiophene.?® (110)
R

X"

Product obtained as a yellow solid (173 mg, 93%). Eluent gradient: 0 : 1to 5: 95 Et>0 :
40/60 petroleum ether. *H NMR (500 MHz, CDCls) 6 = 7.46 (d, J = 7.8 Hz, 2H), 7.37 (t,
J=7.5Hz, 2H), 7.31 - 7.19 (m, 3H), 7.13-7.08 (m, 1H), 7.06-7.01 (m, 1H), 6.96 (d, J =
16.1 Hz, 1H).

4-Nitrostilbene.® (111)

NO,

O AN O

Product obtained as a yellow solid (200 mg, 94%). Eluent: 99 : 1 40/60 petroleum ether
: Et20. *H NMR (500 MHz, CDCls) § = 8.23 (d, J = 8.6 Hz, 2H), 7.64 (d, J = 8.6 Hz, 2H),
7.56 (d, J=7.4 Hz, 2H), 7.45-7.30 (m, 3H), 7.29 (d, J = 16.3 Hz, 1H), 7.16 (d, J = 16.3
Hz, 1H).
4-Styrylbenzaldehyde.?! (112)

(0]

I

O ™ O

Product obtained as a yellow solid (187 mg, 90%).Eluent: 95:5 40/60 petroleum ether :
Et,0. 'H NMR (500 MHz, CDCl3) ¢ = 10.00 (s, 1H), 7.87 (d, J = 8.2 Hz, 2H), 7.65 (d, J

= 8.1 Hz, 2H), 7.55 (d, J = 7.9 Hz, 2H), 7.39 (t, J = 7.7 Hz, 2H), 7.32 (t, J = 7.7 Hz, 1H),
7.25 (d, J = 16.3 Hz, 1H), 7.15 (d, J = 16.3 Hz, 1H).

111



1-(4-Styrylphenyl)ethanone..?® (113)

O
o I
Product obtained as a pale yellow solid (211 mg, 95%). Eluent gradient: 5 : 95 to 20 :
80. Et,0 : 40/60 petroleum ether. *H NMR (500 MHz, CDCl3) ¢ = 7.96 (d, J = 8.1 Hz,
2H), 7.60 (d, J = 8.2 Hz, 2H), 7.55 (d, J = 7.8 Hz, 2H), 7.39 (t, J = 7.6 Hz, 2H), 7.31 (t, J
= 7.3 Hz, 1H), 7.24 (d, J = 16.3 Hz, 1H), 7.14 (d, J = 16.3 Hz, 1H), 2.61 (s, 3H).

1-(3-Styrylphenyl)ethanone.? (114)

O,

OO

Product obtained as a pale yellow solid (184 mg, 83%). Eluent gradient: 10 : 90 to 35 :
65. Et20 : 40/60 petroleum ether. *H NMR (500 MHz, CDCls) 6 = 8.10 (s, 1H), 7.84 (d,
J=7.3Hz, 1H), 7.71 (d, J = 7.6 Hz, 1H), 7.54 (d, J = 7.5 Hz, 2H), 7.46 (t, J = 7.7 Hz,
1H), 7.38 (t, J = 7.7 Hz, 2H), 7.29 (t, J = 7.3 Hz, 1H), 7.20 (d, J = 16.4 Hz, 1H), 7.14 (d,
J=16.3 Hz, 1H), 2.65 (s, 3H).
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4 Synthesis of [(NHC)PdCI.OACc][TBA] complexes and

activity in acetoxylation reactions.

4.1 Background

The selective functionalisation of C-H bonds is an attractive prospect in many areas of
chemistry. Initially most research was focused on the conversion of light alkenes to
alcohols, methane in particular as its conversion to methanol would allow its
transportation without the expense and danger associated with liquefying it.! Although a
commercially viable methodology to achieve this goal remains elusive, the knowledge
obtained from these studies with regards to the mechanisms by which a C-H bond can be
cleaved using transition-metal compounds,? has led to a paradigm shift from the standard
logic in synthetic organic chemistry. Instead of depending on the arrangement of selective
reactions at functional groups, reactions can also occur by controlled functionalisation of
specific C-H bonds. The classical organic chemistry route for the cleavage of non-
activated C-H bonds is by radical based processes. These systems are often quite
unselective because although there is some preference between tertiary, secondary and
primary C-H bonds, distinction between C-H of the same type is low.®> Through the
advances made in organometallic chemistry, C-H functionalisation is now a viable
strategy in the synthesis of complex molecules, and has been utilised in the preparation

of numerus natural products.

4.1.1 Origins of transition metal catalysed C-H functionalisation

Some of the earliest evidence that transition metal complexes could be utilised for the
catalytic selective cleavage of C-H bonds of alkanes was reported by Shilov and co-
workers in 1969 and the early 1970s.* They showed that Hydrogen/Deuterium exchange
would occur between alkanes and a deuterated acid in the presence of a platinum(ll)

catalyst (Scheme 4.1).

K2PtC|4, 1 2 m0|°/o
R—H > R—D
DCIO,, CH3CO,D,
D,O

Scheme 4.1 Platinum catalysed H/D exchange.
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Further work by Shilov reported that the halogenation of alkenes by platinum(ll) catalysts
was possible, when [Pt(1V)Clg]* was used as an oxidant (Scheme 4.2). These reactions
resulted in the formation of a mixture of alkyl halides, with higher selectivity for the linear
product. This was significant, as it contrasted with standard organic reactions which react
via radicals or carbonium ions and therefore favour the most highly substituted position.
These reactions showed that transition metal catalysts could affect the site selectivity of
C-H bond activation. The high cost of the needed Pt(1V) oxidant rendered the commercial
application of this procedure impractical however, these results motivated a large number
of groups to research the development of transition metal complexes for the selective

activation of C-H bonds in alkanes.

PN Cl
Cat. Na,PtCl, o /\)\
+ P Y st
H,PtClg Water
56 : 44

Scheme 4.2 Regioselectivity in the halogenation of pentane catalysed by NasPtCl..

Simultaneously to Shilov’s publications, Fujiwara and co-workers reported the aromatic
substitution of a styrene-palladium chloride complex in the presence of acetic acid.’
Further research by the same group a year later reported that the aromatic substitution of
styrene would still take place when the styrene-palladium complex was replaced with
Pd(OAC) and styrene.® Soon after, a methodology which made this process catalytic with
respect to palladium by the inclusion of oxidants such as cupric or silver acetate and air
was developed.’ This oxidative coupling of an arene with an alkene became known as the

Fujiwara reaction (Scheme 4.3).

N Pd(OAC), Q
PH Cu(OAc), \ O
air,

AcOH,
reflux

Scheme 4.3 C-H bond functionalisation via the Fujiwara reaction.

In 1980 Fujiwara and co-workers studied the carboxylation of arenes. Palladium acetate

was found to promote the direct formation of aryl carboxylic acids from arenes with

116



carbon monoxide (15 atm),® experimental data suggested the reaction was electrophilic
in nature and could be made catalytic with respect to palladium by the addition of t-
BuOOH and allyl halides (Scheme 4.4).°

0
Pd(OAc
© + co OA) OH + O
‘BUOOH/CH=CH,CI (50:1) O

AcOH
75°C

11

Scheme 4.4 Carboxylation of benzene catalysed by Palladium acetate.

In the 1980s the earliest research into the heterogeneous dehydrogenation of alkanes to
form alkenes by transition metal complexes was pioneered concurrently by the two
research groups of Felkin and Crabtree. Felkin and co-workers developed a number of
rhenium heptahydrides with the general formula (ArsP).ReH;. These complexes, when
used in conjuction with 3,3-dimethylbutene as a hydrogen acceptor, were found to convert

n-pentane into pent-1-ene, 1° and cycloalkanes into cycloalkenes (Scheme 4.5).1

(Ar3P)2ReH7
/\/\ L. /W

/\Bu‘

(Ar3P)2ReH7
> + +
A But

Scheme 4.5 Dehydrogenation of alkanes and cycloalkanes by (ArsP),ReH-.

Crabtree and co-workers reported the preparation of a number of iridium based complexes
which selectively dehydrogenate linear and cyclic alkanes to their corresponding alkenes,
either thermally or photochemically (254 nm). When photochemical irradiation was used,
a sacrificial hydrogen acceptor was not required (Scheme 4.6).1? Both groups provided

evidence to support the hypothesis that the catalysts were reacting homogeneously.

O [IrH(n2~0,CCF3)(P(CeH11)3)2] O
- + Hy
hv

Scheme 4.6 Photochemical activation of cyclo-octane by iridium complexes.
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4.1.2 Mechanisms of C-H activation by transition metal complexes

As interest in C-H functionalisation catalysed by transition metals has grown, a number

of mechanisms by which the C-H bond is cleaved have been identified.

4.1.3 Concerted metalation-deprotonation (CMD)

This process involves the base assisted concerted cleavage of two sigma bonds and the
formation of two new sigma bonds (Scheme 4.7). It has been named concerted metalation
deprotonation (CMD) by Fagnou et al.!® or ambiphilic metal ligand activation (AMLA)
by Macgregor and co-workers.!* C-H cleavage via either 6-membered or 4-membered
transition states are the most common for this pathway, although larger seven membered
systems have been proposed. On the surface the CMD mechanism via a 4-membered
transition state may seem identical to sigma bond metathesis, however computational
analysis suggests that these two pathways are distinctly different when the orbitals
involved are compared. In the case of CMD the Y-H bond formed is not based on the
same orbital as the breaking M-Y bond, which is the case in sigma bond metathesis.
Another difference between the two mechanisms is the nature of the ligand involved: in
the case of CMD, Y is typically a heteroatom with a lone pair, while in sigma bond
metathesis the ligand is normally an alkyl or aryl group. Typically the CMD mechanism
is an inner sphere (vide supra) process with the basic moiety co-ordinated to the metal,

yet recently outer sphere cases have been discovered.®®
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CMD though 6-membered transition states

+n R3
I _c. o CHaRs

|
OYO+(|:R3—> V] —

I “
! H OTO OYOH

X

CMD though 4-membered transition states

+n CR
N R,
Y: H

1 iy
M_CR3
—_—

M----CR
! YH

Y----H

Scheme 4.7 C-H activation via CMD. X=alkyl, OH, O" Y = OR, NR>

4.1.4 Oxidative addition

The oxidative addition of a C-H results in the breaking of one sigma bond and the
formation of two new sigma bonds to the metal centre; this process increases the formal
oxidation state of the metal by two and proceeds via a three-membered transition state
(Scheme 4.8). The Oxidative addition pathway is typically observed in complexes

containing low valent, electron rich metals such as Re, Fe, Ru, Ir, Pt.14

_CR; LRs
L—M" 4 ReC—H ———— L= ————— |2
\

H

Scheme 4.8 C-H activation via Oxidative addition.

4.1.5 Sigma-bond metathesis

When complexes containing early transition metals with d° electronic configuration and
alkyl or hydride ligands are used, activation via sigma bond metathesis is possible
(Scheme 4.9). This mechanism is commonly observed for group 3 metals, though some
examples involving groups 4 and 5 are known.'® The C-H group is proposed to act as an
electron donor in an interaction with the electron deficient metal centre leading to the

formation of a 4-membered transition state.’
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M+n R M----R ¢ +n + H
VTS [T e T

Scheme 4.9 C-H activation via sigma bond metathesis. R and R are most commonly both alkyl groups.

4.1.6 Transition metal carbene mediated C-H activation

In the current literature, five possible mechanisms for transition metal carbene mediated
C-H activation have been reported. The most likely pathway for any given reaction is
dependent on many factors and since the formation of the metal-carbene bond is
commonly the rate limiting step in these reactions, gaining experimental mechanistic
information after this step is difficult. Due to this the majority of mechanistic insight is
often gained through computational studies. Intrinsic to all these mechanisms is the
insertion of the carbene unit into the alkyl C-H bond occurs without the formation of a
metal-carbon bond from the substrate. The most common pathway is the insertion of the
carbene unit into an sp® hybridised C-H bond; this process can be concerted, via a three
membered transition state (Scheme 4.10A) or stepwise (Scheme 4.10B) depending on the
strength of activation on the C-H bond or how well the carbenium intermediate can be
stabilised.'® A third much less common pathway for the activation of sp* hybridised C-H
bonds involves the generation of a carbenoid and the use of a non-innocent ligand acting
as a one electron oxidant, leading to the abstraction of a hydrogen atom (Scheme 4.10C).*°
Recently a mechanism for transition metal carbene C-H insertion into a sp? hybridised
system was proposed. This process suggested a nucleophilic attack of the aryl group at
an in situ generated carbeniod, followed by an intramolecular hydrogen transfer (Scheme
4.10D).%° The final possible mechanism is the formation of alkenes from alkanes by the
inducement of a 1,2-H shift (Scheme 4.10E).%
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Scheme 4.10 C-H activation via transition metal carbene mediation.

4.1.7  Single electron transfer-involved deprotonation

Single electron transfer (SET)-involved deprotonations are mechanistic pathways
primarily proposed for the functionalisation of aromatic C-H bonds. In these cases the
metal complexes are proposed to act as single electron catalysts reacting with radical
intermediates. The SET process can occur either before deprotonation, generating a
cationic intermediates (Scheme 4.11A), or after via a radical anion (Scheme 4.11B).
Recently a more complex mechanism has been proposed wherein the SET of anionic
intermediates is followed by atom (or ligand) transfer, then deprotonation (Scheme
4.11C).22%
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Scheme 4.11 C-H activation via SET-involved deprotonation.
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4.1.8 Hydrogen atom transfer

Currently four mechanisms of hydrogen transfer have been proposed. The first is known
as ligand-to-ligand transfer (LLHT) and is a combination of oxidative addition and
migratory insertion. This process leads to the formal transfer of hydrogen, without the
formation of a hydride intermediate (Scheme 4.12A).2* The second mechanism specific
to transition metal-oxo complexes is the abstraction of hydrogen, leading to the formation
of alkyl radicals (Scheme 4.12B). These radical species can then rapidly react with the
resulting hydroxo ligand in a “rebound” step, forming the alcohol product.?® The third
method is nucleophilic carbon to carbon hydrogen transfer (Scheme 4.12C) in which
electron deficient transition metal complexes activate unsaturated compounds.?® This
process is known as hydride transfer or hydrogen shift, in this case the catalyst is proposed
to be behaving as a Lewis acid and does not change oxidation state. The final type of
hydrogen atom transfer is known as transition metal induced hydrogen abstraction. In
these cases, the metal catalyst reacts with an oxidant to generate oxygen radicals which
then abstract the hydrogen atom (Scheme 4.12D).%’
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Scheme 4.12 C-H activation via hydrogen atom transfer.

4.1.9 Directed C-H functionalisation of aromatic compounds

Before C-H functionalisation methods could find broad utility in the field of synthetic
chemistry, methods to address the critical requirement of site selectively had to be
developed, as most compounds contain multiple C-H bonds of the same type. The most
successful approach has been the use of directing groups, first reported in the pioneering
work of Murai and co-workers in the 90s.?® In this work, the carbonyl functionality of
aromatic ketones was used to direct their ortho-alkylation with olefins, catalysed by a

ruthenium complex co-ordinating to the metal centre (Scheme 4.13).

123



(6]
N RuH,(CO)(PPh3); SN R
| R1 + /\ ' R _| 1
Ro—r _ =Y toluene, reflux 20 v

R Ay

Y
%
~

Scheme 4.13 Catalytic C-H activation using a directing group by Murai and co-workers.

Since their seminal work, the development of directing group strategies has become

extremely active, with various directing groups such as heterocycles, amines, alcohols

and carbonyl-related functional groups reported in the literature. These systems can be

categorised into three different approaches (Scheme 4.14).

1
Approach 1 N DG
R4~
non-removable DG _ l
DG' o
rRHL N TM-catalysed Iimites:i strt_JcturaI
l C-H functionalisation diversity
H DG further cyclisation DGI..
- AN N
R E
Approach 2 (removeable/modifiable) = L
DG?2 DG?2 DG removal @
UL N TM-catalysed > R N or modification _ rilL X
> C-H functionalisation > additional step  U___
H ® ®

Approach 3 (traceless)

DG3 DG?
ol N TM-catalysed > R1:— o DG removal » Rl N
I

! _— C-H functionalisation —

H @ one-pot = @

Scheme 4.14 Three approaches to transition metal catalysed C-H activation using directing groups.

Approach 1 was the earliest methodology, in which after C-H functionalisation the

directing group either remains part of the product or undergoes cyclisation to form a

heterocycle. In these cases the structural diversity of the products are limited, as the

directing group cannot be conveniently removed or undergo versatile transformation.
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These simple motifs are still useful when exploring the activity of new potential catalysts.
These directing groups consist of a strongly co-ordinating nitrogen-containing
functionality such as pyridine.?®

In approach 2 the directing group can be readily removed or further modified post C-H
functionalisation by additional steps to yield the functionalised product.®® An excellent
example of this kind of strategy is the use of N-(2-pyridyl)sulfonyl as a removable
directing group in the palladium catalysed alkenylation of indoles and pyrroles by
Carretero and co-workers in 2009 (Scheme 4.15).3! After functionalisation, the removal
of the directing group was readily achieved by reductive cleavage with Zn or Mg to yield
the 2-alkenyl or alkyl-substituted indoles and pyrroles, respectively.

1. [Pd] (10 mol%)

. R*
N NN n R® [Cu] (1-2 equiv) N A\
R 4\)\ » R
A ~N R\ Ng2  DMA 110°C 2N N_g3

I
(0]

=s. N 2. Zn/NH,CI R?
/7 AN

(@) | P

Scheme 4.15 Alkenylation of indoles using a removable directing group.

Approach 3 describes the newest strategy in which the C-H functionalisation of the
substrate and removal of the directing group can be carried out in one-pot. In some cases
the introduction procedure can also be done in the same pot; these types of directing
groups are classified as traceless.®? A recent example of this strategy is the first catalytic
intermolecular one-pot synthesis of ortho-arylated phenols developed by Bedford and co-
workers.® In this procedure a phosphinite cocatalyst acts as a tether between the phenol
group and the Rh catalyst, forming a five-membered metallacycle, which then undergoes
subsequent reductive elimination, regenerating the active Rh catalyst and liberating 2-
arylated dialkylphoshinite. This compound then undergoes catalytic transesterification
with the starting phenol to regenerate the co-catalyst and release the 2-arylated phenol
product (Scheme 4.16).
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OH OPiPr, [RhCI(PPh3)s] (5 mol%)
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Scheme 4.16 Catalytic ortho-arylation of phenols using traceless a directing group.

While ortho selective arene functionalisation has been the most extensively developed
area of research, in recent years there has been a growing interest in designing new
directing groups which will enable C-H functionalisation at other positions.>* Notable
strategies include the development of U-shaped templates for the meta selective
functionalisation of 2,3-dihydroindoles, designed in a collaborative project between the
Yu and Movassaghi groups (Scheme 4.17).3% Also the meta selective arylation through
the combining of an ortho directing group with a norbornene-induced organometallic

relay, demonstrated by Dong and co-workers (Scheme 4.18).%¢

Pd(OAc), (10 mol%)
Ac-Gly-OH (20 mol%)

AgOAc (3 equiv)
EtO,C
™o
T= Bu 802
Bu

Scheme 4.17 meta-Selective C-H functionalisation using U shaped directing group T.
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Scheme 4.18 meta-Selective C-H functionalisation using an ortho directing group in conjunction with
norbornene.

4.1.10 Palladium catalysed acetoxylation reactions

In 1966 the first Pd-catalysed aromatic C-H acetoxylation reaction was reported.®” Later
oxidants such as K>Cr207, Pb(OAc)s and N2O> in acetic acid were found to aid the
preparation of phenyl acetate from benzene under Pd catalysis.®® In 1996 Crabtree and
co-workers identified Phl1(OAc)2 as a cheap, mild and effective terminal oxidant for the
acetoxylation of arenes, which functions simultaneously as both an oxidant and a source
of acetate.3® Encouraged by the successes in the use of directing groups for other C-H
functionalisation reactions described above, the groups of Sanford and Yu pioneered
directed C-H acetoxylation reactions employing Pd(OAc). as the catalyst. In 2004
Sanford and co-workers reported the first chelate-directed oxidation of sp? and sp® bonds
using PhI(OAC). as the oxidant and pyridine as the directing group (Scheme 4.19),%° and
the range of potential substrates was expanded further in a follow up publication in
2005.4

2
| Pd(OAc), (2 mol%)
NS NS
N > N
PhI(OAc), (2 equiv),
CH4CN, 100 °C, 12 h OAC
52 %

Scheme 4.19 Acetoxylation of 2-phenylpyridine catalysed by Pd(OAc), with PhI(OAC)..
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Sanford and co-workers also reported the oxidation of unactivated sp® C-H bonds, using

O-methyl oxime as a directing group (Scheme 4.20).%2

MeO_ MeO\N

N
| Pd(OAc), (5 mol%)‘ | 74 %
o OAc Mixture of oxime E/Z isomers
PhI(OAc) (1.1 equiv)
AcOH/Ac,0, 100 °C,
3.5h

Scheme 4.20 Acetoxylation using oxime directing group.

In 2005 Yu and co-workers reported the oxidation of unactivated C-H bonds using
MeCOOOtBu as an oxidant and 2-substituted 4,4-dimethyloxazoline functionality as the

directing group (Scheme 4.21).%3
OAc

Me

| N Me Pd(OAc), (5 mol %) | N Me
— —
\)LMe > \)LMe

] ]
MeCOOOtBu (2 equiv)
Ac,0, 65 °C, 48 h 71%

Scheme 4.21 Acetoxylation using MeCOOOtBuU as oxidant and 4,4-dimethyloxazoline as directing
group.

It has been proposed that CMD is the most likely mechanism of C-H activation in
reactions catalysed by Pd(OAc)., resulting from a low energy pathway evaluated by
density functional theory (DFT).X® Initially, Sanford and co-workers proposed a
Pd(11)/Pd(IV) mechanism. Further work by Ritter et al. suggested a pathway involving a
discrete bimetallic Pd(l11) intermediate (Scheme 4.22).44
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Scheme 4.22 Proposed bimetallic Pd(11)/Pd(111) catalytic cycle.

Although Pd(OAc). catalysed acetoxylation is a useful methodology, its yield is
hampered by a tendency to undergo dioxidation, resulting in the formation of the
diacetoxylated product. Due to this, research continues to find more selective catalytic
systems. In 2013 the synthesis of a series of novel NHC-Pd complexes bearing sulfoxide
functionalities were reported, and their behaviour as catalysts in arene C-H bond
oxidative activation was explored.*® Of the catalysts tested the NHC-Pd complex (114)
bearing a t-Bu R group was the most effective, facilitating the acetoxylation of a number

of arenes (Scheme 4.23).
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Scheme 4.23 Acetoxylation catalysed by novel NHC-Pd complex.

The authors provided evidence which suggested the C-H activation step occurs at the
Pd(IV) rather than Pd(ll) intermediates. In 2015 the first C-H bond oxidative activation
catalysed by a bis NHC-Pd complex (115) was reported (Scheme 4.24).%¢ In this study a
series of control experiments were undertaken designed to elucidate the reaction

mechanism, which suggested the involvement of a Pd(I1)/Pd(IV) cycle in this case.

=z =z
| cat 115
NS > NS
N N
PhI(OAc), (1 equiv),
AcOH/AC,0, 95 °C, 24 h OAc
OMe 58 %
[Pd] cat =

7N TN
LIy
115

Scheme 4.24 Acetoxylation catalysed by bis NHC-Pd complex.

Very recently the use of the complex (IPr)PdClzx(py) (70a) in C-H oxidative
functionalisation has been reported (Scheme 4.25).*” This methodology was found to
have improved selectivity compared to the analogous system using Pd(OAc). developed
by Sanford and co-workers with up to 96% yield for the monoacetoxylated product.
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Scheme 4.25 Acetoxylation catalysed by Pd-PEPPSI- type complexes.

4.1.11 Investigation Aims

The aim of this investigation is to explore the catalytic activity of the novel anionic NHC
palladium complexes [TBA][(NHC)PdCI3] for directed C-H bond oxidative activation
and to investigate if modification of the anionic motif can affect catalyst performance.

Also use stoichiometric experiments to elucidate a probable reaction mechanism.

4.2 Discussions and Results

4.2.1 Initial testing

In order to benchmark our novel catalysts, the substrate chosen for the initial studies was
2-phenylpyridine, oxidised using conditions reported by Sanford and co-workers
regarding solvent (MeCN) and oxidant (PhI(OAc)2).** Comparative testing of the anionic
complexes [TBA][(SIPr)PdCls], [TBA][(IMes)PdCls] with Pd(OAc). under these
conditions were very promising, with the anionic complexes able to produce the target
mono-acetoxylated product in higher yields, at a lower temperature with decreased
catalyst loading. The yield was found to be increased further when the equivalents of
PhIOAcC: were increased to two (Table 4.1).
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Table 4.1 Comparative acetoxylation of 2-phenylpyridine.

= =
| [Pd(I1)]
— . NS
N
PhI(OAC),
MeCN, 48 h OAc
[PA(1D] PhI(OAC)2 (equiv) | Temperature (°C) Yield (%)
Pd(OAC)2, 10 mol% 1.05 100 52
[TBA][(SIPr)PdCI3], 1 75 74
(103) 2 mol%
[TBA][(SIPr)PdClIz], 2 75 85
(103) 2 mol%
[TBA][(IMes)PdClz], 2 75 89
(104) 2 mol%

Before undertaking experiments to ascertain the substrate scope for these complexes, we
decided to consider their possible mechanism of action in order to identify possible means
to improve their activity. Based on a review of the literature regarding directed C-H bond
oxidation described above, we proposed a Pd(I1)/Pd(IV) pathway shown below (Scheme
4.26). In this proposed mechanism 2-phenylpyridine co-ordinates the palladium, leading
to the formation of an unstable anionic 18 electron pentaco-ordinated species A. Complex
A then gains net neutrality by losing a chloride forming complex B. This complex then
undergoes C-H activation, via concerted metalation-deprotonation yielding palladacycle
C. The reaction of C with the oxidant (PhI(OAc)>) results in the oxidative addition of two
acetates to the metal centre, producing the 18 electron species D. This species can then
release the desired acetoxylated product by reductive elimination. Co-ordination of a
chloride could generate the 16 electron Pd(ll) species E, which would then act as the
catalyst in the following cycles. It would be likely that this complex E would react faster
than B due to a faster CMD step because of an easier elimination of HOAc compared to
HCI. In order to test this hypothesis we decided to prepare the anionic NHC-palladate
[TBA][(IMes)PdCI>,OAc] and test its activity compared to its tri-chloro analogue.
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Scheme 4.26 Initially proposed mechanism for C-H bond oxidative activation using NHC-palladate
complexes.
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4.2.2 Synthesis of [TBA][(NHC)PdCI,OAc] complexes

The preparation of the [TBA][(IMes)PdCI.OAc] complex (116) was attempted using the
same procedure used for the synthesis of [TBA][(NHC)PdCls], with the substitution of

tetrabultyammonium chloride for tetrabutylammonium acetate (Scheme 4.27).

/) /= |°
R/N N\R NBu4(OAc) _ R/N N\R ®
CI—PId—CI Benzene, Cl—Pd-Cl NBu,
|
NEt, . 12h OAc

-

Scheme 4.27 Synthesis of [TBA][(IMes)PdCI.OAc].

Pleasingly the reaction yielded the target complex cleanly in high yield, allowing after
recrystallization the full characterisation of the product by *H, 3C NMR spectroscopy,
EA and single crystal X-ray diffraction. As expected, the crystal structure featured a
square planer palladium centre with the NHC trans to an O-bond acetate moiety. The Pd-
Cl bond distances perpendicular to the NHC were similar in both the
[TBA][(IMes)PdCI.OAc] and [TBA][(IMes)PdClz], however the Pd-Cecarmene distance was
slightly shorter in the [TBA][(IMes)PdCI.OAc] complex, due to the better m-acceptance
of the acetate moiety (Figure 4.1). In order to test the tolerance of this methodology to
other NHCs, the preparation of [TBA][(IPr)PdCI>OAc] (117) was attempted using the
same procedure. This reaction proceeded cleanly, also yielding the target complex, which
was fully characterised by H, 3C NMR spectoscopy, EA and single crystal X-ray

diffraction.
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Figure 4.1 X-ray structure of [TBA][(IMes)PdClIs] and [TBA][(IMes)PdCI,OAc] with thermal ellipsoids
at 50% probability level. Hydrogens are omitted for clarity. [TBA][(IMes)PdCI,OAc] Selected bond lengths
[A] and angles [°]: Pd1-C1: 1.957(3), Pd-CI1: 2.3023(8), Pd-Cl2: 2.3105(8), Pd-O1: 2.0922(18), C1-Pd1-CI1:
90.67(8), C1-Pd1-ClI2: 90.12(8), O1-Pd1- CI2: 90.24(6), O1-Pd1-Cl1: 89.27(6). [TBA][(IMes)PdCls] Selected
bond lengths [A] and angles [°]: Pd1-C1: 1.973(5), Pd-Cl1: 2.3740(11), Pd-CI2: 2.4240(11), Pd-CI3:
2.3159(13), C1-Pd1-CI3: 91.06(4), C1-Pd1-CI1: 89.04(15), CI3- Pd1-CI2: 91.06(4), Cl2-Pd1-CI1:
91.56(4).

When the [TBA][(IMes)PdCI2OAc] complex was tested for the C-H bond oxidation of 2-
phenypyridine, our hypothesis on its higher activity compared to its tri-chloro analogue
proved correct (Scheme 4.28). Due to this higher activity we decided to optimise the

reaction for this complex.

=z =z
| [Pd(I1)]
[ \N
PhI(OAc), (2 equiv)
MeCN, 48 h OAG

[TBAJ[(IMes)PdCl5] = 89 %
[TBAJ[(IMes)PdCI,OACc] = 94 %

Scheme 4.28 Comparative of [TBA][(IMes)PdCls] and [TBA][(IMes)PdCI,OAc] in the C-H bond
activation of 2-phenylpyridine.

4.2.3 Reaction optimisation

Solvent screening revealed that the reaction works much better in polar solvents, probably
due to the higher stability of charged intermediates in polar solvents (Table 4.2). When
the reaction was carried out in a mixture of DMF/Ac20 (2:1) the reaction yielded a
guantitative amount of product in less than a quarter of the time. The same pattern of

reduced reaction time was observed with the other NHC-palladate complexes when using
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this solvent system although the yields were still lower than the [TBA][(IMes)PdCI>.OAc]
complex. Interestingly, the use of Pd(OAc). with this solvent system and the same
catalyst loading consumed all of the starting material in only an hour, yielding the di-
ortho-acetoxylated substrate as the major product (84%). Attempts to modify the reaction
conditions to favour the Pd(OAc) catalysted production of the mono-ortho-acetoxylated
product in this solvent system by reducing the reaction time or temperature proved

unsuccessful, always resulting mixtures of mono and di-substituted substrates.
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Table 4.2 Reaction optimisation catalyst loading, 2 mol%; PhI(OAc)2, 2 equiv.; solvent, 1.5 mL.

a) Yield of monoacetylat-ed product, diacetylated product and remaining starting material. b) 1 equiv. of
PhlI(OAC)2. c) 25 °C.

~ | [Pd(I1)] ~
Phl(OAc), (2 equiv)=, S
75 °C, Solvent, time OAC
entry Pd complex solvent time (h) yield (%)
1 [TBA][(IMes)PdCI>.OAC] MeCN 48 94
2 [TBA][(IMes)PdCI20AC] toluene 48 18
3 [TBA][(IMes)PdCI.OAc] | 1,4-dioxane 48 12
4 [TBA][(IMes)PACI.0Ac] | 2-Me-THF 48 15
5 [TBA][(IMes)PdCI20AC] benzene 48 13
6 [TBA][(IMes)PdCI>0AC] DMF 24 68
7 [TBA][(IMes)PdCI.0Ac] | DMF/Ac20 11 97
(2:1)
8 [TBA][(IMes)PdCls] DMF/Ac;0 11 77
(2:1)
9 [TBA][(SIPr)PdCIs] DMF/Ac20 11 75
(2:1)
10 Pd(OAC)2 DMF/Ac20 1 12,84,0°
(2:1)
11° Pd(OAC) DMF/Ac20 1 32,49,18?
(2:1)
12° Pd(OAC)2 DMF/Ac20 48 29,14,53%
(2:1)
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4.2.4 Substrate scope

Under these optimised conditions, a series of substrates were ortho-acetoxylated (Scheme
4.29). When considering the substrates containing the 2-phenylpyridine moiety (118-
124), the protocol showed good tolerance for meta and para substitution on the phenyl
ring, however, ortho substitution seems to be more significant, resulting in both longer
reaction times and lower yields (119). Ortho substitution on the pyridine ring also effects
the rate of reaction but does not appear to affect the overall yield (123,124). Other
directing scaffolds such as pyrazol 126 and the more challenging sp® C-H bond of
quinoline 125 were also well tolerated. Finally, aiming to test our protocol on a more
challenging motif we attempted the acetoxylation of a valium like benzodiazepine 127,

obtaining the target product in good yield.
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Scheme 4.29 Exploration of substrate scope.
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4.2.5 Mechanistic insight

Aiming to elucidate the mechanism of reaction under the new optimised conditions, we
undertook a number of experiments, beginning with stoichiometric reactions of the novel

complexes with 2-phenylpyridine.

4.2.5.1 Stoichiometric reaction of [TBA][(IMesPdCI>X] complexes with 2-
phenylpyridine.

The reaction between [TBA][(IMes)PdCI>OAc] and 2-phenylpyridine occurred cleanly
and resulted in the formation of the expected (IMes)PdCl2(2-phenylpyridine) complex in
a quantitative yield (Scheme 4.30). The complex was fully characterised by *H, 13C NMR
spectroscopy, EA and single crystal X-ray diffraction.

_N_ _N< /\
RY R . _N_ N«
c 2-phenylpyridine R Y R ‘%),
Ci-Pd-Cl - o d +  n-BusOAc =R
o Cl-Pd-Cl
¢ DMF/ Ac,0 N Ph

/\/\ﬁ e 75% 7h J
\/\/ \/\/

116 85

Scheme 4.30 Reaction between [TBA][(IMes)PdCI.OAc] and 2-phenylpyridine under reaction
conditions.

Interestingly when the same reaction was carried out with the [TBA][(IMes)PdCls] after
the same time, two products were observed in the *H NMR spectra. One pertaining to the
neutral 2-phenylpyrdine co-ordinated complex and another which we believed to be the
anionic trichloro palladium complex with the protonated 2-phenylpyridine as the cation
(Scheme 4.31). The identity of this new salt was confirmed and by comparison with the
results of its independent synthesis (Figure 4.2). The independent synthesis of this
complex was achieved via the direct reaction of protonated 2-phenylpyridine with

(IMes)PdCI2(TEA) in benzene. Under these conditions the target complex precipitated
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out of solution as it is insoluble in the chosen solvent. The new salt was fully characterised
by H, 3C NMR spectroscopy, EA and single crystal X-ray diffraction (figure 4.3).
Attempts to independently synthesis the acetate analogue [2-phenyl-1-
pyridinium][(IMes)PdCI>(OAc)] proved unsuccessful, always resulting in the formation

of the co-ordinated 2-phenylpyridine complex (IMes)PdCl2(2-phenylpyridine).

A o
Y . .
Cl-Pd-Cl . rR—NUN~R r—N_N~g
\ 2-phenylpyridine
Cl - Cl-Pd-Cl CI-Pd-Cl
DMF/ Ac,0 _N__Ph + &
0C |
/\/\@/\/\ 757 7h N II'
N SN
\/\/ \/\/ >
»Z
>
104 =R 85 128

Scheme 4.31 Reaction between [TBA][(IMes)PdCls] and 2-phenylpyridine under reaction conditions.
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Figure 4.2 Identification of [2-phenyl-1-pyridinium][(IMes)PdCIs] in the reaction between
[TBA][(IMes)PdClz] and 2-phenylpyridine by *H NMR. Spectrum 1 (red) [2-phenylpyridin-1-
ium][(IMes)PdClIs] independently synthesised. Spectrum 2 (green) (IMesPdClz(2-phenylpyridine).
Spectrum 3 (blue) crude NMR.
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Figure 4.3 Molecular structure of [2-phenyl-1-pyridinium][(IMes)PdCls] with thermal ellipsoids at the 50%
probability level. Hydrogen atoms are omitted for clarity. Selected bond lengths [A] and angles [°]: Pd1-C1:
1.980(4), Pd-CI1: 2.2918(11), Pd-Cl2: 2.3019(12) , Pd-CI3: 2.3716(12), C1-Pd1-CI1: 89.31(10), C1-Pd1-Cl2:
90.64(10), CI3- Pd1-Cl2: 89.89(5), CI3-Pd1-Cl1: 90.21(5).

4.2.5.2 Thermal stability of [2-phenyl-1-pyridinium][(IMes)PdCls] in solution

Although the [2-phenyl-1-pyridinium][(IMes)PdCIs] complex was found to be stable as
a solid, in solution at 75 °C and even at room temperature the complex was found to
slowly convert into the co-ordinated 2-phenylpyridine complex (IMes)PdClz(2-
phenylpyridine) (Scheme 4.32). These results suggest that under our optimised reaction
conditions the substrate is protonated by the reaction medium, then exchanges position
with the TBA cation. Once this has occurred the substrate undergoes intramolecular
deprotonation and co-ordination to the palladium centre. This accounts for the difference
in activity observed between the [TBA][(IMes)PdCIs] and [TBA][(IMes)PdCI>OAc]
catalysts as the acetate complex forms the substrate co-ordinated complex faster, revealed

by their stoichiometric reactions with 2-phenylpyridine.
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Scheme 4.32 Conversion of [2-phenyl-1-pyridinium][(IMes)PdCls] to (IMes)PdCl,(2-phenylpyridine)
over time monitored by *H NMR. t = time in hours.
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4.2.5.3 Reactions with (IMes)PdCl.(2-phenylpyridine)

Hoping to thermally induce the C-H activation of the co-ordinated 2-phenylpyridine, the
(IMes)PdCl2(2-phenylpyridine) complex was heated at 75 °C for up to 48 hours in the
solvent mixture used in our catalytic protocol. This complex remained unaltered with no
trace of the target palladacycle observed by NMR, indicating that either the presence of
PhI(OAC): is required for the CMD step to occur or the C-H activation is reversible.

When (IMes)PdClI»(2-phenylpyridine) was used as a catalyst for the acetoxylation of 2-
phenylpyridine using our reaction conditions, the reaction occurred faster than with
[TBA][(IMes)PdCI.OAc], using all the starting material within 1 hour, though with a
much lower selectivity as the major product was the diacetoxylated product (Scheme
4.33). This suggests that the high selectivity observed for the [TBA][(IMes)PdCI,OAc)
complex is derived from the slow release of the active (IMes)PdClI(2-phenylpyridine)
catalyst with the palladate acting as a reservoir, leading to longer reaction times but

improved selectively.

=z OAc =~
| (IMes)PdCI,(2-phenylpyridine) 2 mol%
X
N - NN
PhI(OAc), (2 equiv),
75 °C, DMF:Ac,0, 1 h OAc
90 %

Scheme 4.33 Acetoxylation of 2-phenylpyridine by (IMes)PdClx(2-phenylpyridine).

4.2.5.4 Proposed mechanism under optimised conditions.

Using this information, we propose a plausible catalytic cycle for this reaction (Scheme
4.34). Key modifications when compared to our original are: the formation of the 2-
pheny-1-pyridinium palladate intermediates and their corresponding intramolecular
deprotonations and an extra step, when a chloride ligand is exchanged for an acetate,
accounting for the required involvement of PhI(OAc). in the C-H activation process

leading to the formation of the palladacycle.
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Scheme 4.34 Proposed mechanism for the acetoxylation of 2-phenylpyridine using (IMes)-palladate
complexes.
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4.3 Conclusion

In conclusion, a number of novel palladium complexes [TBA][(NHC)PdCIs] were tested
for directed C-H bond oxidative activation. [TBA][(IMes)PdCl3s] was found to be the
most effective. Exploration of this complex’s activity led to the development of the novel
complex [TBA][(IMes)PdCI,OAc] which was found to be more active than its trichloro
analogue. Reaction condition optimisation for [TBA][(IMes)PdCI>OAc] resulted in the
development of a protocol able to catalyse the acetoxylation of a number of substrates
with a better selectivity compared to Pd(OAc). and other NHC-palladium complexes
currently reported in the literature. Further experiments allowed for the observed
difference in activity between [TBA][(IMes)PdClz] and [TBA][(IMes)PdCI2OAc] to be

rationalized and a plausible mechanism proposed.

4.4 Experimental

General Considerations

All reagents and solvents were purchased from commercial suppliers and used without
further purification unless noted. The (NHC)PdCI>(TEA) complexes were prepared
following the procedures in the literature. Chromatography was performed using a
Biotage isolera prime system with silica gel cartridges (P60-37-70 um). NMR spectra
were recorded on a Varian 500 or 400 MHz spectrometer. CHN elemental analysis was

carried out at London Metropolitan University.

Synthesis of (IMes)PdClI2(2-phenylpyridine) (85)

A reaction vial was loaded with a magnetic stirring bar, [(IMes)PdCI,OAC][TBA] (3)
(50mg, 0.06 mmol), 2-phenylpyridine (0.01ml, 0.07 mmol) Dimethylformamide (1ml)
and acetic anhydride (0.5ml). The vial was sealed with a screw cap fitted with a septum
and the reaction was allowed to stir at 75 °C for 8 hours. The solvent was then removed
using a shlenk line and the product extracted from the reaction mixture with benzene and
triturated with hexane to yield the title compound in a quantitative yield. *H NMR (400
MHz, CDCls) & 8.57 (d, J = 6.0 Hz, 1H), 7.80 (d, J = 7.3 Hz, 2H), 7.61 (td, J = 7.7, 1.4
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Hz, 1H), 7.35 (t, J = 7.5 Hz, 1H), 7.27 (s, 1H), 7.20 (t, J = 7.7 Hz, 2H), 7.17 — 7.10 (m,
1H), 7.07 (s, 2H), 7.04 (s, 2H), 7.02 (d, J = 1.5 Hz, 1H), 6.93 — 6.88 (m, 1H), 2.51 (s, 3H),
2.40 (s, 3H), 2.34 (s, 6H), 2.16 (s, 6H). *C NMR (100 MHz, C¢D¢ ): & =160.6, 155.4,
151.0, 139.3, 138.9, 138.3, 137.2, 136.3, 136.1, 135.3, 134.9, 129.2, 128.9, 128.0, 125.2,
123.8, 122.3, 21.01, 19.0, 18.6. Anal. Calcd for C32H33CI2NsPd: C, 60.34; H, 5.22; N,
6.66. Found: C, 60.42; H, 5.21; N, 6.52. CCDC number: 1473490.

Synthesis of [(IMes)PdCIs][TBA] (105)

A reaction vial was loaded with a magnetic stirring bar, (IMes)PdCI(TEA) (200 mg,
0.344mmol), tetrabutylammonium chloride (105 mg, 0.377 mmol) and 2 mL of dry
benzene. The solution was allowed to stir at room temperature overnight. Removal of the
solvent in vacuo afforded a yellow oil, which was dissolved in ethyl acetate and triturated
with hexane to yield the title compound as a pale yellow solid (256 mg, 98%).H NMR
(500 MHz, CsDs) 5 6.88 (s, 4H), 6.14 (s, 2H), 3.22 — 3.12 (m, 8H), 2.56 (s, 12H), 2.24 (s,
6H), 1.50 (m, 8H), 1.37 (m, 1H), 1.00 (t, J = 7.2 Hz, 12H).2*C NMR (100 MHz, C¢D¢): &
157.5, 137.9, 136.7, 136.3, 128.9, 122.9, 58.5, 24.1, 20.9, 19.8, 19.5, 13.8. . Anal. Calcd
for Cs7HeoN3Pd: C, 58.50; H, 7.96; N, 5.53. Found: C, 58.29; H, 8.06; N, 5.39. CCDC
number 1473488.

Synthesis of [(IMes)PdCI2OAc][TBA] (116)

A reaction vial was loaded with a magnetic stirring bar, (IMes)PdCI>(TEA) (1) (200 mg,
0.343 mmol), tetrabutylammonium acetate (114 mg, 0.377 mmol) and 2 mL of dry
benzene. The solution was allowed to stir at room temperature overnight. Removal of the
solvent in vacuo afforded a yellow oil, which was dissolved in ethyl acetate and triturated
with hexane to yield the title compound as a pale yellow solid (261 mg, 97%). *H NMR
(500 MHz, CsDe): J 6.92 (s, 4H), 6.15 (s, 2H), 2.97-2.90 (m, 8H), 2.54 (s, 12H), 2.46
(s,3H), 2.23 (s, 6H) 1.46-1.36 (m, 8H), 1.35-1.25 (m, 8H), 0.95 (t, J = 7.2 Hz, 12H). 13C
NMR (100 MHz, CeDs):0 177.5, 155.7, 138.1, 136.8, 136.0, 128.8, 122.9, 58.0, 27.7,
23.7,20.7, 19.6, 19.3, 13.7. Anal. Calcd for C3sHes3N3O2Pd: C, 59.65; H, 8.26; N, 5.29.
Found: C, 59.71; H, 8.19; N, 5.27. CCDC number: 1435153.
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Synthesis of [(IPr)PdCI2OAc][TBA] (117)

A reaction vial was loaded with a magnetic stirring bar, (IPr)PdCI>(TEA) (200 mg, 300
mmol), tetrabutylammonium acetate (114 mg, 0.377 mmol) and 2 mL of dry benzene.
The solution was allowed to stir at room temperature overnight. Removal of the solvent
in vacuo afforded a yellow oil, which was dissolved in ethyl acetate and triturated with
hexane to yield the title compound as a pale yellow solid (256 mg, 98%).'H NMR (500
MHz, CeDe) & 7.39 — 7.27 (m, 6H), 6.63 (s, 2H), 3.49 (hept, J = 6.5 Hz, 4H), 3.19 — 3.09
(m, 8H), 2.31 (s, 3H), 1.65 (d, J = 6.4 Hz, 12H), 1.52-1.41 (m, 8H), 1.36 — 1.25 (m, 8H),
1.09 (d, J = 6.8 Hz, 12H), 0.98 (t, J = 7.2 Hz, 12H) .1*C {*H} NMR (100 MHz, CsDs) &
147.6, 136.4, 130.1, 124.9, 124.0, 58.0, 29.0, 26.7, 24.3, 23.5, 20.1, 14.3. Calcd for
CssH7sCIoN3O2Pd: C, 62.31; H, 8.71; N, 4.84. Found: C, 62.41; H, 8.67; N, 5.91.

Synthesis of [(IMes)PdClIs][ 2-phenylpyridin-1-ium] (128)

A reaction vial was loaded with a magnetic stirring bar, 2-phenylpyridine (0.123ml, 0.857
mmol) an excess of conc HCI (0.2 ml) and 2ml of dry benzene. The solution was allowed
to stir at room temperature for 1 hour. Then (IMes)PdCI2(TEA) (1) (100 mg, 0.172 mmol)
was added to the reaction vial and the reaction was left to stir overnight at room
temperature at which time a yellow precipitate had formed. This precipitate was then
collected by filtration then washed twice with benzene (5ml) and once with ether (5ml)
and was found to be the title compound (97mg, 84%). *H NMR (400 MHz, CDCls) 6 =
9.10 - 8.98 (m, 1H), 8.48 — 8.36 (m, 1H), 8.16 (d, J = 7.2 Hz, 2H), 8.10 (d, J = 7.9 Hz,
1H), 7.74 — 7.66 (m, 1H), 7.59 (s, 3H), 7.00 (bs, 3H), 6.93 (s, 1H), 6.90 (s, 2H), 2.41 (s,
3H), 2.32 (s, 6H), 2.26 (s, 3H), 2.14 (d, J = 63.0 Hz, 6H). *3C NMR (100 MHz, CDCls ):
0 = 152.44, 145.54, 144.98, 142.70, 139.15, 138.64, 135.40, 134.40, 132.78, 129.94,
129.49, 129.32, 129.06, 128.58, 124.60, 124.44, 124.10, 123.96, 21.24,21.2, 19.2, 18.8.
Anal. Calcd for C32Ha3CIsNsPd: C, 57.07; H, 5.09; N, 6.24. Found: C, 56.93; H, 5.17; N,
6.18. CCDC number: 1473489
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General Procedure for Acetoxylation reactions

A 4 mL screw-capped vial equipped with a magnetic stirring bar was charged with
(Diacetoxyiodo)benzene (1 mmol), Biphenylpyridine (0.5 mmol), complex 2, N,N-
dimethylformamide (1 mL) and acetic anhydride (0.5 mL). The vial was sealed with a
screw-cap fitted with a septum and the reaction mixture allowed to stir at 75 °C and
monitored by GC. When the reaction was complete or there was no further increase in
conversion, it was cooled down to room temperature, poured into water (10 mL) and
extracted with EtOAc (3 x 10 mL). The combined organic layers were washed with water
(3 x 10 mL) and brine (10 mL), dried over MgSO4 and filtered. The resultant solution
was concentrated onto celite under reduced pressure for purification by column

chromatography. All reported yields are an average of two runs.

2-(Pyridin-2-yl)pheny! acetate.*® (118)

The reaction mixture was heated at 75°C for 11 hr. The product was obtained as a clear
oil (103 mg, 97%). A small amount of the diacetate compound was isolated (3mg, 2%)
Eluent: Hexane/ ethyl acetate. 0-10% over 12mins, isocratic 10% for 6 mins, 10-50%
over 7mins, isocratic 50% for 7mins.*H NMR (400 MHz, CDCls) 6 = 8.72-8.67 (m, 1H),
7.74-7.76 (m, 2H), 7.52 (d, J =7.9 Hz, 1H), 7.41 (t, J = 7.7 Hz, 1H), 7.34 (t, J = 7.5 Hz,
1H), 7.25-7.21 (m, 1H), 7.16 (d, J = 8 Hz, 1H), 2.15 (s, 3H).
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3-Methyl-2-(pyridin-2-yl)phenyl acetate.*® (119)

The reaction mixture was heated at 75°C for 48 hr. The product was obtained as a pale
yellow oil (57 mg, 50%). Eluent: Hexane/ ethyl acetate 10% isocratic.'H NMR (400
MHz, CDCl3) 6 = 8.75-8.71 (m,1H), 7.81-7.75 (m,1H), 7.35-7.25 (m,3H), 7.19 (d, J = 7.7
Hz, 1H), 7.00 (d, J = 8.1 Hz, 1H), 2.16 (s, 3H), 1.95 (s, 3H).

4-Methyl-2-(pyridin-2-yl)phenyl acetate.>® (120)

The reaction mixture was heated at 75°C for 14 hr. The product was obtained as a clear
oil (107 mg, 94%) only one regioisomer observed by NMR and GC. Eluent: Hexane/
ethyl acetate 10% isocratic.'H NMR (400 MHz, d6-acetone) 6 = 8.68-8.65 (m, 1H), 7.84
(td, J = 7.8, 1.9 Hz, 1H), 7.65 (dt, J = 8.0, 1.0 Hz, 1H), 7.61 (d, J = 1.9 Hz, 1H), 7.32
(ddd, J = 7.5, 4.8, 1.1 Hz, 1H), 7.27-7.24 (m, 1H), 7.06 (d, J = 8.2 Hz, 1H), 2.39 (s, 3H),
2.14 (s, 3H).

4-Methoxy-2-(3-methylpyridin-2-yl)phenyl acetate. (121)

The reaction mixture was heated at 75°C for 36 hr. The product was obtained as an orange

oil (122mg, 95%). Eluent: Hexane/ ethyl acetate 10% isocratic.!H NMR (400 MHz,

CDCl3) 6 = 8.58-8.54 (m, 1H), 7.73-7.68 (m, 1H), 7.34-7.29 (m, 1H), 7.14 (d, J = 8.9

Hz, 1H), 6.98 (dd, J = 8.9, 3.0 Hz, 1H), 6.90 (d, J = 3.0 Hz, 1H), 3.83 (s, 3H), 2,26 (s,

3H), 1.96 (s, 3H). *C {"H} NMR (100 MHz, CDCls): § = 169.1, 157.1, 154.9, 146.2,

141.6, 138.4, 133.5, 132.5, 123.5, 122.7, 115.2, 114.9, 55.7, 20.5, 19.0. HRMS (EI):
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Calcd for C15sH1sNOs m/z 258.1125, Observed m/z 258.1118. IR (ATR): 2944.2,1760.18,
1583.04.

5-(tert-Butyl)-2-(pyridin-2-yl)phenyl acetate. (122)

The reaction mixture was heated at 75°C for 12 hr. The product was obtained as an orange
oil (124 mg, 97%). A small amount of the diacetate compound was isolated (7mg, 4%)
Eluent: Hexane/ ethyl acetate. 0-10% over 12mins, isocratic 10% for 6mins, 10-50% over
7mins, isocratic 50% for 7mins.*H NMR (400 MHz, CDCls) 6 = 8.76-8.69 (m, 1H), 7.80
(t, J=7.6 Hz, 1H), 7.67 (d, J = 8.1 Hz, 1H), 7.61-7.56 (m, 1H), 7.39 (d, J = 8.1 Hz, 1H),
7.33-7.27 (m, 1H), 7.17 (s, 1H), 2.19 (s, 3H), 1.35 (s, 9H). °C {*H} NMR (100 MHz,
CDCls): 0 = 169.3, 155.1, 154.2, 148.5, 147.9, 137.5, 137.4, 130.3, 123.8, 123.6, 122.2,
120.2, 34.8, 31.1, 21.0. HRMS (EI): Calcd for C17H20NO2 m/z 270.1489, Observed m/z
270.1488. IR (ATR): 2963.43, 1763.60, 1587.29.

5-Methyl-2-(3-methylpyridin-2-yl)phenyl acetate. (123)

The reaction mixture was heated at 75°C for 24 hr. The product was obtained as a pale
yellow oil (109 mg, 90%). Eluent: Hexane/ ethyl acetate 10% isocratic."H NMR (400
MHz, CDCls) & = 8.51-8.45 (m,1H), 7.55 (d, J = 7.7 Hz, 1H), 7.24 (d, J = 7.7 Hz, 1H),
7.16 (dd, J = 7.5, 4.9 Hz, 1H), 7.11 (d, J = 7.7 Hz, 1H) 7.00 (s, 1H), 2.4 (s, 3H), 2.19 (s,
3H), 1.95 (s, 3H). 3C {"H} NMR (100 MHz, CDCls):6 = 173.6, 168.9, 155.4, 147.9,
146.3, 139.6, 138.1, 132.4, 130.1, 126.6, 123.1, 122.4, 21.2, 20.6, 19.0. HRMS (EI):
Calcd for CisHisNO2 m/z 242.1176, Observed m/z 242.1170. IR (ATR): 2921.92,
1619.31, 1577.36.
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4-Methoxy-2-(pyridin-2-yl)phenyl acetate.*® (124)

The reaction mixture was heated at 75°C for 14 hr. The product was obtained as a yellow
oil (115 mg, 95%) only one regioisomer observed by NMR and GC. A small amount of
the diacetate compound was isolated (5mg, 3%) Eluent: Hexane/ ethyl acetate. 0-10%
over 12mins, isocratic 10% for 6mins, 10-50% over 7mins, isocratic 50% for 7mins.H
NMR (400 MHz, d6-acetone) ¢ = 8.70-8.66 (m, 1H), 7.86-7.81 (m, 1H), 7.68 (d, J = 7.9
Hz, 1H), 7.36 (d J = 3.0 Hz, 1H), 7.34-7.30 (m, 1H), 7.11 (d, J = 8.8 Hz, 1H), 7.01 (dd, J
= 8.8, 3.0 Hz, 1H), 3.85 (s, 3H), 2.14 (s, 3H).

Quinolin-8-ylmethyl acetate.® (125)

The reaction mixture was heated at 75°C for 14 hr. The product was obtained as a yellow
oil (97 mg, 96%). Eluent: Hexane/ ethyl acetate 10% isocratic.'H NMR (400 MHz,
CDCl3) 0 = 8.97-8.92 (m, 1H), 8.16 (d, J = 8.2 Hz, 1H), 7.82-7.74 (m, 2H), 7.54 (t, J =
7.6 Hz, 1H), 7.45-7.40 (m, 1H), 5.86 (s, 2H), 2.15 (s, 3H).

2-(1H-Pyrazol-1-yl)phenyl acetate.> (126)

-

(0]
The reaction mixture was heated at 75°C for 18 hr. The product was obtained as a clear
oil (91 mg, 90%). Eluent: Hexane/ ethyl acetate 10% isocratic.'H NMR (400 MHz,
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CDCls) § = 7.75-7.70 (m, 2H), 7.62-7.58 (m, 2H), 7.39-7.30 (m, 2H), 7.23-7.19 (m, 1H),
6.44-6.40 (m, 1H), 2.19 (s, 3H).

2-(1-Methyl-2-0xo0-2,3-dihydro-1H-benzo[e][1,4]diazepin-5-yl)phenyl acetate. (127)

The reaction mixture was heated at 75°C for 24 hr. The product was obtained as a pale
yellow solid (94 mg, 61%). Eluent: Hexane/ ethyl acetate 10% isocratic.'H NMR (400
MHz, CDClz) ¢ = 7.76-7.69 (m, 1H), 7.64-7.57 (m, 1H), 7.54 (t, J = 7.5 Hz, 1H), 7.43-
7.34 (m, 2H), 7.25-7.22 (m, 1H), 7.21-7.14 (m, 1H), 4.91 (d, J = 9.6 Hz, 1H), 3.80 (d, J
=9.6 Hz, 1H), 3.46 (s, 3H), 1.72 (s, 3H). ). *C {*H} NMR (100 MHz, CDCl3) § = 169.6,
169.0, 168.0, 148.8, 143.3, 132.6, 132.3, 132.0, 130.5, 129.8, 128.5, 126.2, 124.7, 123.3,
121.2,55.3, 35.3, 20.1. HRMS (EI): Calcd for C18H17N203 m/z 309.1234, Observed m/z
309.1231.IR (ATR): 2927.39, 2855.22, 1728.49, 1673.86.
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