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Abstract:

In order to develop the applications of transition-metal complexes in the
coordination chemistry and catalysis, the synthesis of cyclometallated N*C and N*C"N
complexes of pyridines and pyridones are described.

Chapter one presents an overview of C-H activation: its importance and
mechanisms, ligand types, and multifunctional ligands and their role in catalysis.
Chapter two describes the synthesis and characterisation of cyclopalladated complexes
with a variety of 6-aryl-2-methoxypyridine ligands (aryl = H 2.5, 4-MePh 2.6, 4-CFsPh
2.7,4-FPh 2.8 and 2-MePh 2.9). Further reaction chemistry of these complexes, including
disassembly, ligand exchange and stoichiometric reactions are discussed as well. The
dimeric Pd" complexes are shown to be efficient catalysts for the aerobic oxidation of
benzyl alcohol. The reactivity of 2.6 towards two different Au'" sources, H[AuCls] and
K[AuCl4], are described in this chapter. Chapter three shows divergent behaviour in the
reactivity of 6-aryl-2-pyridones from those in Chapter 2. Cyclopalladation of the 6-aryl-
2-pyridones proceeds smoothly forming the acetate-bridged complexes; however, on
standing in solution the dimeric complexes undergo slow pyridinol-pyridonate
conversion to the tetrameric species with loss of acetic acid. Different behaviours are also
observed in all the subsequent reactions. The electronic effect of different substituents (in
particular H vs Me vs CFs) in reactivity is investigated. The role of the ortho-hydroxy
group in the stability, reactivity and hydrolysis of PFs and BF4 is demonstrated as
remarkable differences have been shown between the two types, pyridine- and pyridone-
based complexes. Chapter four describes the synthesis of novel symmetrical N*"C~N
pyridine- and pyridone-based ligands and investigates their reactivities and selectivity
towards several transition metals, such as Pd", Pt"!, Hg" and Ag"'. A new microwave
method is developed to afford cyclometallated NAC*"N complexes of pyridones. All the
experimental work and full characterisation data of the ligands and complexes described

in this thesis are detailed in Chapter 5.
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Chapter 1

1.1 Introduction

This thesis is focused on the development of pyridine and pyridone ligands for
applications in the coordination chemistry of transition metals and catalysis. The synthesis
of transition-metal complexes of pyridines and pyridones that proceeds with C-H activation
Is considered to be a class of transformations that have the potential to provide
opportunities for building new organometallic complexes, and have affected the field of
organic synthesis when they are used as catalysts. This chapter will begin with an
overview of C-H activation: its importance and mechanisms, ligand types, and will finish

by considering multifunctional ligands and their role in catalysis.

1.2 C-H Activation

Carbon-hydrogen bonds are generally viewed as a non-functional group due to their
high stability and kinetic inertness.! However, when a carbon-hydrogen bond is
catalytically activated, it can be easily broken and then replaced with a carbon-X bond
(where X is usually carbon, oxygen or nitrogen). This process (egn. 1.1) is generally
known as C-H activation (or C-H functionalisation). The term often refers to metallation
reactions in which metal complexes oxidise an unreactive C-H bond to form a reactive
C-M bond which can undergo further transmetallations under milder conditions. Over the
last few years, extensive progress and improvements have been made in this field.>* In
this section (1.2), the main area that will be considered is the C-H activation that can be

achieved via transition metal complexes.

CH ——— C-X (eqn. 1.1)

1.2.1 The Importance of C-H Activation

The field of C-H activation is of both commercial and academic interest. Methanol,
for instance, plays a significant role in many important industrial processes, such as the
syntheses of plastics and paints. Therefore, chemists are now able to produce methanol
from methane to make it a viable and transportable energy source. This conversion is
usually performed using a C-H activation reaction which is catalysed by soluble metal

salts.®

Carbon-carbon bond formation via the direct activation of C-H bonds has attracted

increasing attention in the medical field.® Drug discovery and production can be readily
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accelerated without the need to prepare starting materials containing a C-X (X = Cl, Br
or 1) bond. This is actually a useful process for making multi-step synthesis (which is
widely used in medicinal chemistry) shorter and reducing the cost and waste in drug

production.

Although the field of C-H activation is continuing to grow, experts in
organometallic chemistry believe that its progress is particularly slow and they are still
far from the ultimate aim.” Many mechanistic problems in this field still need to be solved
and developed; for example, targeting a specific C-H bond for functionalisation in a
chemical system containing various reactive C-H bonds is extremely difficult. Therefore,
C-H activation reactions could truly revolutionise the synthesis of natural, organic and

pharmaceutical products if the ability to activate selected C-H bonds was well developed.

1.2.2 Types and Mechanisms of C-H Activation by Metal Complexes

C-H activation mechanisms have been extensively studied in order to gain a better
understanding of how these reactions work. Four main mechanisms have been identified
for C-H activation processes prior to 2000,® including oxidative addition (OA), sigma-
bond metathesis (SBM), electrophilic substitution/activation (ES/EA) and radical
mechanisms. These mechanisms were then followed by 1,2-addition®*? and ambiphilic
metal-ligand activation (AMLA)** which is also known as concerted metallation-
deprotonation (CMD).® Each mechanism will be briefly discussed, except for the radical
mechanism which will not be considered further in this work as it is not a related synthetic

pathway.

Synthetic chemists have been interested in mechanisms of C-H activation for
several decades, and have exerted considerable effort to develop this field during this
time,®1% in particular those researchers who have focused on the activation of C-H bonds
using organometallic routes (i.e. reactions involving the formation of a bond between
carbon and a central metal). In one of these routes, C-H activation can be achieved with
the assistance of a metal from a soluble metal salt or complex. This reaction is commonly
known as an oxidative addition reaction, during which the C-H bond is weakly bound to
the metal centre in the first step, followed by C-H bond breaking and formation of the M-
C bond to give an intermediate containing both a carbon-metal and a metal-hydrogen
bond (Scheme 1.1).°
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---=Z

R-H

AN
H

Scheme 1.1: C-H activation by oxidative addition

The first oxidative addition of a C-H bond was reported by Chatt and Davidson in
1965.1" The authors showed that a C-H bond of arenes (sp?) or an alkyl side-chain of the
1,2-bis(dimethylphosphino)ethane (dmpe) ligand (sp®) can be activated by the Ru®
complex, [Ru(dmpe)z] (1.1) to give a new series of hydrido-aryl complexes of
ruthenium(ll) and [Ru'"H(CH2-PMe-CH2-CH2-PMez)(dmpe)], respectively (Scheme

1.2).
\\ \P/7 Ar = benzyl
I:P////' \\\\P< naphthyl
Ru’ anthracenyl
P( | ‘Ar phenanthryl
sp? C-H activation // H
\ / \ / /
/P\
\P/ \ \\
N / \ \\
sp® C-H activation |:’///, \\\\P<
cH, H L/

Scheme 1.2: First example of oxidative addition reaction'’

C-H activation by oxidative addition typically gives rise to an increase in both the
oxidation state and coordination number of a metal centre. Highly electron-rich metal
centres were thought to be necessary for oxidation addition to occur until 1993, when
Bergman et al.'® published evidence of a new cationic Ir'"'" complex,
[Cp*IrMe(PMe3)](OTf) (1.2) that was able to activate the C-H bond of an alkane.
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[OSO,CF3I

1.2

Sigma-bond metathesis is one of the more common mechanisms that have also been
used to replace alkane hydrogens with other atoms or chemical groups, forming a new c-
bond (Scheme 1.3). This approach is usually suitable for early transition metals in their
highest oxidation states (d°), and also lanthanide complexes (d°"). For this reason, it is
not possible for this mechanism type to react via oxidative addition, as d-electrons are
required for OA to be involved in redox reactions.

——> L MR + R-H

Scheme 1.3: C-H activation by c-bond metathesis

In the early 1980s, Watson®® reported the first well-characterised lanthanide
complexes obtained by o-bond metathesis. They found that the C-H bond in methane
(*3CH.) was activated by an organometallic complex, [(Cp*)2M(CHz3)] (M =Y or Lu) to
form a four-membered transition state which then coordinated to the metal centre,

replacing the original methyl group (Scheme 1.4).

/C\
13CH N

/' ~ 'CH
M—CHs 4 M. H =

M-"3CH,4

M=Y, Lu

Scheme 1.4: First example of o-bond metathesis
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The third mechanistic type of C-H activation is electrophilic C-H activation. This
occurs when a C-H bond is activated by an electrophilic metal compound, which is then
able to eliminate a proton and create a complex bearing a metal-carbon bond (Scheme
1.5).

M™ + R-H > M-R + H*

Scheme 1.5: C-H activation by electrophilic activation

Early examples of electrophilic C-H activation reactions were initially reported in
1969 by Shilov et al.? The authors indicated that a mixture of Naz[Pt"'Cls] and Hz[Pt'VCls]
in aqueous solution activates a C-H bond of methane to obtain the Pt-CHs species as an
intermediate, followed by production of methanol and other products (Scheme 1.6). This
significant activation process was ignored for more than a decade?* until subsequent
studies®? discovered a selective oxidation reaction of methane that later became known

as Shilov chemistry.

cat. [PtCl,]*
120 °C

CHy + [PtClg]* + H,0 > CHsOH + [PtCI> + 2HCI

Scheme 1.6: Shilov chemistry used for methane C-H bond activation

Although the mechanism behind the methane oxidative reaction using platinum
salts is still not fully understood,® it is generally thought to proceed via an electrophilic
C-H activation.?® Two potential mechanisms for the Shilov reaction have been reported

in the literature (Scheme 1.7).242

H
CI//// \C|
PtV
o | Me
Me-H Cl
1.4
Cly,  «Cl 20 Cly, Cl |20 °
Pt P! + H
ca” Y c” e
1.3 1.6
Me-H
° Cly, O P
“ptl H
c” ™

Mel| 1.5

Scheme 1.7: Proposed mechanisms for methane C-H activation by Pt salts?’



Chapter 1

One involves oxidative addition of a methane C-H bond at Pt (1.3), giving a Pt"V-methyI-
hydride intermediate (1.4), followed by deprotonation to yield 1.6. The second involves
direct deprotonation of Pt'(c-Me-H) (1.5) which acts as a Lewis acid.

1,2-Addition of a C-H bond across an M-Y bond (where Y is an anionic N- or O-
based ligand) is another type of C-H activation mechanism. This type is quite similar to
the o-bond metathesis reaction, where both mechanisms proceed via a four-membered
ring transition state. However, 1,2-addition was distinguished due to this type of reaction
in fact proceeds with the assistance of a lone pair (M-Y:) or n-bonding orbital (M=Y)

found in the starting complex (Scheme 1.8).2

M M R » M----R
| or | + | 1,2-addition

Y Y H Y----H Yo

Scheme 1.8: C-H activation by 1,2-addition across metal-ligand bonds

The 1,2-addition to (M-Y:) usually occurs with a late transition metal-N/O single
bond, which has at least one lone pair to facilitate the hydrogen transfer in the reaction.
The first experimental results of this type were independently presented by two different
groups around the same time (2005).%1° Periana et al.® demonstrated that one of the C-H
bonds of benzene can be activated by an Ir'"" alkoxo complex (1.7) to create the

corresponding phenyl complex (1.10) in high yield (Scheme 1.9).

OMe OMe 0]
( O//,,, | \\\\O > -MeOH < O///,, WO > Oy, \\\\\\\Q
“Ir — “lr. — “Ir.
o" ~o o/| o 0" | YoMe
MeOH [] o
1.7
1.8 CeHs

#*
O o

O///,,, \\\\\O Pyridine O//,,,, N, C-H activation O///,,, o
7~y = MeoH AT ” "
o” | Yo N 0% | YoMe
N o O \_0O
z ' 1.10 B Me [ 1.9
7\
X O O =acac

Scheme 1.9: Proposed mechanism for 1,2-addition to (M-Y:)
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They proposed a mechanism in which MeOH dissociates from 1.7 to form 1.8, with a
vacant coordination site, before benzene association. C-H activation via a four-membered
transition state (1.9) is then able to take place.® Gunnoe et al.X° later reported a similar
result with a monomeric Ru''-hydroxide complex. The authors performed kinetic studies
and suggested that [TpRu(PMes)2OH] (1.11) can activate one of the C-H bonds of
benzene to proceed via a 1,2-addition mechanism.

T Sq PMe;
N==N,, | «PMe;
Ru
ﬂ 7 ’ oy
/ N
N
~ ~
/B N
H
1.11

The second pathway for the 1,2-CH-addition reaction, however, seems to take place
with a reactive early/middle transition metal-ligand multiple bond (M=Y). This was
demonstrated by Bergman and co-workers*! in 1988 when they were able to activate a C-
H bond in benzene using imidozirconocene (Cp2Zr=NR) complexes, where R = tBu, Ph-
tBu or m-xylene (Scheme 1.10). In this reaction, methane is apparently eliminated from
1.12 to generate 1.13, which subsequently promotes C-H bond cleavage in benzene to
afford the phenyl-substituted complex 1.14. Later, a computational study on similar
chemistry found that benzene C-H activation by Zr'V complexes does indeed proceed via

the 1,2-addition mechanism through the involvement of m-bonding orbitals.?%*

NS OS>

1.12 1.13 1.14

Scheme 1.10: C-H activation by 1,2-addition using an imidozirconocene complex!?
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“Ambiphilic Metal-Ligand Activation” (AMLA) has recently been identified as a
form of C-H activation mechanisms and will be briefly discussed here. This mechanism
was identified and termed AMLA by Davies and Macgregor® in 2009, while Fagnou et
al.’® selected “Concerted Metallation-Deprotonation” (CMD) as the name for a similar
process. The mechanism is a bifunctional system in which a C-H bond is activated by an
electrophilic metal working together with the assistance of an intramolecular base, such
as NaOAc. There are two possible transition states that may be generated during the
AMLA C-H activation.?” One is called an AMLA-4 process, in which a four-membered
transition state is formed with an oxygen atom of a monodentate acetate group (Fig. 1.1a).
The other proceeds via the formation of a six-membered transition state which is thus
known as an AMLA-6 process and involves both oxygen atoms of the [bidentate] acetate
ligand (Fig. 1.1b).

=
R * R
'\.’"'"Q/j\o ¥
] | : :
o Mo
| C-—H i L e
a. AMLA-4 b. AMLA-6

Figure 1.1: The two proposed transition states formed during AMLA C-H activation

The role of the acetate in the AMLA mechanism was synthetically noticed by
Davies et al.2* when one of the C-H bonds in amine-, imine- and oxazoline-base bidentate

ligands was activated by a dimeric Ir'"' complex at room temperature (Scheme 1.11).

N O [Cp*er|2]2
N NaOAc
CH,Cl,

25 °C, 5h

Cl/lr"uu”
N
></O

Scheme 1.11: C-H activation of an oxazoline at room temperature
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Attempts to carry out the reactions without a base or with NEts instead of NaOAc were
unsuccessful. This suggested that the acetate may play an important role in breaking the
dimer, exchanging a chloride and generating a cyclic transition state. In order to better
understand, and gain further insight into, the AMLA reaction mechanism, various

directing groups have been employed by Khamker.?’

1.2.3 Selectivity of C-H Activation

As mentioned above (Section 1.2.1), the main issue found in the C-H activation
field is how to control the selectivity. In order to overcome this problem, numerous
research groups® have carried out kinetic and thermodynamic studies of C-H bonds in
various systems. Electronic effects are one of the factors by which a specific C-H bond
can be selected. Fagnou et al.®*** reported an experimental study on direct intermolecular
arylation reactions using Pd(OAcC)z; the results were not in agreement with the selectivity
observed in traditional aromatic electrophilic substitution reactions. They found that
methoxybenzene, bearing an electron-donating group, leads to a meta-selective C-H
arylation while fluorobenzene, containing an electron-withdrawing group, directs the new
substituent to the ortho position. The authors concluded that product selectivity tends to
be much more dependent on C-H acidity than arene nucleophilicity.

Another important factor in controlling the selectivity of C-H activation reactions
is that of steric effects. The catalytic aerobic pyrrole C-H bond olefination reaction has
been developed by Gaunt and co-workers® to give 1.15 or 1.16 by activating either the

C2 or C3 position, respectively (Scheme 1.12).

CO,Bn
3
// \\2 Pd(OAc), 10 mol% WCOZBn or / A\
N AcOH:dioxane:DMSO T T
||a Z " co,Bn Boc . .. TIPS 4 16

R = Boc or TIPS

Scheme 1.12: Steric effect on pyrrole C-H olefination

The authors found when an N-protecting group such as tert-butyloxycarbonyl (Boc) was
used, the reaction is directed to occur solely at the C2 position to form 1.15, but when a
bulky group such as triisopropylsilyl (TIPS) was employed as a protecting group, the

10
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reaction selectivity goes on the C3 position to generate 1.16. In the latter case, the large

TIPS group appeared to prevent C-H activation at the C2 position.

The third factor used for controlled site-selective C-H activation is the use of a
directing group. In this process, the reactions are often initiated by the binding of an
electrophilic metal centre to an organic chelating ligand through the donor group, such as
N, O or P, followed by C-H activation which usually occurs at the ortho position to
eventually form a cyclometallated complex. Kleiman et al.® first reported the selectivity
of C-H activation via a directing group in 1963. They carried out the cyclometallation of
azobenzene with NiCp2 and showed that the azo group can direct the metal centre to
activate the ortho C-H bond (Scheme 1.13).

Ni
AN
N NiC N
/ @ e / @ =
N 135 °C, 4h N

Scheme 1.13: Selective C-H activation through the use of a directing group

Our research group has recently reported the palladium/platinum chemistry of
naphthyl-armed NNC and ONC pyridine-based pincer ligands.®”* The reaction of NNCnap
with Pd(OACc)2 gave the peri-activated product (1.17), while with K2[PtCl4] the ortho-

activated platinum(1l) pincer complex (1.18) was obtained exclusively (Scheme 1.14).

Pd(OAc),

toluene, 60 °C

K,[PtCly]
AcOH, reflux

dipp = diisopropylphenyl

Scheme 1.14: C-H activations with naphthyl-armed NNC ligand
11
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They also investigated the influences of varied donor atoms on C-H activation by using
alcohol-armed analogue, ONChnap ligand. The reaction of this pincer ligand with Pd(OAc)2
showed ortho-C-H activation on the naphthyl moiety to afford ortho-[(ONCnap)Pd(OAC)]
(Scheme 1.15).3738

Pd(OAc),
toluene, 60 °C

Scheme 1.15: C-H activation of ONChnap With Pd(OAC):
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1.3 Ligand Types

In coordination chemistry, a ligand is an ionic or neutral molecule which is able to
bind to a metal centre to form a metal-ligand complex. Most ligands have one or more
lone pairs of electrons, allowing them to act as electron donors (Lewis bases) toward the
acceptor metal centres (Lewis acids) leading to the formation of a covalent bond. Ligands
can be classified in different ways, however, the main means of classification is by the
number of the donor sites (the denticity), that includes monodentate (k1), bidentate (k?),

tridentate (%), and so on.

1.3.1 Monodentate Ligands
Ligands with only one potential donor atom are known as monodentate, such as
halides, water, phosphines and nitrogen-based ligands. A brief discussion here will focus

on these four types of monodentate ligands.

a. Halide Ligands
Monodentate halide ligands that fall into this category include F, ClI, Brand I. In
addition to being good o-donors, the halides also act as good m-donors. These ligands
usually bind to a central metal in a terminal manner (though sometimes in a bridging
manner, albeit far less frequently) to give a metal halide salt. There are numerous
examples in the literature of metal halide salts such as AlFs, K2PtCls, [NEts]2[Pd2Brs] and
Nil2. The structure of K2PtCls tends to adopt a square planar geometry where all four
chloride ligands are terminally connected to the metal centre with all atoms lying in the
same plane (Fig. 1.2a). In contrast, the bromo-bridged complex (Fig. 1.2b) is
preferentially formed, in which each bridging (i) bromide forms a coordinate (dative
covalent) bond with a different Pd centre.®
Cl,, &Cl|% Bry, By, WBr|%
Pt Pd Pd
cYy Yo . BrY ¥Br”” YBr

Figure 1.2: Tetrachloroplatinate(ll) anion (a) and dimeric tribromopalladate(l1) anion

(b)

b. Aqua Ligands
Metals coordinated with one or more water molecules as ligands are known as

metal agua complexes, including homoleptic and heteroleptic hydrate complexes. In the
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homoleptic case, water is the only ligand bonded to the metal centre. These are mostly
reported as examples with the general formula [M(H20)s]>* and [M(H20)s]**, though
metal aqua complexes with lower coordination numbers are also possible, such as square-
planar hydrate palladium(ll) and platinum(ll) complexes with the general formula
[M(H20)4]>*.4° There have been extensive studies made with the preparation,
isolation,*-#2 structural analysis and ligand substitution mechanism*® of both homoleptic
aqua Pd" and Pt" complexes. However, to the best of my knowledge, solid-state X-ray
crystal structure determination of both complexes has not been reported to date; this might
be attributed to their stability in the solid state.*°

When transition metal salts undergo the hydration process, a colour change reaction
usually occurs affording the hydrated complexes. For instance, a solution of anhydrous
NiSO4 gradually changes in colour from yellow to green, indicating that water molecules
have coordinated to the metal centre to give hexahydrate nickel(ll) sulphate,
[Ni(H20)6][SO4] (Scheme 1.16). The starting material and product will have different

structural, geometric, and physical properties.

in
N
ry

I
NiSO, + 6H0 ——— [Ni(H0)]SO4 |/
J

Scheme 1.16: Colour change on adding water to the anhydrous Ni'" salt

Heteroleptic octahedral hydrate complexes, for example, tend to adopt the general
formula [MLn(H20)s-n]?, where the central metal is coordinated by a mix of aqua and
other different ligands. There are many examples in the literature of this type of complex,
but the most well-known class is the hydrated metal halide derivatives, such as trans-
[FeBrz(H20)4], trans-[CoCla(H20)2] and cis-[NiClz(H20)4].

c. Phosphine Ligands
Monophosphines, which have the general formula PR3 (where R = alkyl, aryl, H,
halide, etc.), are one of the most widely used monodentate ligand systems for coordination

chemistry. Some typical monodentate phosphine ligands are shown in Figure 1.3.
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A0 HO g

Triphenylphosphine Tricyclohexylphosphine  Trimethylphosphine

Figure 1.3: Monodentate phosphine ligands

Various elements, including transition metals, have a high coordination affinity for
a variety of phosphine ligands. This phenomenon appears to be due to the ability of
phosphines to act as both g-donors and w-acceptors with the central metal, affording metal
phosphine complexes (Fig. 1.4). Specifically, c-donation occurs from the lone pair of the
phosphorus atom to empty metal orbitals, whilst the n-acidity involves electron density
acceptance from the filled metal orbitals to empty orbitals of the phosphorus ligand
(strong m-backbonding). This feature can be easily tuned by varying the steric and/or
electronic nature of the R groups on the phosphorus atom (PR3),** which may lead to large
changes in activity, basicity, selectivity, solubility and the stability of many catalytic

processes these ligands are involved in.*#7

- backbond
=) —
P~ M

Figure 1.4: Bonding in phosphine complexes

The most common organophosphorus compound used in the synthesis of
organometallic complexes is triphenylphosphine (PPhs), which can be easily oxidised by
air to give triphenylphosphine oxide (OPPhs), with a strong P=O bond. Metal-PPhs
complexes are widely used as catalysts in many catalytic reactions, including
hydrogenation,*® cyclisation®® and cross-coupling reactions.®® Several transition metal
complexes incorporating PPhs as a ligand form these types of highly effective catalysts,
such as first-generation Grubbs’ catalysts, Wilkinson’s catalyst [Rh(PPh3)sCl] and
tetrakis(triphenylphosphine)palladium(0) [Pd(PPhs)4].
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d. Nitrogen-based Ligands

N-donor ligands normally act as good o-donors and are able to bind easily to a
central metal forming a metal-nitrogen (M-N) bond. A wide variety of complexes
containing monodentate nitrogen donor ligands with different metals have been reported
in the literature.>* These can be grouped into classes according to the type of nitrogen
coordinated to the metal centre. Elsevier et al.>* have been able to synthesise and isolate
unusual room temperature stable [Pd%!-L)2(n?-ma)] complexes, where L = ammonia
(1.19), aniline (1.20), diethylamine (1.21) or pyridine (1.22); and ma is maleic anhydride
(Fig. 1.5).

H,N NH F|>h Th
3 3
o~ H,N NH,
Pd N
Pd
o) o)
o)
o) o o)
1.19 1.20
( N
N N N N
N~ N /H\/ =N Y
Pd Pd
o) o o) o) o o)
1.21 1.22

Figure 1.5: Structure of [Pd°(x!-L)2(n?-ma)] complexes

These Pd® complexes containing simple monodentate N ligands were prepared
using the precursor complex, [Pd(n?n?norbornadiene)(n?ma)], which undergoes a
ligand exchange reaction with an excess of the N ligand in THF (Scheme 1.17). The
isolated products were then characterised using a variety of techniques including FT-IR,
and H and *C NMR spectroscopies. They were also able to obtain crystals of X-ray
quality for [Pd%(x!-py)2(n>ma)] using a solvent diffusion technique with
pyridine/THF/diethyl ether. X-ray crystallographic studies of the compound revealed a
slightly distorted trigonal planar structure with the palladium atom bonded to two
pyridines, and to the C=C bond of the maleic anhydride.>*
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Ab R3N\ /NR3
\/ THF Pd
Pd +  2NRs /A/J—k v
078_(%0 0=~p~ 0

Scheme 1.17: Synthesis of [Pd%(k!-L)2(n?-ma)] complexes

1.3.2 Bidentate Ligands
The term “bidentate” refers to the ligand binding to the metal centre through two
atoms. A variety of binding modes are possible for bidentate ligands in general. These

include terminal, chelating and bridging binding modes®>° (Fig. 1.6).

) \/ Lo

Terminal mode (k") Chelating mode (i?) Bridging mode ()

Figure 1.6: Bidentate binding modes (E = donating group)

Terminal binding (k') involves the binding of one donor atom of the ligand to one metal
centre with the second donor atom left “dangling”. The chelating binding mode (x?)
involves binding between both donor atoms and only one metal centre, forming a
metalated ring, while the bridging binding mode (p) involves the binding of both donor

atoms, but each to a separate metal centre.

In the coordination chemistry of transition metals, bidentate ligands can be

classified, based on their charges, into two different categories: neutral and anionic.

a. Neutral Bidentate Ligands
A neutral bidentate ligand normally has no charge and acts as a Lewis base
(electron donor) to bind to a transition metal centre, forming a dative covalent bond (i.e.,
no charge will be given to the metal centre from the ligand). Symmetrical and
unsymmetrical bidentate ligands are both widely used in coordination chemistry.
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However, symmetrical ligands are often more preferable in organometallic synthesis due
to their ease of coordination and characterisation. Among the many neutral and
symmetrical bidentate ligands that have been used with transition metals, N*N and PP

bidentate ligands are amongst the most common (Fig. 1.7).

2 S/

=N N=—

MezN NM62

TMEDA bipy

PhaP PPh, Ph,P  PPh,

dppe

Figure 1.7: Common neutral and symmetrical bidentate ligands (where TMEDA = N,
N, N’, N’-tetramethylethylenediamine, bipy = 2,2’-bypyridine, dppe = 1,2-
bis(diphenylphosphino)ethane, dppp = 1,3-bis(diphenylphosphino)propane

Ligands with two donor atoms may stabilise metal centres more than two
monodentate ligands due to the chelate effect. One of the favoured P~P ligands that can
bind tightly to transition metals is Ph2P-X-PPh2 (where X = a spacer group). They are
very important because the steric properties of the phenyl substituents on the phosphorus
atoms of such ligands plays a dominant role in determining the coordination geometry
present in metal complexes. Also, the steric and electronic properties of the phenyl
diphosphine ligands can be altered in a periodic and systematic fashion by varying the
nature of the ligand backbone.>* Diphenylphosphine ligands are used to give a complex
where the ligand, in most cases, coordinates to a single metal centre (chelating mode). It
is well known that the PP chelates possess a rigid P-M-P angle, often called the “bite
angle”.%® The use of chelating ligands in coordination and organometallic compounds
generally involves a slow attack by one arm of the ligand on the metal followed by rapid
ring closure by the second arm.>® There are a great number of mono-metal complexes

with chelating P?P ligands reported in the literature.
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b. Anionic Bidentate Ligands
Monoanionic bidentate ligands have the ability to occupy two coordination sites,
with only one valence electron to form a covalent bond with metal centres (M-X where
X =C, O, N etc.). The most convenient type of monoanionic bidentate ligands is N*C-
bidentate ligands. They have commonly been employed in organometallic chemistry,

normally to afford cyclometallated complexes through C-H activation.

Metallacycles, initially synthesised by Kleiman and Dubeck in 1963, have
recently attracted considerable interest because their reactions could provide for the
spontaneous cleavage of strong, unreactive C-H bonds in suitable positions after the
formation of an E-M bond. Moreover, the cyclometallation leads to the formation of
organometallic compounds with remarkable stability. A number of transition metals have
been shown to form a variety of cyclometallated complexes. The vast majority of these
organometallic compounds involve the platinum group metals: Ru, Os, Rh, Ir, Pd and
Pt.>” Notably, the nature of the transition metal used in cyclometallation plays a
significant role in the selectivity. The Caryi-H bond in PPh'Buz prefers to be activated to
form a four-membered C~P-cyclometallated complex when platinum(ll) chloride is
used.>® However, Na2PdClas favourably activates a C(sp®)-H bond rather than an aromatic
C-H bond (Scheme 1.18).%°

‘Bu
Cl
Cl #\ /% gu—] /
P P P\Pt\g}
2

tBu/P_Pd 2 NadeCI4 PtC|2

Scheme 1.18: Selectivity in cyclometallation

There are various types of chelating ligands that have been used in cyclometallation
reactions. P-substituted ligands and their reactivity with many transition metals have been
extensively investigated, while fewer studies have been performed regarding the use of
N-substituents in cyclometallation reactions.®” In general, Lewis bases can be classified
based on their affinity toward transition metals into hard and soft donor groups. Therefore,
cyclometallation with early transition metals appears to be the most convenient when the
ligand contains hard donor bases, such as amines. Late transition metals are found to react
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smoothly with soft phosphine and sulphide bases to yield metallacycles. However, there
are numerous examples in the literature of complexes that show a mismatch between
hard/soft Lewis-acidic metal centres and their hard/soft Lewis-basic counterparts.
Palladium(ll) salts, for example, have been successfully used in cyclometallation
reactions with hard amine donors.®° The metal-nitrogen bond (M-N) in late transition
metal complexes is considered to be weaker, and hence less stable, than the bond with a
phosphorus atom (M-P). This could actually explain why the syntheses of organometallic
compounds containing N-cyclometallated ligands are much fewer in number than those

with P-substituents.

1.3.3 Tridentate Ligands

Tridentate ligands have three donor atoms by which they are able to coordinate a
metal centre at three positions. Such ligands can be found as either symmetrical or
unsymmetrical and either neutral or anionic. Highly stable metal complexes can be
achieved when these tridentate ligands act as chelating ligands with a metal centre,
forming two four-, five-, six- or seven-membered rings. Pincer metallacycles are a well-
studied area of organometallic complexes with applications in synthesis and catalysis.>’
Therefore, a variety of complexes containing tridentate ligands have been reported;
however, only those bearing carbon-based pincer ligands will be discussed in this section.

Examples of symmetric and unsymmetric pincer ligands are shown in Figure 1.8.

E=NorP
PhHN
ﬁ’th
Me,E EMe, Ph,P PBu, S
Symmetric ECE Unsymmetric PCP Unsymmetric SCS
pincer ligands pincer ligand pincer ligand

Figure 1.8: Examples of symmetric and unsymmetric pincer ligands

Pincer ligands, also called “monoanionic” tridentate ligands, have received
considerable attention from academic and industrial researchers since their discovery in
the late 1970s.%* In cyclometallation, a pincer ligand usually binds to a metal centre via a
central anionic carbon (C2) and two pendant donor groups. Such complexes have been

extensively employed in various applications, such as asymmetric allylic alkylation,®
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asymmetric aldol condensation,®® Heck reactions® and aliphatic dehydrogenation®®
reactions in which C-H bonds in substrates are activated. They have also been used in
bio-organometallic applications as they show interesting photochemical and

photophysical properties.>’

The most widely used type of ligands with transition metals is an EAC"E-pincer
(where E =P, S or N). The PAC”P- and S*"C/S-pincer ligands with a central aromatic ring
have shown tridentate binding as a dominant mode, while a variety of binding modes
involving a C2-M bond are possible for N*C”*N-ligands. These include monodentate C-,
bidentate C”N-, tridentate N*C”N- and three centre-two electron bridge-bonding modes
(Fig. 1.9).%% C- and C~"N-bonded N~AC~N-pincer complexes are typically obtained when
one or both of N-substituents cannot bind to the central metal. The formation of such
complexes was noted in the case of the presence of other stronger donor ligands in the
system. mer- and fac-N*C”N-tridentate binding modes are possible when the three atoms
bind to the metal centre at the same time.®” The last mode, [®>-(N*(1-C2)*N)], involves
the binding of the C: to a separate metal centre, and each N-arm ligand is coordinated to

one of the bridged metal centres.

M RN——M

«l-c K2-C*N
R = Me
M = Pt, Rh or Cu

RN——M——-NR

3-NACAN i3-(NMp-C ) N)

Figure 1.9: NAC~N-pincer ligand binding modes

The application of pincer ligands in the coordination chemistry of a number of
transition metals, such as Ti, Ta, Fe, Co, Rh, Ir, Ru, Ni, Pd and Pt, has been reported.®®
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NACAN-pincer transition metal complexes are usually prepared by either direct
biscyclometallation (a) or a two-step reaction (b,c) in which the C2 atom is treated with a
reagent, such as lithium, before reacting the ligand with an appropriate metal

(transmetallation);* Scheme 1.19 shows how these two synthetic methods may work.

MX; -LiX
\ |
NR NR, NR
‘ Li* M ‘
Li D H e — M
‘ (b) (a) ‘
NR NR, NR

Scheme 1.19: Synthesis of N*C"N-pincer metal complexes

In aryl-based pincer metal complexes, the C-M sigma bond, supported by two E-
M bonds, enables these complexes to increase their stabilities towards heat, air and
moisture.®® As a result, these types of pincer metal complexes have found applications in
organic synthesis as catalysts, even under high temperature conditions. Some useful

applications of NAC~N pincer palladium complexes are illustrated below in Scheme

1.20.%°

R']
p \ R'——H, cat.
R pyrrolidine | |
~ 100 °C, 6h
N Ar
\N/
0 ) R Ar-B(OH),, cat.
Pd—Cl Ar-Br = Ar-Ar'
d \ R K,CO3, H5,0, 100 °C, 2h
/N\
N \
R =H or Me ~ /\Rz’ cat. Ar__~#
\ R ) K,COs, DMF N g2
140 °C, 18h

Scheme 1.20: Coupling reactions of aryl bromide catalysed by pincer Pd" complexes
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1.4 Multifunctional Ligands

Functionalisation of ligands has been the focus of intense research among the
variety of techniques used in coordination chemistry in order to develop the applications
of transition metal complexes. It is believed that adding new functional groups on a ligand
coordinated to the transition metal may enhance their ability to impart different properties
to the metal complex.” The role of functionalised ligands is more than just that of binding
to a metal centre; there are many useful additional functions that may help complexes to
play other roles, in particular in organic synthesis. These functions’ include:

Proton-responsive ligands; able to accept or donate one or more protons.
H-bonding ligands; indicating partial proton transfer between two partners.
Electron-responsive ligands; able to gain or lose one or more electrons.

Photo-responsive ligands; able to undergo useful changes upon irradiation.

o B w0 D P

Hemilabile ligands; able to provide a vacant coordination site on a central metal
complex.
6. Ligands that have molecular recognition.

7. Polymer- and biopolymer-based ligands

Considering the above-mentioned functions, extensive research has been conducted in
the synthesis and modification of ligands to optimise and improve the catalytic chemical

processes.’t This section will give a brief discussion of the first four functions (1-4).

In catalytic transformations, proton-responsive ligands have the ability to transfer
protons to or from the substrate and hence act as greater or lesser donors, respectively.
Periana et al.”>"® have provided an excellent illustration of the role of proton-responsive
ligands in the catalytic conversion of alkanes to oxygenates, through C-H activation
followed by functionalisation of the M-C intermediates. The authors found that using
(bpym)PtCl2 (1.23), where bpym is 2,2-bipyrimidine, in strong acidic media can generate
methanol from methane through ligand protonation. The free nitrogen lone pairs of the
coordinated bpym (shown in blue in 1.23) are able to accept two protons from the strongly
acid solvent. The protonation therefore leads to the enhancement of the n-donor power of
the ligand and hence coordination of the ligand to the metal centre would be stronger and
more stable, even in the harsh acid environment. The ligand protonation would therefore
facilitate C-H activation by increasing the electrophilicity of the catalyst (in particular at

the metal centre).
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Hydrogen bonding is a type of molecular recognition in which a non-covalent bond
can be formed between two or more molecules. Hydrogen-bonding ligands are quite
similar to proton-responsive ligands, as the hydrogen bond is actually an “incomplete”
proton transfer. It has been found that coordinated H-bonding ligands may help a metal
centre to bind a substrate through a hydrogen bonding group such as OH, NH2 or HF. The
Ir-(FH) complex (1.24) represents an example of complexes stabilised by a hydrogen
bond that is provided by the pendant amino group attached directly to the ligand. The H
NMR spectrum showed a high value for the H-F coupling (*Jur = 440 Hz) which is
characteristic of a hydrogen-bonded N---H-F structure, rather than a hydrogen-bonded N-

H---F system (where 1Jn...r is normally much lower, ~52 Hz).™

Electron-responsive ligands are not only able to exhibit different properties by
gaining or losing electrons but to take part in multi-electron processes in which the metal
and ligand can combine their redox powers. Gray et al.” studied the molecular and
electronic structures of metal bis-dithiolene complexes [ML2]* (M = Ni, Pd or Pt; and z

= 2-, 1- or 0) and described 1.25 as a neutral M" species in which each ligand possesses
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a radical anion character. Other more recent examples of this type of ligand can be found

in the literature.”®

s. S 1%
\IVII/I | -e
S e

M = Ni, Pd or Pt

Photo-responsive ligands are another important function that have been used
extensively in molecular switches and other applications.”® Azo compounds are excellent
examples of molecular switches since they can transform between two isomeric forms,
cis (Z) and trans (E), through irradiation. Kudo and co-workers’’ reported the first chiral
azo-phosphine (1.26) which was found to display a trans-to-cis photoisomerisation upon
exposure to UV light (354 nm), and back-isomerise (cis to trans) upon heating. The
authors demonstrated the activity and enantioelectivity of this ligand in Pd-catalysed
asymmetric allylic alkylation. Performance of the reaction of rac-1,3-diphenyl-2-
propenyl acetate with dimethyl malonate as a nucleophile afforded the alkylated product
in high yield and with up to 90% enantiomeric excess.

N\
Z
/

N~ “Ph
PPh,

1.26

1.4.1 OH-Functionalised Ligands

In recent years, functionalised ligands have received great attention due to their
ability to influence the properties of metal complexes.” Various studies have been
conducted in this field in order to improve catalytic systems proceeding with transition

metals.”* The hydroxyl (OH) group is one of the most important functional groups that
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has attracted great attention. Ligands with an OH group are usually able to form a
hydrogen bond between two partners. H-bonds play a significant role in stabilising a
chemical structure and increasing water solubility. These features, and indeed others,
have led many researchers to attempt to introduce H-bonds in their synthesis. Shvo’s’®"®
and Knolker’s® (Fig. 1.10) catalysts, in which a hydroxyl group is coordinated to the
cyclopentadienyl ligand, are the best examples of this type of system. These catalysts are
known as bifunctional catalysts and have been used in transfer hydrogenation® and

regioselective oxidation®? reactions.

SiMeg
OH OH
SiMe3
Y R U\'nu,,,,,” Y /F & "y,
) H
oC cO oC \CO

Figure 1.10: Shvo’s (left) and Knolker’s (right) catalysts

Recently, Fujita et al.®% have designed novel Cp*Ir'"" hydroxypyridine complexes
and found them to be efficient catalysts for the dehydrogenative oxidation of alcohols.
The catalysts 1.27, 1.28, 1.29 and 1.30 were synthesised by the reaction of [Cp*IrCl2]2
with pyridine and various hydroxypyridine ligands in DCM at room temperature (Scheme
1.21). Solid-state X-ray diffraction analysis of the last three complexes showed that N-

bonded Cp*Ir'"" hydroxypyridine complexes were obtained.

Y4
@)
SN
@)
N
I

1.27:R =
* | _Cl
0.5 [CP*IClol, + || P R R ~N’ r\CI 1.28: R = 2-OH
N 1.29: R = 3-OH
\ 1.30: R = 4-OH

Scheme 1.21: Synthesis of 1.27 and Cp*Ir'" hydroxypyridine complexes

As mentioned above, Fujita and co-workers observed a new catalytic system for
dehydrogenative oxidation of secondary alcohols to ketones using Cp*Ir'"
hydroxypyridine complexes in toluene under reflux (Table 1.1). When the
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dehydrogenation reaction of 1-phenylethanol was performed in the presence of 1.27 (R =
H), acetophenone was given in only a 9% yield (entry 1). However, the catalyst with a 2-
hydroxypyridine ligand (1.28) showed a higher activity and the yield of the product
increased up to 70% with a turnover number (700) (entry 2). The reactions using catalysts
1.29 and 1.30 gave the corresponding ketone as well, but only in 10% (entry 3) and 13%
(entry 4) yields, respectively.

Table 1.1: Dehydrogenation of 1-phenylethanol catalysed by various Cp*Ir''' complexes

OH O
cat. (0.10 mol% Ir)
= + H2
toluene
refux, 20h
Entry Catalyst Conversion (%) Yield (%) TON
1 1.27 10 9 90
2 1.28 70 70 700
3 1.29 10 10 100
4 1.30 13 13 130

These results reported in Table 1.1 led the authors to conclude that the Ir''l-
catalysed oxidation of alcohols was promoted by the hydroxyl substituent at the 2-
position of the pyridine ligand. They proposed a mechanism in which a 2-
hydroxypyridonate-chelated intermediate (1.31) may act as an active catalytic species in
this reaction type. This was supported by synthesising and using 1.31 as a catalyst for
alcohol oxidation; 1.31 has a greater activity than 1.28, giving a high vyield of

acetophenone.®

Ir—ClI
/rC
N
[ N\—0
— 1.31
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1.4.2 Pyridone-Pyridinol Tautomerism and their Binding Modes

2-Pyridone (2-hydroxypyridine) is a typical example of an organic N-heterocyclic
ligand that can undergo lactam-lactim tautomerisation (Scheme 1.22). In this case, the
hydrogen coordinated to the nitrogen atom in 2-pyridone (lactam form) can also migrate
to the oxygen to form 2-hydroxypyridine (lactim form). The lactam tautomer is greatly
favoured when the compound exists in the solid state, as determined by high-resolution
X-ray and IR data, but the lactim form usually occurs in solution.8* Thus, the lactam-
lactim tautomeric interconversion of 2-pyridone may coexist in equilibrium as two
different tautomers, but a preference for one form may be observed under particular

conditions.

X X

N O N OH
H

Scheme 1.22: Lactam-lactim tautomerism between 2-hydroxypyridine and 2-pyridone

Lactam-lactim tautomeric isomers have attracted considerable attention from
various research groups due to their ability to show a variety of coordination modes.®
Experimental studies have led to a greater understanding of the reactivity of, in particular,
2-hydroxypyridine as a ligand towards different transition metals. Kong and Rochon
reported a range of platinum complexes bearing hydroxypyridine/pyridone derivatives
that showed significant anti-tumour activities, in particular the cis-isomeric form.8® Later,
the authors reported similar cis- and trans-palladium complexes derived from the same
ligands.®” One of these Pd'' complexes is complex 1.32, which was synthesised by adding
2-hydroxypyridine to Naz2PdCls in water. The infrared spectrum of 1.32 displayed a
number of characteristic peaks, indicating that the ligand is in the 2-hydroxypyridine form
and coordinates to the Pd" centre through the N-atom. Elemental analysis also confirmed

the empirical formula of 1.32.

P N\Pd/Cl
pd
QI \N| A
1.32 H—o =
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In 2004, complex 1.32 was used by Djakovitch et al.® as a precursor for the synthesis of
anew efficient bimetallic [PdCI(u-pyridonate)sCu]2 catalyst (1.33) in indole synthesis via
the Sonogashira cross-coupling reaction. In this case, the ligand adopts an N*O-bridging
mode between metal centres. The catalyst 1.33 was obtained by treating 1.32 with CuCl2

in EtOH and one equivalent of 2-hydroxypyridine.

- /

\N\ |
Qq N =

P({ Cu-—---0 \r\’:j g

1.33

A monodentate N-bound 2-pyridonate ligand is another coordination mode in
which the ligand acts as an anionic ligand and coordinates to the metal centre purely
through the N-atom. There are only a limited number of examples reported in the
literature of transition metal complexes bearing the N-bound 2-pyridonate ligand,
including platinum, osmium, ruthenium and cobalt complexes. trans-[(tpy)Ru(i!-N-(2-
pyridonate))2(H20)] (1.34) was reported as the first example of a ruthenium(I1) complex
having the 2-pyridonate ligand as a monodentate N-bound lactam ligand.®®> Complex 1.34
was prepared by reacting (tpy)RuCls with an excess of 2-hydroxypyridine in the presence
of NaOH in a mixture of EtOH and water (2:1) under reflux. Using 1.34 as a catalyst for
the transfer hydrogenation of ketones led to a high yield (up to 99%) of the corresponding

products.®®

1.34 |
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A 2-pyridone (2-hydroxypyridine) ligand acting as an O-terminal or as an N*"O
chelate on a single metal centre is relatively rare.8% Tocher and co-workers® found that
the reaction of [Ru(n®-CsHs)Cl2]2 with 2-pyridone in MeOH at ambient temperature gave
[Ru(n®-CsHs)Cl2(x!-2-pyridone)] (1.35) in a 38% yield as an orange solid. The results of
'H NMR spectroscopy, mass spectrometry and elemental analysis of the product
confirmed that benzene, chlorides and 2-pyridone (1:2:1) are coordinated to the
ruthenium(l1) centre. In addition, the infrared spectrum of 1.35 exhibited stretching bands
at 1618 and 3439 cm! representing vibrations of the C=0 and N-H bonds, respectively.
The presence of these bands may indicate that the ligand is coordinated to the Ru'' centre

in @ monodentate lactam form via the pyridone oxygen atom.

When a methanol solution of 1.35 was heated to reflux for only 3 hours, [Ru(n®-
CsHe)Cl(1c*>-pyridonate)] 1.36 was obtained as a light brown solid. The same complex
(1.36) was also generated in even higher yield (66%) by reacting the precursor [Ru(n®-
CeHs)CI(O2CCF3)] with the 2-pyridone ligand in MeOH under reflux. The results from
FT-IR and NMR spectroscopies, elemental analysis, and mass spectrometry are consistent
with the N*O chelate Ru' complex (1.36). The structure of the complex was further
confirmed by a single crystal X-ray determination. The X-ray crystallographic structure
for 1.36 revealed that the complex has a distorted tetrahedral molecular geometry with
one chelating (k?>-N~O) pyridonate ligand having a bite angle (O-Ru-N) of approximately
62.5°.%

\R\u"/
SRS MeOH RU..
Cl O y \\\\‘ II/N \
N\ \ reflux, 3h Cl |
@) —
HN
1.35 = 1.36

The most important feature of 2-pyridone is the amide group through which
dimerisation of two molecules can spontaneously occur through molecular self-assembly
or, specifically, by hydrogen bond interactions. There are three possible interactions for

making dimeric compounds between the lactam-lactim tautomeric isomers of 2-pyridone,
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depending on the form that is involved (Fig. 1.11). These include (2-hydroxypyridine)z,
(2-pyridone)2 and mixed 2-pyridone/2-hydroxypyridine dimerisation modes.® However,
the last one may require a donating group at the 6-position to show this binding mode.®?

® (L ®
N o N7 o 0"
i oy oy
N SN SN
o U U
(2-hydroxypyridine), (2-pyridone), (2-pyridone/2-hydroxypyridine)

Figure 1.11: Potential hydrogen-bonded assemblies of the two tautomers of 2-pyridone

In this context, in 2003 Breit et al.%? reported a new concept for building self-
assembling bidentate ligands through hydrogen bonding of monodentate ligands. They
found that 6-diphenylphosphanyl-2-pyridone (6-DPPon) is able to undergo monodentate-
to-bidentate ligand self-assembly by hydrogen bonding and behave as a chelating ligand
in the presence of a late transition metal centre such as platinum(ll) or rhodium(l). The
reaction of two equivalents of 6-DPPon with dichloro(1,5-cyclooctadiene)platinum(ll)
gave a quantitative yield of cis-[PtCl2(6-DPPon).]. X-ray crystallographic studies of the
compound revealed a distorted square planar structure with the platinum atom bonded to
two chlorines in the cis-position, and also to two phosphorus atoms from two 6-DPPon
ligands coordinating in a chelating mode. In both solution and crystal state, the hydrogen-
bonding network between the two tautomeric molecules in the cis-Pt"" complex remains
stable as a result of the chelate effect. However, high temperatures (> 110 °C) or solvents
bearing a protic functional group, such as methanol and DMSO, may disrupt the H-

bonding intermediate, resulting in the decomposition of the complex.

A rhodium(l) complex derived from the same ligand (6-DPPon) using
[Rh(CO)2(acac)] has also been obtained, by the same group (Breit et al.).®? The authors
examined the potential of this complex as a catalyst for alkene hydroformylation in
toluene and found it to be a highly effective and highly regioselective catalyst, showing
the linear aldehyde to be favoured over the branched isomer (Scheme 1.23).
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Scheme 1.23: Rh-catalysed hydroformylation of terminal alkenes using 6-DPPon®?
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1.5 Overall Conclusions to Chapter 1

C-H activation is an ongoing field of research that plays a significant role in
generating numerous products that are used in medicinal chemistry. Various types of C-
H activation and their mechanisms have been illustrated. In this field, three factors
(electronic and steric effects and the use of a directing group) considered for solving the

selectivity issue have also been briefly discussed.

The structural characteristics of different ligand types and their coordination modes
with metal centres have been described. N*C and N*C”N ligands are the most convenient

type that are able to undergo C-H activation to afford cyclometallated complexes.

New, additional functional groups on ligands enhance their ability to act as more
than just traditional binding to a metal centre. The hydroxyl (OH) group is one of these
most important functional groups. Different ligand properties in binding and catalytic
systems have been shown when the hydroxyl (OH) group was introduced to ligands.

1.6 Research Aims
This thesis is concerned with the development of pyridine- and pyridone-based,
monoanionic N~C bidentate and N*C”N pincer ligands and their applications in the

coordination chemistry of transition metals and catalysis.

The overall aims of this project are to: 1) synthesise novel cyclometallated
complexes with OH-functionalised N*C and N*C”N ligands using a variety of metal salts
including Pd", Pt", Hg" and Au"' and characterise them using various spectroscopic
techniques, including elemental analysis, FT-IR, NMR spectroscopies, mass
spectrometry and X-ray crystallography; and 2) determine whether these complexes have
similar behaviours and structural, geometric and physical property relationships to the
corresponding cyclometallated complexes which do not incorporate OH as a functional

group. These complexes may also serve as starting materials for further chemical studies.

Varying the ligands should aid in the understanding of how the ligand properties
influence the C-H activation step and other issues, such as binding modes and catalytic
reactions. Therefore, a range of 6-aryl-2-pyridine- and pyridone-based bidentate ligands
have been targeted with the general structure [2-FG-(6-aryl)pyridine] (FG = OMe or OH;
aryl = Ph, 4-MePh, 4-CFsPh, 4-FPh or 2-MePh) as well as phenyl pyridine- and pyridone-
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based pincer ligands with the general formula [1,3-bis(2-(6-FG-pyridyl)-4,6-X-phenyl)]
(FG = OMe or OH; X = H or Me), as shown in Figures 1.12 and 1.13

7
™
N RFG
R

25RF¢*=0Meand R=H 3A1RF¢=0OHandR=H
2.6 RF¢ = OMe and R = 4-Me 3.2 RF¢ = OH and R = 4-Me
2.7 RF¢ = OMe and R = 4-CF; 3.3 RF®=0H and R = 4-CF3;
2.8 RF¢ = OMe and R = 4-F 3.4 RF¢ = OH and R = 4-F
2.9 RF6 = OMe and R = 2-Me 3.5 RF¢ = OH and R = 2-Me

Figure 1.12: Bidentate ligands targeted in this thesis

RFG RFG
4.3 RF6 =0OMe and R=H 45RF6=0Hand R=H
4.4 RF6 = OMe and R = Me 4.6 RF¢ = OH and R = Me

Figure 1.13: Pincer ligands targeted in this thesis
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2.1 Introduction

Cyclometallation reactions, in which an organic compound is coordinated to a
metal centre to generate a metal complex (usually via C-H activation) are common for
both transition metals, such as Au"!, Ir'", Pd", Pt'/Pt" and Rh"', and non-transition
metals, such as Hg", T1"" and Pb'V.! Using transition metal complexes in organic synthesis
to activate C-H bonds represents the more desirable route and has attracted considerable
attention due to their high reactivity and selectivity. In addition, the metal complexes
display a particular stability, which plays a significant role in allowing the complexes to
act as recyclable reagents in catalytic systems. These favourable characteristics appear to
be restricted to complexes containing late transition metals, mainly those located in the
second and third rows of the periodic table. One of the more common of these transition

metals to be used in organic synthesis is palladium.?

Complexes of palladium have brought a huge change to the field of organic
synthesis over the last four decades.® Although Pd-catalysed C-H activation has been a
very important area of research for this time, the field remains an ongoing and developing
area, particularly regarding the need to overcome difficulties concerning selectivity and
other issues. Experimental studies have led to a greater understanding of the Pd-catalysed

C-H activation mechanisms of, specifically, arenes.

2.1.1 Cyclometallated Complexes
As mentioned above, reactions in which an organic chelating ligand coordinates to
a central metal to form a ring containing an M-C sigma bond are known as

cyclometallation reactions (Scheme 2.1).*

E E
_RX ™~
. MX _ /MXn1
C-R c
C = Caiky Caryls Calkenyl
E=N,O,P, S, As,Sc,C
R=H,C,N,O,Si,P

Scheme 2.1: General pathway of the cyclometallation reaction
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The definition implies that C-R (in most cases, C-H) bond activation is the most important
part of the mechanism. The reactions are often initiated by coordinating the metal centre
to the ligand through a donor group, such as N, O or P, followed by the formation of an

M-C bond to obtain a cyclometallated complex.

2.1.1.1 N-Cyclometallated Ligands
The most common type of monoanionic chelating ligand is based on an N~C unit.
They have commonly been employed in organometallic chemistry to afford

cyclometallated complexes through C-H activation.

As mentioned earlier, several pathways are used to carry out C-H activation
reactions (Section 1.2.2). The electrophilic Cayi-H activation is the most common
mechanism seen with electron-rich late transition metal centres,® such as palladium(ll)
and platinum(ll). The role of the transition metal in cyclometallation is to act as a catalyst
to facilitate the substitution process of aromatic rings. With aromatic N*C ligands,
transition metals normally undergo the ortho-metallation reaction to form a
cyclometallated complex. The proposed mechanism of electrophilic aromatic substitution
(Scheme 2.2) suggests the initial formation of an M-E bond (2.a), followed by the
generation of an arenium intermediate (2.b) in which a 6-M-C bond is formed.* The
ancillary ligand (X) serves as a hydrogen acceptor to produce HX and the final
cyclometallated complex.

2.a 2b X = a hydrogen acceptor

Scheme 2.2: Electrophilic aromatic substitution

Since Pd'"' species are considered to be valuable electrophilic reagents for C-H
activation,® a variety of cyclopalladated complexes, particularly those containing NAC
ligands, have been synthesised and characterised.” These ligands include primary,
secondary and tertiary amines, and imines. Cope and Siekman® have found that the
reaction between symmetric azobenzene ligands and PdClz leads to an “unusual” o-

palladium-carbon bond. Two years later, cyclopalladation of asymmetric azobenzenes
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was also found to preferentially form Pd-C sigma bonds with benzene rings containing

electron-donating groups (Scheme 2.3).°

Scheme 2.3: Cyclopalladation of asymmetric azobenzenes

Caryi-H bond activation reactions, with the help of pyridine donors, have also been
achieved. In this process, N*C ligands are able to undergo cyclometallation in a bidentate
binding mode (x?). 1-Naphthoquinoline (2.c),X° 2-phenylpyridine (2.d)}* and 2-(2-
thienyl)pyridine (2.e)*? are the most widely used chelating ligands for cyclometallation
(Fig. 2.1).

B N
N
H
C-H s\ H
2.c 2d 2.e

Figure 2.1: Common examples of N*C-chelating ligands

The most common salt for cyclopalladation is Pd(OAc)2 due to its unique
characteristics.* With N~C ligands, acetate ligands play a significant role in the formation
of cyclometallated products. The two bridging acetate ligands usually hold two palladium
atoms and, therefore, allow two N”~C-chelating ligands to undergo cyclopalladation in
which the nitrogen and carbon atoms of the ligands are trans to two different oxygen
atoms. The simplest example that would represent a Caryi-Pd"-Npy system is [(2-
phenylpyridine)Pd(pn-OAc)]2 (2.). The dimer was first synthesised in 1979 by Davis and

co-workers; however, they did not give any spectral or analytical data to support their
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claim.*®* A year later, Gutierrez et al. were able to re-synthesise the complex and
characterise it using elemental analysis and *H NMR spectroscopic techniques. They
found that chloroform proved to be a better choice of solvent for the reaction and obtained
a52% yield.*

~. !
\
_N O)\
\ = \Pd<o/

2.f

The most fascinating feature in these dimers is the relative proximity of the two
metals, which is of interest in both inorganic and organometallic chemistry. Few
electrochemical studies of Pd dimers have been reported in contrast to the well-
investigated Rh, Ir and Pt dimers. Bercaw et al.™> have found that there are attractive d®-
d® interactions in Pd" dimers of the type [(2-phenylpyridine)Pd(p-X)]2 (X = OAc or TFA).
However, the Pd-Pd interaction was found to be relatively weak in comparison to those
in analogous Rh, Ir and Pt dimers.'® These, and related, species have recently been of
interest as they were successfully used to prepare Pd"'-Pd"" or Pd"-Pd'V dimers that have

been found to be active catalysts for C-C bond-forming reactions, such as C-H arylation.*®

2.1.1.2 Applications of Pd-Catalysed C-H Activation in Catalysis

Over the past decade, various studies have been carried out on homogeneous
catalysis using palladacycles as catalysts.” For example, Moberga et al.® demonstrated
that the cyclopalladated complex [(2-phenylpyridine)Pd(u-OAc)]2 (2.) can be used as an
efficient catalyst in the presence of pyridine for the aerobic oxidation of primary and
secondary alcohols to their corresponding products in high yields. The authors found that
the reaction worked better with 2.f than palladium(ll) acetate.’® Experimental and
computational studies led to a better understanding of the mechanisms of alcohol

oxidation;!® this mechanism will be discussed in more detail in Section 2.3.7.
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Palladium-catalysed C-H activation reactions have also received considerable
attention due to their ability to undergo transformation and form many different types of
bonds such as C-C, C-N, C-O, C-S and C-halogen without using pre-functionalised
substrates. This is a highly useful strategy in organic synthesis for generating a variety of
pharmaceuticals, polymers, agrochemicals, natural products, and other different
chemicals.?® In 2009, Yu et al.?! reported a new strategy to synthesise various
unsymmetrical biaryl compounds by a Pd'-catalysed arene-phenyl radical coupling
reaction via C-H activation. The formation of 2-(biphenyl-2-yl)-pyridine (2.i) obtained
from the reaction between 2-phenylpyridine (2.g) and a phenyl radical derived from
benzoyl peroxide (2.h) is an example of this process (Scheme 2.4). The reaction is
mechanistically initiated by cyclometallation of 2-phenylpyridine (2.g) to form the
cyclopalladated compound (2.f), which would subsequently react with the phenyl radical
generated by high-temperature decomposition of benzoyl peroxide (2.h) to produce 2-

(biphenyl-2-yl)-pyridine (2.1).

A

o)
N
N . ph O/OTPh 5 mol% Pd(OAc),

AcOH/MeCN (1:1)

O 100 °C

2.9 2.h

Scheme 2.4: Unsymmetrical biaryl formation

2.2 Aims and Objectives of Chapter 2

The aim of the work in this chapter is to prepare various aryl-pyridine ligands with
the general formula [6-aryl-2-methoxypyridine], where aryl = Ph 2.5, 4-MePh 2.6, 4-
CFsPh 2.7, 4-FPh 2.8 or 2-MePh 2.9, and investigate and compare their reactivities
towards palladium(ll). The resultant complexes, of the form [Pd(x?-N~C)(u-OAc)]2
(2.10-2.14), will undergo a disassembly process with simple monodentate ligands, 3,5-
lutidine and triphenylphosphine, and the same ligand used for complexation in order to
have monomeric complexes adopting the general formula [Pd(N*C)(OAc)L] (2.15-2.22).
Monopalladated complexes of the type [Pd(N~C)(PPhs3)CI] (2.23 and 2.24) will be also
obtained in order to test their reactivity with various silver salts in acetonitrile to afford
complexes with the general structure [Pd(N~C)(PPhs)(MeCN)][X] (X = PFs, BF4 or OTY)
(2.25-2.27). This will allow a comparison to be made between pyridine (Chapter 2) and
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pyridone (Chapter 3) ligands for applications in the coordination chemistry of
palladium(l1) acetate and catalysis. The cyclometallated complexes (2.10-2.13) will be
tested as catalysts in the aerobic oxidation of benzyl alcohol into benzaldehyde in the
presence of a ligand. 6-(4-methylphenyl)-2-methoxypyridine (2.6) will be also used as an
example to investigate its activity towards H[AuCls] and K[AuCl4].

All organic compounds and complexes shown in Scheme 2.5 are fully
characterised using suitable spectrometric (ESMS, HRMS) and spectroscopic (*H,

BC{H}, 3P and F NMR and IR) techniques as well as by single crystal X-ray

diffraction.
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Scheme 2.5: Compounds described in Chapter 2
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2.3 Results and Discussion
2.3.1 Synthesis of OMe-N~C Ligands

For the purposes of this section, the 6-aryl-2-methoxypyridine ligands (2.5-2.9)
were prepared and then reacted with Pd(OACc)2 so as to undergo cyclopalladation. The

resulting products were then thoroughly characterised.

The preparation of 6-aryl-2-methoxypyridine ligands (2.5-2.9) began with the
synthesis of 6-bromo-2-methoxypyridine (2.1) (Scheme 2.6) using a synthetic route
established by Nguyen et al.?? A mixture of 2,6-dibromopyridine and sodium methoxide
(CHsONa), which was prepared in-situ by reaction with sodium metal, was heated to
reflux under nitrogen. The reaction had to be heated to reflux for no more than 23 h in
order to prevent the 6-bromo-2-methoxypyridine (2.1) from being converted to
dimethoxypyridine. The reaction gave an approximately 79% yield of the desired product
with a small impurity (4%) of dimethoxypyridine, as seen in the *H NMR spectrum. No
peaks associated with the starting material were observed. The 'H NMR data of the
product were consistent with those reported in the literature.?? The product was then used

without further purification.

X X
| MeOH, Na* |
_—mm
S S
Br NZ Spr  reflux, 23h Br NZ SoMe
2.1

Scheme 2.6: Synthesis of 6-bromo-2-methoxypyridine (2.1)

The most useful synthetic method in organic chemistry for making a C-C bond
between two partners is the Suzuki cross-coupling reaction. In order to carry out the
Suzuki coupling reaction with 6-bromo-2-methoxypyridine (2.1) for N*C ligand
synthesis, a suitable boronic acid was required. Phenylboronic and 4-fluorophenylboronic
acids were purchased at high purity from Aldrich, while 4-methylphenylboronic acid
(2.2), (4-trifluoromethyl) phenylboronic acid (2.3) and 2-methylphenylboronic acid (2.4)
were typically prepared by treating their corresponding brominated precursors with n-
butyllithium solution at low temperature followed by the addition of triisopropylborate to

afford a white precipitate (Scheme 2.7).%
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Br 1. n-BqLi, THF, -78 °C B(OH),
2. B(O'Pr);
R » R
3. H*
(2.2) R = 4-Me
(2.3) R=4-CF3
(2.4)R =2-Me

Scheme 2.7: Synthesis of aryl-B(OH)2 compounds (2.2-2.4)

It was noted that the reaction with 4-bromobenzotrifluoride (2.3) produced the product at
a slightly slower rate than the reactions with 4- and 2-bromotoluene, (2.2) and (2.4),
respectively. However, all reactions were allowed to stir overnight to maximise the yields.
It was also found that replacing THF with Et2O in the preparation of 4-
methylphenylboronic acid (2.2) was unsuccessful. The three aryl-boronic acids were all
characterised by 'H, °F (for 2.3) and C{*H} NMR spectroscopy and by mass
spectrometry to confirm their formation. All data obtained were consistent with those
reported in the literature.?*?® The materials were used in the subsequent Suzuki coupling

reaction without any further purification.

Treatment of 6-bromo-2-methoxypyridine (2.1) with the range of aromatic boronic
acids mentioned above using typical Suzuki coupling conditions (Scheme 2.8) afforded
the desired 6-aryl-2-methoxypyridine ligands (2.5-2.9) in good yields.

R=H
(2.2) R =4-Me
B(OH), (2.3)R =4-CF SN
R‘E R=4-F
Z
| X (2.4) R = 2-Me . R | N N OMe
y Pd(PPhy)s, toluene, K,COy, EtOH L
g N ONe 90 °C, 72h
21 (25)R=H (2.8)R=4-F
(2.6) R = 4-Me (2.9) R = 2-Me
(2'7) R = 4'CF3

Scheme 2.8: Synthesis of N*C ligands (2.5-2.9)

The catalytic cycle would involve a sequence of steps in which the palladium was
introduced to the 6-bromo-2-methoxypyridine (2.1) via oxidative addition to give the
organopalladium compound (1), which is treated with a base to generate an intermediate

containing a Pd"-OH bond (11). With the boronate compound (I11), the intermediate
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undergoes transmetallation to give the organopalladium species (1V). The desired ligands

(2.5-2.9) and Pd° were then obtained via a reductive elimination process (Scheme 2.9).%

N
X
N |
>
R
(2.5-2.9) y
| \ Br—Pd" \
%é >—Pd
N=—
v
(V) M
OH K CO
| / \ 2 3
Ho—||3(->—0H HO—Pd"
K+
OH )
OH

Scheme 2.9: The catalytic cycle for the synthesis of NAC ligands

All crude products obtained were purified using the same procedure, whereby a
short (10 cm) silica column was eluted with a dichloromethane:petroleum ether:diethyl
ether (80:20:1) solution. This approach allows the catalyst residues to be separated from
the products. The *H NMR spectrum of the material obtained from the preparation of 2.6
showed that about 40% of the crude product was unreacted bromo-starting material.
Therefore, a poor pure isolated yield (29%) was obtained after a second column. On the
second attempt, it was found that increasing both the equivalent amount of the boronic
acid from 1.1 to 1.5 and the reaction time gave a remarkably high yield (97%). The H
and BC{*H} NMR data for all five N~C ligands synthesised (2.5-2.9) were recorded to
compare with those previously reported.?’! The H NMR spectra recorded for all ligands
exhibited a singlet between 3.95 and 4.03 ppm corresponding to the methoxy protons. A
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singlet was also observed at 2.44 and 2.31 ppm, representing the methyl protons in 2.6
and 2.9, respectively. In general, the peaks in the aromatic region were observed between
6.5 and 8.13 ppm. These peaks represented the pyridyl and aryl rings. All data for the five

ligands are found to be consistent with those given in the literature.?’-!

2.3.2 Complexation of OMe-N~C Ligands to Palladium(I1)

The five pyridine N~C ligands (2.10-2.14) were reacted with Pd(OAc)2 to examine
their ability to undergo cyclopalladation. The reactions were carried out by stirring in
MeOH at room temperature for 18 hours, with the acetate-bridged cyclopalladated
complexes being formed in 14-87% yield (Scheme 2.10). These complexes are [Pd(k>-6-
phenyl-2-methoxypyridine)(u-OAc)]z  (2.10), [Pd(k*-6-(4-methylphenyl)-2-methoxy
pyridine)(u-OAc)]2 (2.11), [Pd(k>-6-(4-trifluoromethylphenyl)-2-methoxypyridine)(p-
OAc)]2 (2.12), [Pd(x?-6-(4-fluorophenyl)-2-methoxypyridine)(u-OAc)]> (2.13) and
[Pd(k*-6-(2-methylphenyl)-2-methoxypyridine)(u-OAc)]2 (2.14).

[ X—OMe R
X —N /J\
| P N _O—=p
P d(OAc), Pd_ AN
N OMe - 6] Pd
MeOH, r.t, 18h —0-
R ) )
R
MeO™ Xy l
(210)R=H
(2.11) R = 4-Me (213)R = 4-F
(2.12) R = 4-CF3 (2.14) R = 2-Me

Scheme 2.10: Synthesis of [Pd(x>-N"C)(u-OAc)]z (2.10-2.14)

During the course of the reactions, 2.10, 2.11 and 2.13 were found to precipitate as
yellow solids and thus were directly isolated from their reaction solutions, while the
reactions with 2.12 and 2.14 gave dark yellow solutions for which precipitation processes
were required. Low yields were obtained for 2.12 (22%) and 2.14 (14%). The low yield
of the former could be attributed to the presence of the trifluoromethyl group (-CF3), as
this substituent is considered to be a deactivating group which would lead to a decrease
in the rate of the reaction. For complex 2.14, the o-methyl group present in the 6-(2-
methylphenyl)-2-methoxypyridine ligand (2.9) could allow the 2-methylphenyl and
pyridyl rings to be fixed in a non-planar geometry. If this is the case, the possibility of the
0-Caryi-H activation process might be much lower due to the relatively larger distance
between the H attached to the 0-Caryi and the central metal (Pd).
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Infrared spectroscopy was used to identify the structure of the acetate-bridged
complexes (2.10-2.14). All sample spectra were run as solids and scanned over the range
of 600-4000 cm™. These complexes were expected to demonstrate bands consistent with
acetate-bridged binding (1). According to work previously reported by Nakamoto,? the
asymmetric and symmetric carboxylate stretching bands should show a characteristic
separation (Av) of 40 cm™ or more when bound in the bridging or monodentate
arrangements; in this work, all IR spectra obtained were consistent with this observation
(Table 2.1). The asymmetric stretching bands fall in the range of 1563-1571 cm™ and the

symmetric stretching bands between 1392 and 1404 cm™™,

Table 2.1: Asymmetric and symmetric acetate (CO2) IR bands of 2.10-2.14

Complex Vasym (C-O) Veym (C-O) AV (Vasym - Vsym)
(cm?) (cm™) (cm?)
2.10 1571 1399 172
2.11 1570 1404 166
2.12 1575 1404 171
2.13 1563 1396 167
2.14 1570 1392 178

NMR spectroscopy was also used in the analysis of these five complexes. In
particular, *H and *C{*H} NMR spectra were recorded for all the complexes and °F
NMR spectra for 2.12 and 2.13. The 'H NMR spectrum provides valuable structural
information about the products. Common to all five complexes is the presence of two
singlets representing the methoxy (OMe) and acetate methyl protons. An extra singlet
was also observed at 2.34 and 2.17 ppm in the *H NMR spectra of both 2.11 and 2.14
corresponding to the para- and ortho-methyl protons, respectively. Each cyclopalladated
complex contains an o0-Caryi-Pd bond, which forms as a result of the C-H activation. The
presence of this bond could be confirmed by either the absence of the proton on the o-
Caryt from the 'H NMR spectra or by the presence of a quaternary carbon in the *C{*H}
NMR spectra. Further evidence that may help confirm this finding is a singlet peak in the
aromatic region of complexes 2.11, 2.12 and 2.13, where each contains a substituent
group at their para positions. These singlets, in the *H NMR spectra of 2.11, 2.12 and
2.13, were observed at 6.84, 7.30 and 6.71 ppm, respectively. The *C{*H} and DEPT
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135 NMR spectra of each complex demonstrated an additional quaternary carbon, which
is representative of the carbon bound to the palladium centre. The mass (ES/ASAP)
spectra of 2.10, 2.11, 2.12, 2.13 and 2.14 showed a peak as the highest fragment
corresponding to [M-OAc]* at m/z 640.9784, 669.0058, 777.9493, 676.9556 and
669.0058, respectively. Peaks that may represent the molecular ion [M]* were only
observed for 2.10 and 2.13 at m/z 698.9662 and 734.9364, respectively.

Single crystal X-ray diffraction is a very important technique in the determination
of solid-state structures. This technique provides extensive structural data including bond
lengths, bond angles and information about the unit cell. X-ray structures were obtained
of single crystals of the novel complexes (2.10-2.14). The complexes 2.10, 2.11, 2.13 and
2.14 were recrystallised from their original solvents (MeOH) while X-ray quality crystals
of 2.12 were obtained by the slow evaporation of chloroform solution containing the
complex. The benefit of using methanol for the recrystallisation process is that it was also
used in the synthesis and, therefore, a new solvent would not be introduced to the sample,
thus minimising the potential of having a variety of molecules of solvation. All crystal

structures obtained supported the spectral analysis previously discussed.

Structural diagrams of each complex are given in Figures 2.2-2.6 with selected
bond lengths and bond angles of these structures reported in Table 2.2. The structural
parameters of the dimeric complexes (2.10-2.14) are given in Table Al in the Appendix.

Figure 2.2: Structure of 2.10 with Figure 2.3: Structure of 2.11 with

hydrogens and H20 omitted for clarity hydrogens omitted for clarity
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Figure 2.4: Structure of 2.12 with Figure 2.5: Structure of 2.13 with
hydrogens, H20 and CHCIs omitted for hydrogens omitted for clarity
clarity

Figure 2.6: Structure of 2.14 with hydrogens omitted for clarity

All complexes have a square-planar geometry with one chelating (k) N~C ligand
per Pd with each metal centre linked by two bridging acetate ligands, forming a dimeric
complex. Their structures are commonly referred to as “open-book™ or “cleft” complexes

due to their geometries.®® As can be seen in Table 2.2, the bite-angle of the NAC ligands
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(C-Pd-N) was approximately 80.5° for all five compounds (2.10-2.14). These angles are
found to be within the range of bite angles previously observed for similar N*C-ligand
complexes.?’ The X-ray data demonstrated that the electronic nature of the NAC ligands

did not affect the overall structure of the products.

Table 2.2: Selected Pd-X bond lengths and bite angles of complexes 2.10 — 2.14

Bond lengths (A) Bond angles
(°)
Pd---Pd Pd-O Pd-O Pd-N Pd-C C-Pd-N

xajdwo)

(transto C) = (transto N)

210 2.8519(15) 2.126(8)  2.032(8) 2.060(10) 1.912(14)  81.2(5)
211 2.8187(11) 2.160(4) 2.037(4) 2.061(5) 1.937(7) 81.5(3)
212 2.8602(16) 2.146(4)  2.051(4) 2.069(5) 1.947(5) 81.2(2)
213 2.8423(11) 2.143(6) 2.037(6) 2.048(8)  1.945(9) 81.0(4)
214 2.8462(6) 2.187(2) 2.045(2) 2.044(2) 1.950(3)  80.16(10)

The data reported in Table 2.2 illustrates a significant trans influence present in
the complexes’ structures. There are two basic types of palladium-oxygen bonds in
complexes (2.10-2.14); those that are trans to a carbon atom and those that are trans to a
nitrogen atom. From the table, it can be seen that the bonds between palladium and
oxygen that are trans to carbon are longer than those trans to nitrogen. The lengths of the
former range between 2.118 and 2.189 A, while those that are trans to nitrogen range
between 2.024 and 2.055 A. This difference could be attributed to the stronger trans
influence of the aryl group versus the N-donor ligand.®* The Pd---Pd distances are found
to fall within the range of 2.8198-2.8618 A, which are within the range observed for
related dipalladated complexes (2.55 to 3.05 A) and shorter than their van der Waals radii
(3.26 A).*® The Pd-C and Pd-N bond lengths (~1.940 and ~2.050 A, respectively) are

similar to those previously reported.33:34

2.3.3 Synthesis of Mononuclear Pd'' Complexes

The dimer 2.11 was reacted with 6-(4-methylphenyl)-2-methoxypyridine (2.6) (2
eq.) in CDCls to form monomeric 2.15 (Scheme 2.11). This reaction was monitored by
'H NMR spectroscopy at room temperature, which showed that the reaction went to
completion after 12 hours. The product (2.15) could not be isolated; evaporation of the

54



Chapter 2

solvent or precipitation of the product by hexane led to decomposition of the product

affording the starting materials, the dimeric complex (2.11) and free ligand (2.6).
/ X—O0Me |\/ / o OMe
SN /O—'“go N ot \ / OMe
F’d\o \Pd
~—o- CDCls, r.t, 12h
TN A
MeO™ Xx I

Scheme 2.11: Synthesis of [Pd(x?-2.6)(OAc)(x-2.6)] (2.15)

Therefore, the monomeric complex (2.15) had to be characterised in solution. The 'H
NMR spectrum displayed eleven non-equivalent aromatic resonances between 5.80 and
7.95 ppm, two of which represented two protons for each peak, as seen at 7.25 and 7.94
ppm. A single resonance for the monodentate acetate ligand was observed at 2.20 ppm.
Downfield proton chemical shifts for the methyl and methoxy protons (2.40 and 4.03
ppm, respectively) were clearly seen for the monodentate ligand, as compared to the free
ligand (2.31 and 3.95 ppm for the methyl and methoxy protons, respectively). Complex
2.15 showed a molecular peak at m/z 503 in its mass spectrum (ES) corresponding to the

product with a loss of the acetate ligand [M-OAc]".

This type of reaction could generate either two, or one of two, isomers, where the
ligand can be in either the trans or cis position to the pyridyl nitrogen atom of the

chelating ligand, as demonstrated in Figure 2.7.

1 X —OMe >§ 1 X —OMe
(@]
N
=\ O SN
Pd__ Pd
L \O
R R O/[\
L-trans-N L-cis-N

Figure 2.7: Possible structures of mononuclear Pd" complexes

However, only one isomer was generated from this reaction, as confirmed by the *H and

13C{*H} NMR spectra of the mononuclear complex. In addition, the NOESY NMR
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spectrum of the product showed a proton-proton correlation from the methyl group of the
acetate to the signal assigned to the methoxy protons of the chelating ligand, suggesting
that the L-trans-N species may have been formed. This is in agreement with data collected

on other derivatives in the literature.16:3536

The dimers 2.10, 2.11 and 2.13 were also all converted into mononuclear species
by reactions with another simple ligand, namely 3,5-lutidine (Scheme 2.12). These
mononuclear Pd" complexes are [Pd(x?-6-phenyl-2-methoxypyridine)(OAc)(3,5-
lutidine)] (2.16), [Pd(x?-6-(4-methylphenyl)-2-methoxypyridine)(OAc)(3,5-lutidine)]
(2.17) and [Pd(x?-6-(4-fluorophenyl)-2-methoxypyridine)(OAc)(3,5-lutidine)] (2.18).
The reactions were carried out at room temperature in CDCIs to monitor the progress of
the reactions. It was found that, after 24 hours, none of the reactions had gone to
completion when 1:2 (dimer:ligand) equivalents were used (leaving about 20-30% of
unreacted starting materials). Further stirring for 48 hours did not help improve the
associated yields. Adding further 3,5-lutidine ligand (~1 eq.) to the reaction mixtures
pushed the equilibrium to the product side and hence 96, 98 and 94% conversions were
obtained for the reactions of 2.10, 2.11 and 2.13, respectively, in solution. However,
attempts to isolate these products, including evaporation, precipitation and

recrystallisation, were unsuccessful.

X OMe / N OMe
,Pd’ %
\[‘O N A " CDCly, rt, 24h
MeO™ X

(216)R H
(217)R = 4-Me
(2.18)R = 4-F

Scheme 2.12: Synthesis of mononuclear Pd" complexes containing 3,5-lutidine

The mononuclear Pd'" complexes obtained were all characterised by solution
spectroscopic techniques in the presence of the 3,5-lutidine ligand. The '"H NMR spectra
showed the formation of 1:1:1 (N*C-ligand/OAc/3,5-lutidine)-Pd complexes. Singlets
corresponding to the methoxy protons were found to be shifted downfield by
approximately 0.23-0.37 ppm upon addition of 3,5-lutidine. The mass (ES) spectra of
2.16, 2.17 and 2.18 demonstrated a peak representing [M-OAc]* at m/z 397, 411 and 415,
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respectively. Two, or one of two, isomers are possible for these reactions; however, the
N-trans-N form (as drawn above) was found to be more likely to occur, as confirmed for
complex 2.15 and by related complexes in the literature.%

Introducing the triphenylphosphine ligand (PPhs) to the cyclometallated dimers
(2.10-2.13) resulted in the formation of mononuclear compounds, [Pd(k?-
2.5)(0OAc)(PPh3)] (2.19), [Pd(x?-2.6)(OAC)(PPhs)] (2.20), [Pd(x*-2.7)(OAc)(PPhs)]
(2.21) and [Pd(x2-2.8)(OAc)(PPh3)] (2.22) in good vyields (71, 69, 75 and 74%,
respectively). In these reactions (Scheme 2.13), the PPhs could displace one acetate-
bridged ligand and bind to the Pd" core in a monodentate fashion. Initially, the reaction
of dimer 2.10 with PPhs (1:2) was performed on a small scale (0.028 mmol of 2.10) under
ambient conditions. The progress of the reaction was monitored in CDCl3. After 24 hours
of stirring, the "H NMR spectrum of the reaction mixture showed that the desired product
had been generated along with some unreacted Pd" dimer. Consumption of the PPhs
ligand was established from the *'P NMR spectrum, which displayed two peaks at 45.6
and 29.2 ppm. These peaks correspond to the coordinated PPhs and triphenylphosphine
oxide (OPPhs), respectively. No sign of the free ligand (PPhs) was observed in the 3!P
NMR spectrum. A second reaction was attempted under an inert atmosphere in order to
prevent oxidation of the ligand using the same equivalents of the reactants. After 24 hours
reaction time, the target compound (2.19) was obtained and isolated as a light grey

powder in excellent purity and then characterised by several analytical methods.

/ AN OMe
X OMe
o N PPh,
To*Pd CDCls, Ny, 1.t, 18h
N/
MeO™ X
(219)R = H
(2.20) R = 4-Me
(2.21)R = 4-CF (2.22)R = 4-F

Scheme 2.13: Synthesis of mononuclear Pd' complexes containing PPhs

The *H NMR spectra of the products 2.19 to 2.22 in CDCIs exhibited singlets
between 1.27 and 1.38 ppm corresponding to the acetate methyl protons and singlets
between 3.84 and 3.91 ppm which represented the methoxy protons. The former had an

approximately 0.9 ppm lower chemical shift than those of the dimeric complexes, where
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the latter was found to be deshielded by approximately 0.3 ppm. A singlet was also
observed for complex 2.20 at 1.62 ppm which is assigned to the aryl methyl protons while
being found at 2.23 ppm in the starting dimeric complex 2.11. Other signals in the
aromatic regions are assigned to be the protons on the pyridyl and aryl rings of the four
complexes (2.19-2.22).

Only one peak at around 45 ppm was observed in the 3P NMR spectra for all
monopalladated complexes, representing the presence of PPhs as a monodentate ligand.
In the F NMR spectra of 2.21 and 2.22, a singlet was observed, for each, at -63.3 and -
111.5 ppm corresponding to CFs and F, respectively. The TOFMS (ASAP) spectra of the
mononuclear complexes 2.19, 2.20, 2.21 and 2.22 displayed a peak representing the
fragment [M-OAc]" for each complex at 552.0792, 566.0877, 620.0579 and 570.0626,
respectively. The infrared spectra of these complexes showed characteristic COOasym and
COOsym absorption peaks at approximately 1570 and 1433 cm, respectively. The high
characteristic separation (Av) of ~137 cm™ may be indicative of a monodentate acetate

ligand bound to the Pd" centre.

All complexes containing PPhs proved unstable in CDCls solution and decomposed
into their starting dimeric complexes and OPPhs. However, crystals suitable for a single
crystal X-ray diffraction could be obtained for 2.22 from a DCM solution of the product
layered with hexane. The X-ray structure of 2.22 is shown in Figure 2.8; selected bond

distances and the C-Pd-N bond angle are reported in Table 2.3.

Figure 2.8: X-ray structure of 2.22 with hydrogens omitted for clarity
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Table 2.3: Selected Pd-X bond lengths and the bite angle of 2.22

Complex Bond lengths (A) Bond angles (°)
Pd-N Pd-C Pd-O Pd-P C-Pd-N
2.22 2.140(2) = 2.002(3) 2.1028(19) 2.2366(10)  80.77(10)

The data revealed a Pd" complex in a distorted square planar geometry supported by a
monoanionic bidentate ligand. The Pd-N, Pd-C Pd-O and Pd-P bond lengths are
consistent with similar Pd-X bond lengths reported in the literature.®” The bite angle of
the chelating ligand (80.8°) is somewhat similar to that observed for the starting dimeric
complex (2.13) (81.0°).

2.3.4 Synthesis of [Pd(x*>-N~C)(PPhs)CI]

Following the cleavage of the acetate bridge in 2.10 and 2.11 with PPhs, the
exchange of the acetate ligand with chloride (CI) was achieved by reacting the
monometallic acetate complexes 2.19 and 2.20 with an aqueous solution of sodium
chloride. The reactions were carried out at room temperature and gave [Pd(x?-6-phenyl-
2-methoxypyridine)(PPhs)CI] (2.23) and [Pd(x?-6-(4-methylphenyl)-2-methoxypyridine)
(PPh3)CI] (2.24) in quantitative yields (Scheme 2.14).

1 X—OMe \ﬁ\ 1 X—OMe
—N o —N

« O « _Cl

Pd Pd
Sp CHClg/ag NaCl _ Sp
2 RT, 12h R
(2.23)R=H

(2.24) R = 4-Me

Scheme 2.14: Synthesis of [Pd(x?-LR)(PPhs)Cl]

The complexes were characterised by spectroscopic (*H, 3P NMR, IR) and mass
spectrometric techniques. *C{*H} NMR data could not be obtained for these two
palladium complexes due to their poor solubility in organic solvents. In the *H NMR
spectra of complexes 2.23 and 2.24, the 3H singlet (at 1.38 and 1.29 ppm, respectively)
representing the methyl group of the acetate ligand in both complexes (2.19 and 2.20) had
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apparently disappeared. The methoxy protons for the two complexes were shifted
downfield by approximately 0.15 ppm as a result of the exchange reactions. In addition,
analysis of 2.23 and 2.24 by 3P NMR spectroscopy revealed a singlet at 45.1 and 44.1
ppm, respectively. Upon analysis of 2.23 and 2.24 by electrospray mass spectrometry, it
was possible to view a strong fragmentation peak ([M-CI]*) at m/z 552.0719 and
566.0880, respectively. Recrystallisation of the two complexes to give crystals suitable
for a single crystal X-ray diffraction was not successful due to their extreme insolubility.

2.3.5 Stoichiometric Reactions with Silver Salts

Complexes of the form [Pd(i?-6-phenyl-2-methoxypyridine)(PPhs)(MeCN)][X],
where X = PFs (2.25), BF4 (2.26) and OTf (2.27), have been synthesised by silver-
mediated chloride abstraction from 2.23 with AgPFs, AgBFs and AgOSO2CF3 in the
presence of acetonitrile, as driven by the elimination of AgCl (Scheme 2.15). The
chloride ligand is considered to be relatively labile; therefore, replacing the chloride with
acetonitrile was anticipated. The reactions showed a large increase in solubility on adding
silver salts to the mixture of the starting material and acetonitrile. The products 2.25, 2.26
and 2.27 were isolated by cannula filtration and subsequent removal of solvent in vacuo,
in 93, 78, and 97% yields, respectively.

1 —OMe 1 —OMe _| (X
—N_ _cl —N_ _NCMe
Pd\ Pd\
R AgX . R
MeCN, r.t, 12h
(2.25) X = PFg
(2.26) X = BF,
(2.27) X = OTf

Scheme 2.15: Chloride abstraction of 2.23 using Ag salts in the presence of acetonitrile

Analysis of 2.25, 2.26 and 2.27 by *H NMR spectroscopy revealed a 3H singlet
peak at 1.90, 1.91 and 1.88 ppm, respectively. These peaks are representative of the
coordinated MeCN protons. Similar methoxy peaks were seen at 3.98 ppm in the proton
NMR spectra of the complexes, and the *H NMR pattern of peaks in the aromatic region
were found to not vary between all three compounds (2.25-2.27). The product 2.25
contains two phosphorus centres due to the presence of a monodentate PPhs ligand and

the counterion, PFs". The latter is centred at approximately -144 ppm as a septet with a
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coupling constant of 705 Hz, where the phosphorus atom is coupling with six equivalent
fluorine atoms. The 3P singlet peak at 44.7 ppm integrates in a 1:1 ratio with the PF¢
peak in the 3'P NMR spectrum of 2.25. For complexes 2.26 and 2.27, a singlet was also
observed at around 45 ppm corresponding to the coordinated PPhs ligand. Additionally,
the F NMR spectrum of 2.25 showed a doublet at -73 ppm with a coupling constant of
711 Hz representing the anion, PFe’, while a singlet for both 2.26 and 2.27 was detected
in the associated °F NMR spectra at -153 (BFs) and -78 (OSO2CF3) ppm, respectively.
Upon analysis by TOFMS (ES), the presence of a strong fragmentation peak at m/z
522.0723 was found to be common to all three complexes, as ascribed to [M-MeCN]".
The mass spectra of 2.25, 2.26 and 2.27 also demonstrated a peak corresponding to the
counterion species at m/z 145 (PFs), 87 (BF4) and 149 (OTf), respectively.

Suitable crystals of 2.25 and 2.27 for single crystal X-ray diffraction analysis could
be grown by slow diffusion of hexane into a solution of the product in

dichloromethane/MeCN (95/5 v/v). The same trend was observed for the two complexes

as the X-ray structure confirmed the cationic and anionic species, as shown in Figures
2.9 and 2.10.

Figure 2.9: X-ray structure of 2.25 with Figure 2.10: X-ray structure of 2.27
hydrogens omitted for clarity with hydrogens omitted for clarity
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Table 2.4: Selected Pd-X bond lengths and angles for complexes 2.25 and 2.27

Bond lengths (A) Bond angles (°)
Pd-N1 Pd-C Pd-N2 Pd-P P-Pd-N1 C-Pd-N1

xajdwo)

225 2133(3) 2.003(4) 2.113(4) 2.2685(13) 158.91(10) 80.49(16)
227 2132(2) 1986(3) 2.105(2) 2.2687(9) 158.55(7)  80.55(10)

The crystal structure analysis essentially revealed a tetracoordinate and distorted square
planar environment about a Pd" centre with a P-Pd-N1 angle of 158.91° and 158.55° for
2.25 and 2.27, respectively. In both complexes, the bond lengths to the central metal of
the pyridine and acetonitrile nitrogen atoms (Pd-N) are almost identical (~2.12 A) and
significantly shorter than the Pd—P bond distance (~2.27 A) and longer than the Pd-C
bond length (~2.00 A), as reported in Table 2.4. The C-Pd-N1 bite angles of the five-
membered chelate rings in both complexes are similar to those previously seen in 2.10-
2.14 and 2.22.

All three complexes, 2.25-2.27 were found to be stable in their NMR solutions. The
stable formation of these complexes on standing in solution at room temperature was
evidenced by the associated *H, 3C{*H}, *°F, (and 3P for 2.25) NMR spectroscopy and
mass spectrometry. The presence of a singlet coordinated MeCN resonance in the *H
NMR spectra and a [counterion]” peak in MS (ES) spectra provided strong corroboration
that all three complexes remained intact in solution and had not undergone any form of

transformation over time.

2.3.6 Reactions of 2.6 with Gold(l11) Salts

A series of cyclometallated gold(ll1) complexes have been reported and
investigated for their biological properties and their ability to act as catalysts in organic
synthesis.® Therefore, synthesis of cycloaurated complexes containing bidentate NAC
ligands was the main aim of this section. Unfortunately, however, attempts at
cyclometallation of 6-(4-methylphenyl)-2-methoxypyridine (2.6) at a gold(lll) centre
“through C-H activation” were ultimately unsuccessful. In the course of these
cycloauration reactions, it was realised that achievement of C-H activation in this type of
ligand via Au'" salts is not an easy task and is usually performed under harsh experimental

conditions, albeit in moderate yields.®
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Tetrachloroauric acid, H[AuUCl4], initially was chosen as the gold(lll) starting
material. In this instance, it was observed that direct reaction of HLAuCl4]-3H20 with 2.6
in a mixture of acetonitrile and water (1:1) at room temperature afforded a mono-
protonated salt, [(2.6)(x*-H)][AuCls] (2.28), as a yellow precipitate in almost quantitative
yield (98%) (Scheme 2.16). The salt of the mono-protonated ligand was characterised,

inter alia, by single crystal X-ray diffraction studies.

| X X _IAuCI4
P H[AuCIl,]-3H,0O pZ
NZ SoMe [AuCL8H0 NZ oMe
MeCN/H,O (1:1) |1|

Scheme 2.16: Synthesis of [2.6(ic!-H)][AuCls] (2.28)

The *H NMR spectrum showed a complex set of resonances with one significant
difference with respect to the free ligand (2.6), which was for the methyl and methoxy
protons which were shifted ca. 0.17 and 0.41 ppm downfield, respectively. The downfield
position of these signals can be attributed to removal of electron density caused by
coordinated hydrogen. The presence of five aromatic proton resonances between 7.20 and
8.38 ppm in the *H NMR spectrum confirmed the formation of the non-C-H activated
product [2.6(x*-H)JAUCls (2.28). The NH peak was not observed in the *H NMR
spectrum when the sample was dissolved and the spectrum recorded in CDCls. However,
when it was recorded in CD3CN at room temperature, a resonance representing the newly
introduced proton on the pyridyl ring (NH) was seen as a broad peak at 12.57 ppm. The
downfield position of the proton in the NH group can be attributed to hydrogen bonding
interactions with neighbouring molecules (H20 or AuCla). In addition, the *C{*H} NMR
spectrum of 2.28 revealed unique carbon environments for the four quaternary aromatic

carbon peaks which are in agreement with the predicted structure.

It should be noted that numerous gold complexes with pyridine-based bidentate
ligands have been reported in the literature,*®*! but it was not until 2017 that the
generation of pyridyl salts from the reaction with the gold acid, H[AuCl4], was described.
Therefore, it was thought that protonation (not complexation) of 2.6 occurred due to the
presence of the methoxy group. However, Stoccoro et al.>* mentioned that they could
prepare the [AuCla] salt of the protonated 2-phenylpyridine, but they did not provide any

spectral or analytical data to support their claim (unpublished results). In 2018, structural
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and spectroscopic studies performed by Pazderski et al.*? showed the first reported
example of the NA*C-bidentate ligand protonated by H[AuCls]. The bis(7,8-
benzoquinolinium) tetrachloroaurate(l1l) chloride, [(bgnH*)2(AuCls)CI, was obtained
from the reaction of H[AuCls] with two equivalents of 7,8-benzoquinoline in a mixture
of HCI (0.1 M) and ethanol. Whilst the reason for this protonation is unclear, the authors

indicated that this is not an unusual coordination.

A broad v(NH) absorption band centred at ca. 3200 cm™ in the IR spectrum of the
product (2.28) is consistent with the protonated ligand. Upon analysis of 2.28 by mass
spectrometry, a protonated molecular ion peak at m/z 200.1080 (Calcd: m/z 200.1075)
was observed. Further confirmation of the structure of 2.28 was obtained by X-ray
diffraction analysis (Figure 2.11). Single crystals suitable for analysis were grown by
layering the dichloromethane solution of the product with hexane. Selected bond lengths

and angles are reported in Table 2.5.

The X-ray structure of 2.28 consists of the packing of [HN~C] cations and [AuCla]
anions in a 1:1 molar ratio in the monoclinic space group P2/n. All bond lengths and
angles in the cationic ligand and the tetrachloroaurate(l11) counterion are as normal. The
solid-state of 2.28 showed that the organic cation was protonated at the pyridyl nitrogen.
From Table 2.5, the solid-state structure of 2.28 showed that the [AuCl4]" tends to adopt
a slightly distorted square planar geometry with the Au-Cl bond distances of 2.281 +
0.005 A. The torsion angle between the pyridine and phenyl ring is -30.0(8)°.

Figure 2.11: X-ray structure of 2.28 with water molecule
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Table 2.5: Selected bond lengths and angles for complex 2.28

Complex Bond lengths (A) Bond angles (°) Torsion angles (°)
C1-01 Au-ClI C1-N1-C5 N(1)-C(5)-C(6)-C(11)
2.28 1.331(7) ~2.282(4) 123.7(5) -30.0(8)

Each two neighbouring cations in the crystal structure are found to be linked by N-
H---O---H-N hydrogen bonds (2.05 A), where the O atom derives from water molecules
of solvation that remained in the final product. Moreover, each anion is obviously linked
with the H20 hydrogens through OH---CI hydrogen bonding interactions (~2.60 A), in
which each hydrogen is hydrogen bonded to a neighbouring chloride. Figure 2.12
demonstrates all these hydrogen-bonding interactions between the three different

molecules, namely two neighbouring pyridyl cations, water and the AuCls™ anion.

?I
CI—Alu—CI

Figure 2.12: Intermolecular hydrogen bonding interactions in 2.28

Treatment of [2.6(i!-H)][AuCl4] (2.28) with a stoichiometric amount of NaHCO3
in THF at room temperature resulted in deprotonation and thus formation of the N-bonded
gold Au""' complex, [Au(x!-2.6)Cls] (2.29) in a 50% yield (Scheme 2.17). Further stirring
for up to 24 hours did not improve the yield of the product, as the *H NMR spectrum of

the reaction showed a mixture of the desired product and the free ligand.

N ‘| AuCl, N

= NaHCO, =
l}l OMe > ITI OMe
Y THF, RT, 2h AuCl,

Scheme 2.17: Synthesis of [Au(x!-2.6)Cl3] (2.29)
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Complex 2.29 could be also obtained directly in a similar yield from the reaction
of 2.6 with K[AuCl4] in a mixture of acetonitrile and water (1:1) at room temperature.
The complex was found to be highly soluble in organic solvents but was not stable in
solution, which slowly resulted in product decomposition. The *H NMR spectrum of 2.29
revealed five resonances in the aromatic region, indicating that the ligand did not undergo
C-H activation with the gold salt. Instead, a monodentate ligand coordinated to the AuCls
via the nitrogen atom was observed. The methyl and methoxy proton peaks were both
shifted to lower frequency with respect to the protonated ligands (2.28); this is due to
addition of electron density into the ligand system. Furthermore, analysis of 2.29 by
BC{*H} NMR spectroscopy displayed eleven carbon peaks with five aromatic CH
carbons and four quaternary carbon environments. The TOFMS (ES) spectrum obtained
from an MeCN solution showed peaks at m/z 523.9623 and 1026.9327, corresponding to
the fragments [M+Na*]* and [2M+Na*]", respectively.

The solid-state structure of 2.29 was also determined by X-ray diffraction analysis.
The single crystals were grown by slow diffusion of hexanes into a DCM solution of the
product. The X-ray structure of 2.29 showed to have the AuCls core supported by an N-
monodentate ligand (Figure 2.13). The product has an almost perfectly square-planar
geometry, with the gold atom bound to three chloride ions as well as the nitrogen atom of
the pyridine-based ligand, wherein the AuCls unit is nearly perpendicular to the plane of
the pyridyl ring, as evidenced by the CI(2)-Au(1)-N(1)-C(1) torsion angle of -89.6(10)°.

Figure 2.13: X-ray structure of 2.29
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The data reported in Table 2.6 illustrated that the Au-N(1) bond length of
2.046(10) A was similar to those previously reported for Au"' complexes containing a
pyridine ligand.“>*¢ The bond length between the Au"' centre and CI(3) is 2.252(4) A,
which is slightly shorter than those of 2.291(4) and 2.273(4) A for Au-CI(1) and Au-
CI(2), respectively. The same difference has been observed by other researchers*® and can
be attributed to the mutual trans effect of Cl atoms that are opposite to each other.*” The
Au-N1 and Au—Cl bond lengths are within the typical range of values and consistent with

those for related gold(111) complexes.*3-46
Table 2.6: Selected bond lengths and the bite angle for complex 2.29

o Bond lengths (A) Bond angles (°)

é Au-N1 Au-CI3 Au-Cl1 Au-Cl2  NI1-Au-Cl1 CI2-Au-CI3
9

x

229 2046(10) 2.252(4) 2.291(4) 2.273(4)  89.6(3) 90.33(14)

2.3.6.1 Attempts at Achieving C-H Activation with Au'"

As mentioned earlier, attempts to synthesise a cyclometallated gold(I11) complex
using 2.29 as a starting material did not succeed. It is worth noting that cyclometallated
complexes of gold(Il) are significantly more difficult to obtain compared to those of
palladium(11) and platinum(11).%® However, many researchers were able to successfully
overcome this challenging problem by using extremely harsh reaction conditions or
undesirable transmetallation reactions from organomercury compounds to gold.® When
2.29 was dissolved in a mixture of acetonitrile and water (1:1) or (5:1) and then heated at
reflux to see if the compound underwent direct cyclometallation, it did not. The reaction
was also attempted using different solvents, such as acetic acid and chloroform, but it did
not yield any cyclometallated product. In addition, microwave radiation, which was used
to heat the reaction mixture to high temperature, also proved unsuccessful and indeed
showed product decomposition to the free ligand and metallic gold. The NA~C-
cycloaurated complexes are usually reported as light yellow solids, but this was not

observed during these reactions.

In order to investigate the second synthetic method (transmetallation) for making a
cyclometallated complex of gold(111), it was necessary to synthesise the ortho-mercurated

compound [Hg(2.6)CI] (2.30) for use as a precursor. The organomercury(ll) intermediate
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(2.30) was obtained in a very low yield (19%) from the reaction between 6-(4-
methylphenyl)-2-methoxypyridine (2.6) and mercury(ll) acetate in EtOH, followed by
adding one equivalent of LiCl to replace the acetate ligand by chloride (Scheme 2.18). A
similar low yield has been noted previously by other researchers and attributed to the
formation of undesirable products including the bis-mercurated compound [Hg(2.6)2].%8

Therefore, the product was slightly impure (ca. 7%) according to *H NMR spectroscopy.

X X
1. Hg(OAc),
Z =
N OMe EtOH, reflux, 12h . N OMe
2. LiCl, MeOH, RT, 1h
HgCl

Scheme 2.18: Synthesis of [Hg(2.6)ClI] (2.30)

Analysis of the compound 2.30 by *H NMR spectroscopy revealed the presence of
a singlet at 7.25 ppm which is accompanied by satellites due to coupling to **°*Hg (3JH-Hg
= 202 Hz), indicating that the C-Hg bond had formed. The methyl and methoxy protons
singlet peaks were observed at 2.30 and 4.04 ppm. The latter was found to be shifted
slightly downfield compared to that of the free ligand (2.6). Although the organomercury
complex 2.30 is only slightly soluble in organic NMR solvents, its HMQC 2D-NMR
spectrum showed six inequivalent CH systems which correspond to all carbon-H atoms
in the aromatic region. Fragmentation peaks at m/z 400.0627 and 436.0384 corresponding
to the loss of a chlorine ([M-CI]") and the product ([M+H]"), respectively, were observed
by TOFMS (ASAP).

Transmetallation from the corresponding organomercury compound (2.30) was
first attempted with H[AuUCIl4] in ethanol in the presence of NaHCOs. After 15 hours
stirring at room temperature and work-up, the *H NMR spectrum of the crude product
displayed only unreacted starting material (2.30). In a second attempt, a dichloromethane
solution of 2.30 was added to a solution of K[AuCls] in acetonitrile. The reaction mixture
was then left to stir at room temperature for 12 hours to give a light yellow precipitate
which was filtered and washed with EtOH and Et20. The *H NMR spectrum of the crude
product showed that the cycloaurated complex of 2.6 (with some impurities, ca. 15%)
might have been obtained as a clear singlet in the aromatic region can be seen in the H
NMR spectrum (Figure 2.14).
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Figure 2.14: *H NMR spectrum of the crude product obtained from the gold-mercury

exchange reaction

Further evidence as to the presence of the cyclometallated gold(l11) complex could not be
provided due to its poor solubility in CDCIs and other NMR solvents. It was also found
that on standing in solution at room temperature, the product underwent slow
decomposition, as was subsequently confirmed by *H NMR spectroscopy. Attempts to

purify the product by crystallisation were unsuccessful.

It should be noted that there was another procedure,*° which was attempted in
order to obtain the cyclometallated complex of gold(l11) rather than transmetallation and
traditional heating under reflux reactions. The method involves a direct heating of the
corresponding N-bonded Au'' complex [Au(2.6)Cls] (2.29), in a ceramic dish in an oven
at high temperature (170 °C) for 6 hours, in order to activate the C-H bond. However, this
experiment was found to lead to decomposition of the starting material (2.29) instead of

formation of the chelating complex.

2.3.7 Aerobic Oxidation of Benzyl Alcohol Catalysed by Dinuclear Palladium(11)
Complexes

As an application of the complexes synthesised in this work, the oxidation of benzyl

alcohol to benzaldehyde, as catalysed by cyclopalladated complexes in the presence of a

base, has been examined (Figure 2.15).
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The palladacycles 2.10, 2.11, 2.12 and 2.13 were found to be highly efficient

catalysts for aerobic alcohol oxidation in the presence of a base, such as 3,5-lutidine or

triphenylphosphine, using oxygen in the air as an oxidising agent. Typically, the catalytic

reactions were carried out in dry toluene (3 mL) at 80 °C using a palladium catalyst (5

mol% Pd), a base (20 mol%) and a solution of benzyl alcohol (1 mmol) in dry toluene (4

mL) to give the product in excellent conversion, as determined by *H NMR spectroscopic

analysis of the reaction mixture based on the benzyl alcohol starting material (Table 2.7).

Table 2.7: Oxidation of benzyl alcohol catalysed by palladacycles

OH

Catalyst,

\(ﬁ/
| Z , Msa

N

Entry Cat. (mol% Base (20
Pd) mol%)

1 Pd(OAc)2 (5) = 3,5-lutidine
2 2.10 (5) 3,5-lutidine
3 2.11(5) 3,5-lutidine
4 2.12 (5) 3,5-lutidine
5 2.13(5) 3,5-lutidine
6 No Catalyst 3,5-lutidine
7 2.11 (2.5) 3,5-lutidine
8 2.11 (5) No Base
9 2.11(5) PPhs
10 2.11(5) 3,5-lutidine
11 2.11 (5) 3,5-lutidine

toluene, 80 °C

Solv. Temp.

Q) 4
toluene 80 83
toluene 80 67
toluene 80 72
toluene 80 86
toluene 80 69
toluene 80 0
toluene 80 57
toluene 80 2
toluene 80 14
toluene 100 87
MeCN 80 4

2 molecular sieves; ® Conversion was determined with *H NMR analysis

Conversion (%)° after:

8h
100
89
94
96
88
0
72
5
23
94
8

12h

>99
100
98
96

0

81
10
33
96
11

24h

100

100
100

90
27
50
100
14
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First of all, the catalytic activity was examined under the basic condition (Entry 1)
with the most common Pd" catalyst used for these type of reactions, palladium(l1) acetate.
This catalytic reaction would help investigate the role of the coordinated bidentate ligands
in the stability of those dimeric complexes used as catalysts (2.10-2.13). It was found that
Pd(OAc)2 gave complete conversion after only 8 hours (Entry 1). The performance of
four dimeric palladium complexes (2.10-2.13) as catalysts for the oxidation of benzyl
alcohol were then examined (Entries 2-5). The initial reaction conditions were selected
according to the catalytic studies reported by Moberg and co-workers.}”'® Though the
data reported in Table 2.7 shows that all complexes displayed excellent catalytic activity
for aerobic alcohol oxidation under basic conditions, formation of benzaldehyde was
somewhat faster towards the beginning of the reaction with 2.12 (Entry 4). However,
product formation was then found to slow down after a few hours, while the catalytic
reaction with 2.11 (Entry 3) went to completion within the same time (12 hours). The
initial reaction rates for complexes 2.10 and 2.13 were generally found to be lower than
those for 2.11 and 2.12 (Entries 2-5). It may also be noticed from Table 2.7 (Entry 6) that
there was no reaction at all in the absence of a palladium catalyst, while decreasing the
catalyst loading by half (2.5 mol%), reduced product formation to 81% in 12 hours, and
furthermore the reaction did not go to completion even after 24 hours (Entry 7). Due to
the product conversion after 12 hours being the highest when complex 2.11 (Entry 3) was
employed as a catalyst, it was consequently selected as a catalyst for the reaction

optimisation.

To examine the role of the base, the catalytic oxidation of benzyl alcohol in the
presence of 2.11 was carried out without using a base. The reaction displayed a very slow
conversion to the product (27% within 24 hours), as shown in Table 2.7 (Entry 8). This
finding demonstrates that the aerobic alcohol oxidation is a base-dependent reaction in
which the base plays a significant role in producing an active catalyst state. When PPhs
was used as a base for the oxidation of alcohol, the reaction was affected and did not lead
to complete conversion of the substrate, even after 24 hours (50%), as seen in Entry 9.
This indicates that the use of 3,5-lutidine for this type of reaction in toluene at 80 °C is
better than using PPhs. It is worth noting that the experimental studies carried out by
Moberg et al.!® suggested that pyridine was the best choice among a variety of bases
employed for alcohol oxidation and can act not only as a base but also as a ligand in the

catalytic cycle, as will be shown later.
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The activity of the catalyst (2.11) within the first four hours increased when the
reaction temperature was raised to 100 °C (Entry 10). However, after 12 hours the
catalytic oxidation reaction resulted in a 96% conversion of the product versus a complete
conversion at 80 °C. As shown in Table 2.7 (Entry 11), reduced conversion was observed
when acetonitrile was used as a solvent. The lower catalytic activity in acetonitrile is
consistent with other studies on aerobic alcohol oxidation catalysed by Pd" complexes®®
and could be attributed to the instability of the solvent during the reaction process, as

acetonitrile can compete with 3,5-lutidine to act as a ligand.

In 2005, Moberg et al.*® performed a computational study on aerobic alcohol
oxidation with a related palladium catalyst. The results of this study support the

mechanism shown in Scheme 2.19.

] X
— N\
\’—O Pd
pyridine
H20, /
O RCH,OH
P
Y RCHO
Vi
A "
g N\Pd’ J
\(I)___H AcOH
O\

(Vi)

AcOH
% Pd—OOH
(1X) é ;
(VII)

Scheme 2.19: Mechanism for aerobic alcohol oxidation proposed by Moberg et al .
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The proposed mechanism of the Pd'//pyridine/O2 system was suggested to proceed
through the formation of a Pd alkoxide intermediate followed by p-hydride elimination
as the rate-determining step. This reaction is first initiated by the ligand (pyridine) by
which the dimeric palladium complex (V) is cleaved into two moles of
[PA(N*C)(Py)(OAC)] (VI). The substrate (alcohol compound) would then be able to
displace the terminal acetate ligand from VI and bind to the Pd'' centre in a monodentate
fashion through the O atom, followed by the release of the product and formation of a Pd-
H species (VII). The insertion of molecular oxygen into the palladium-hydride (VI1)
yields VIII, in which the Pd-O2 bond is formed in the cis-position to the Pd-H bond,
allowing an interaction between the two atoms (H and O) so as to form a hydroperoxide
species (1X). This is subsequently protonated by AcOH to release hydrogen peroxide
(H202) from the intermediate X in the presence of pyridine.

2.4 Conclusions and Future Work

A variety of OMe-bidentate ligands with different aryl groups (2.5-2.9) have been
successfully synthesised via a series of steps, followed by the synthesis of novel dimeric
palladium(I1) complexes of the general formula [Pd(k?>-N~C)(u-OAc)]2 (2.10-2.14). The
solid-state structures of these complexes tend to adopt an open-book geometry with two
chelating N~C ligands bridged by two acetate groups. A series of novel mononuclear Pd"
complexes have been obtained via a disassembly reaction from the dimeric Pd"
complexes using 3,5-lutidine (with 2.10-2.12), PPhs (with 2.10-2.13) and 2.6 (with only
2.11). Complexes converted into mononuclear species using 3,5-lutidine were only
obtained in solution and found to be in equilibrium, while those with PPhs could be
isolated as solids. The stability of these complexes may be explained by a relatively strong
Pd-P bond, as phosphines act as both good o-donors and good m-acids. The X-ray
structure of 2.22 revealed a Pd' complex in a distorted square planar geometry supported
by a monoanionic bidentate ligand, where the carbon atom is trans to the acetate ligand
and the pyridyl nitrogen is trans to the PPhs ligand. The palladium(ll) complexes (2.10-
2.13) showed significant catalytic activity for the aerobic oxidation of benzyl alcohol by
giving the corresponding aldehyde in excellent conversions.

Following the cleavage of the dimeric complexes in 2.10 and 2.11 with PPhs, the
replacement of the acetate ligand with chloride (Cl) was achieved by reacting the
monometallic acetate complexes 2.19 and 2.20 with an aqueous solution of sodium
chloride to give the corresponding Pd-Cl complexes (2.23-2.24). The potential of the Pd-
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Cl complex (2.23) to act as a precursor to cation-anion pairs has been explored using a
halide abstraction reaction in acetonitrile with different silver salts including AgPFe,
AgBF4 or AgOTT. All three complexes, 2.25-2.27, were found to be stable in solution, as
confirmed by H, 3C{*H}, 1°F, (®'P for 2.25) NMR spectroscopy and mass spectrometry.

All attempts, including traditional activation, transmetallation and direct heating,
at the cyclometallation of 6-(4-methylphenyl)-2-methoxypyridine (2.6) at a gold(llI)
centre “through C-H activation” were unsuccessful. However, reactions of 2.6 with
H[AuCIls] and K[AuCls] gave [(2.6)(x*-H)][AuCl4] (2.28) and [Au(x!-2.6)Cls] (2.29),
respectively. Complex 2.29 could be also obtained by treating 2.28 with a stoichiometric

amount of NaHCOs in THF at room temperature.

In order to further investigate the interactions in these dimeric systems synthesised
in this chapter, it may be of interest in the future to carry out the disassembly reactions
with symmetrical bidentate ligands (such as a PP system) to produce monopalladated
complexes with the general formula [Pd(x?>-N~C)(x>-P*P)][X] upon addition of an
appropriate silver salt (Scheme 2.20).

X OMe
/ X—OMe
/N O \O
\ /
A
O’Pd 2PP
] N/ 2AgX
MeO™ X

R + 2 AgOAc

Scheme 2.20: Reactions of dimeric Pd" complexes with diphosphine ligands
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Chapter 3

3.1 Introduction

2-pyridone-based compounds have recently attracted much attention due to their
wide range of applications in different fields including biological systems,'® natural
product synthesis,* organic dyes® and fluorescence.® The key physical characteristic that
leads to these compounds being of particular interest is the attached hydroxyl group,
which can play various roles in organic catalysis, such as a coordination partner, H-
bonding donor/accepter as well as being a proton source. The hydroxyl group has been
extensively exploited in the design of complexes that can be used as multifunctional
catalysts in organometallic chemistry. The OH group also has the ability to increase water
solubility, to allow easy introduction as a ligand and to allow the ligand to undergo acid-
base reactions to provide pH-switchability to a metal complex. Moreover, a variety of
binding modes are possible for 2-pyridone and substituted derivatives in general, as
discussed earlier in section 1.4.2. These features and others have encouraged inorganic
chemists to look for new developments in the synthesis of complexes containing 2-

pyridone (2-hydroxypyridine) or its derivatives in the last few years.

Although there has been extensive work on 2-pyridone and its derivatives in the
field of coordination chemistry,’ this area is still in its early and active stages of
development.® This introduction will deal with 2-pyridone-based bidentate ligands, in
particular those substituted at the 6-position of the heterocyclic ring. Therefore, an
overview of the properties and coordination capabilities of the functionalised bidentate
ligands will be given followed by selected examples of coordination complexes including

a discussion of their catalytic activities.

3.1.1 OH-Substituted Bidentate Ligands

In the coordination chemistry of transition metals, OH-functionalised bidentate
ligands can be classified into a variety of categories according to their donor atoms (N, P,
C, S, O etc...). However, only two related types will be discussed here, namely OH-

functionalised N*N- and N*C-chelated bidentate N-heterocycles.

a. OH-Functionalised N*N-Chelate Ligands
As mentioned earlier, the presence of a hydroxy group allows for an acid-base
equilibrium between the protonated pyridinol and deprotonated pyridonate ligands to be
formed, leading to remarkable changes in both electronic properties and polarity. This is

attributed to the difference between the hydroxy (pyridinol) and oxyanion (pyridonate)
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forms (Scheme 3.1).° Specifically, the pyridinol form is expected to have relatively
moderate electron donating ability and polarity, while the pyridonate form is able to show
strong electron donating ability and polarity.

) O@ O_ ) OH ]
| N 7 | N NP
+
- _— B S
7 i\l Z >N -H* Z >N Z N

Scheme 3.1: Acid-base equilibrium between pyridonate (left) and pyridinol (right)

Only a few metal complexes with OH-functional N*N-chelate ligands have been
reported to date. Tanaka et al.,'® who first discussed the acid-base equilibrium of
complexes containing hydroxy-substituted bidentate ligands, were able to synthesise a
Ru' carbonyl complex (3.a) based on the 2,2’-bipyridin-6(1H)-one (bpyO) ligand. The
authors found that treatment of 3.a with an aqueous HPFs solution (1.5 equivalents)
afforded the corresponding Ru' carbonyl complex (3.b) bearing the ligand in its pyridinol
form (bpyOH), as shown in Scheme 3.2.

HPFs
MeCN/H,O

Scheme 3.2: Synthesis of 3.b from 3.a

This interconversion plays an important role in controlling the electronic properties and
polarity of this type of complex when they are used as catalysts purely through changing
the pH.® Recently, photophysical studies carried out by Xiang et al.}* demonstrated that
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emission properties of similar ruthenium(ll) complexes, [Ru''(bpy)2(bpyO)][BF4] and
[Ru"(bpy)2(bpyOH)][(BF4)2], can also be varied significantly, depending on whether the
complex exists in its protonated or deprotonated form.

In 2012, Fujita et al.? developed a new catalytic system for dehydrogenative
oxidation of alcohols performed in water using a water-soluble Cp*Ir catalyst,
[Cp*Ir(bpyOH)(H20)][(OTf)2] (3.c), containing an OH-functional bipyridine ligand at
the ortho-position. In order to demonstrate the role of the ortho-hydroxy group in the
catalytic performance, the complex [Cp*Ir(bpy)(H20)][(OTf)2] (3.d) was also prepared
(Figure 3.1). The authors found that there were remarkable differences in the catalytic
activity for dehydrogenative oxidation of benzyl alcohol between the two complexes.
Reaction with 3.d gave the corresponding product in only a 25% yield, while the other
catalyst (3.c) improved the yield to 51%. The results indicated that improved catalytic
performance can be obtained by introducing a hydroxy substituent at the ortho-position
of the bipyridine ligand.

ST g
N @

Figure 3.1: Water-soluble Cp*Ir catalysts

In coordination chemistry, an interesting feature of ortho-hydroxylated bipyridine
ligand and its derivatives is their ability to act with a variety of bonding modes on a metal
centre, as seen for the 2-hydroxypyridine. An example of this is the mixed-valent dicopper
complex which was synthesised by Chen et al.'*!* as a novel tetrameric complex,
[Cus(bpyO)4(tp)] (3.), where tp is terephthalate. The synthesis of the Cu2""" mixed-valent
complex was performed under hydrothermal conditions in which the bpy ligand was
hydroxylated into the bpyO ligand during the reaction. Other ligands, such as 1,10-
phenanthroline (phen/phenO), show similar behaviour. The X-ray structure of 3.e

revealed a pair of [Cuz(bpyO)2] moieties bridged by a terephthalate ligand. In addition to
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the traditional binding to a metal centre in an N*N-chelate fashion, the bpyO ligand was
also able to bridge two copper centres via the N and O atoms. The tetrameric complex
(3.e) has an overall charge of 0, and therefore no counterion was required. The bond order
of the Cu-Cu bond in the mixed-valent species is 1.5. Since the odd electron is delocalised
between the two copper centres, the complex is more accurately formulated as valent-

averaged Cuz (1%2,1%%).

The same group, later synthesised a novel dimeric organosilver(l) complex,
[Agz(phenO)2] (3.f), using an OH-functional ligand as a starting material. The complex
was prepared by the reaction of AgNOs (in MeCN) with phenO (in DCM) at room
temperature using the liquid diffusion method. The authors were able to obtain single
crystals suitable for analysis by X-ray diffraction. The structure showed that each metal
centre is coordinated by two nitrogen atoms from a phenO ligand and one oxygen from
another phenO ligand. The dinuclear silver(l) complex has a relatively short Ag---Ag

distance which may indicate a strong metal---metal bonding interaction.®
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b. OH-Functionalised N*"C-Chelate Ligands
Functionalised N*C-chelate ligands with a hydroxy group at the 2-position of the
pyridyl ring may be expected to have similar properties to those observed for the 2-
hydroxy-substituted N*N-bidentate ligands. In addition to those properties, N*C ligands

are also able to undergo C-H activation of the aryl group located at the 6-position of the

pyridyl ring.

Surprisingly, only a few examples of the pyridone-based bidentate complexes
involving C-H activation have been reported in the literarure.'® The 6-phenyl-2-pyridone
(3.1) is a typical member of the 2-pyridone family that show C-H activation of the phenyl
group at the ortho position. In 2011, Yamaguchi et al.}” reported a new Cp*Ir complex
bearing 3.1 as a functional ligand. The Cp*Ir complex (3.g) was obtained in 62% yield
by reacting [Cp*IrCl2]2 with 3.1 in the presence of NaOAc in dichloromethane at room
temperature (Scheme 3.3). The crystallographic data showed that the ligand coordinated
to the metal centre via the pyridyl nitrogen and ortho-phenyl carbon atoms affording an

NAC-cyclometallated Ir'"' complex (3.9).

NaOAc _
DCM, RT, 24h

H O + 0.5[Cp*IrCly],

3.1

Scheme 3.3: Synthesis of the Cp*Ir complex containing 6-phenyl-2-pyridone

The iridium(l11) complex (3.g) was found to be an efficient catalyst for the
dehydrogenative oxidation of primary and secondary alcohols into their corresponding
aldehydes and ketones, respectively. The authors proposed a mechanism (Scheme 3.4) in
which the catalyst (3.g) reacts with an alcohol substrate to form an alkoxoiridium species
(1) which would be able to undergo p-hydrogen elimination to generate the
dehydrogenated product and a hydrido-Ir'"" complex (I1) as an active intermediate. The
catalytically active hydridoiridium complex (11) with the hydroxy proton of the chelating
ligand undergoing protonolysis to release Hz along with the formation of the unsaturated

pyridonate-chelate complex (111).Y’
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x \ °
S
R1 R2 (I) R1)I\R2
F-hydride
elimination
O
s HO \ —H
[ ) ~
Va
(1)

\_/
(n
Protonolysis
Ha

Scheme 3.4: Possible mechanism for the dehydrogenative oxidation of alcohols by 3.g

In a more recent publication, Jones et al.*® attempted to synthesise a Cp*Rh""
complex bearing 6-phenyl-2-pyridone using the synthetic procedure reported for
synthesis of the N~C-chelated Cp*Ir'' complex (3.g) in the presence of NaOAc.Y
However, C-H activation using [Cp*RhCIz]2 could not be accomplished and the N*O-
chelated Cp*Rh'" complex (3.h) was exclusively obtained (89% yield) instead of the
desired N*C-chelated Rh'"' product (Scheme 3.5). Using a stronger base, namely sodium
benzoate, to promote C-H activation of the pyridone ligand (3.1) was also unsuccessful

and gave the same product previously obtained with NaOAc. The authors believed that
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the reason behind the unsuccessful formation of the NAC-chelated Rh"' complex is the
electrophilicity of the rhodium(l1l) centre, which is less than that of the iridium(l1I)
centre. They were able to grow single crystals of 3.h suitable for analysis by X-ray
diffraction by a diffusion process. The crystallographic data confirmed the proposed
structure in which the ligand coordinated to the Rh"' centre in an N*O-chelating mode
(pyridonate form) leaving the phenyl ring “dangling”. The N-Rh-O bite angle for the four-
membered cyclometallated rhodium(l11) complex (3.h) is 61.92°. It is interesting to note
that the length of the carbon-oxygen bond is 1.295(3) A, which is between that observed
for C-O-type single and double bonds. This could be attributed to the associated electronic

delocalisation, as seen in other related N*O-chelate complexes.*8-2

T

Rh Cl
\ F
AN
N, 05 [Cp*RNCl
H NaOAc
DCM, RT, 24h

31

Scheme 3.5: Preference for N*O-chelate Rh"' complex formation over the formation of

NAC-chelate Rh!"' complex

3.2 Aims and Objectives of Chapter 3

From this literature review it is apparent that the 2-pyridone unit has a variety of
interesting features. In this chapter, synthesis of several pyridone-based N~C-bidentate
ligands, with the general formula [6-aryl-2-pyridone] (aryl = Ph 3.1, 4-MePh 3.2, 4-CFsPh
3.3, 4-FPh 3.4 or 2-MePh 3.5), will be described and discussed. The reactivity of these
ligands towards palladium(11) acetate will be investigated with different relative ratios of
the ligands to the Pd" centre. The dimeric Pd" complexes bridged with acetate ligands
will undergo a cleavage process in which simple monodentate ligands, such as 3,5-
lutidine and triphenylphosphine, are able to break the dimers and act as monodentate
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ligands. This will be followed by exchange of an acetate ligand by a chloride ion in order
to examine their reactivity with various silver salts in acetonitrile. A comparison will be
then made between pyridine-based (Chapter 2) and pyridone-based (Chapter 3) ligands

for applications in the coordination chemistry of palladium(Il) acetate and hydrolysis.

The hydroxy unit, in association with a suitable hydrogen bond acceptor, can
facilitate the formation of linkages between neighbouring molecules. Therefore, the
ability of hydroxylated bidentate ligands to undergo a self-assembly process through
hydrogen bonding molecular interactions will be explored and developed for pyridone

coordination chemistry.

All ligands and Pd"' complexes shown in Scheme 3.6 have been fully characterised
using several analytical methods including spectrometric (ESMS, HRMS) and
spectroscopic (*H, 13C, 3P and F NMR and IR) techniques as well as by single crystal
X-ray diffraction.
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Scheme 3.6: Ligands and complexes described in Chapter 3
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3.3 Results and Discussion
3.3.1 Synthesis of 6-aryl-2-pyridones

First of all, the work was directed towards the synthesis of 2-pyridone-based
systems that had the potential to act as N*C-bidentate ligands (3.1-3.5), followed by the
study of their reactivities towards palladium(ll) acetate.

Demethylation reactions of the 6-aryl-2-methoxypyridine ligands (2.5-2.9)
described in Chapter 2 were carried out in order to prepare the corresponding 6-aryl-2-
pyridone ligands (3.1-3.5). Scheme 3.7 outlines the experimental conditions for the
synthesis of the five pyridone ligands. In these reactions, each pyridine ligand was heated
under reflux with an aqueous HBr solution (48%) for 4 hours to produce the desired

products in moderate-to-good yields (64-90%).

X X
P i) HBr (aq, 48%), 125 °C, 4h
N OMe - > N O
R ii) aqueous NaHCO3 R H
(2.5)R=H (2.8) R=4-F (31)R=H (3.4)R=4-F
(2.6) R = 4-Me (2.9) R = 2-Me (3.2) R = 4-Me (3.5) R = 2-Me
(2.7) R = 4-CF4 (3.3) R = 4-CF4

Scheme 3.7: Synthesis of 6-aryl-2-pyridone ligands

Molecules containing an amide group usually exist as tautomers. Thus, this
phenomenon is possible in these ligands as each has a 2-pyridone unit. In this case, the
hydrogen coordinated to the nitrogen atom can also migrate to the oxygen to form a 2-

hydroxypyridine product (Scheme 3.8).

Scheme 3.8: Lactam-lactim tautomerism of 6-phenyl-2-pyridone ligands

Upon analysis of the pyridone products by 'H NMR spectroscopy, the methyl signal
of the methoxy moieties in the starting materials had disappeared and a singlet peak at
12.15, 12.34, 13.13, 12.68 and 12.17 ppm, representing the NH groups in each of the
spectra recorded for 3.1, 3.2, 3.3, 3.4 and 3.5, respectively, appeared instead. Furthermore,

a carbon signal assigned to the carbonyl group was observed between 164.3 and 165.6
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ppm in the *C{*H} NMR spectra of the ligands. The MS (ES) spectra of all ligands
illustrated a peak corresponding to the fragment [M+H]".

Infrared spectra of the five pyridone ligands displayed a very strong peak in the
range 1637-1651 cm™ which corresponded to vibrations of the (C-O)ketone bonds. This
may suggest that the pyridone tautomer is the dominant form of these ligands in their
solid states. This was further confirmed by analysis of 3.3 by X-ray diffraction studies
(Fig. 3.2). Selected bond distances and angles are reported in Table 3.1.

F1

Figure 3.2: Molecular structure of 3.3 with full atom numbering

Table 3.1: Selected bond lengths and angles of complex 2.22

Ligand Bond lengths (A) Bond angles (°)
C-O H---O N-C1-O 0-C1-C2
33 1.245(3) 1.98 119.8(2) 124.5(2)

Single crystals of 3.3 were grown by slow evaporation of a methanol solution of
the ligand. The crystal structure of 3.3 consists of a 2-pyridone coordinated with the
4-trifluoromethylphenyl ring at the 6-position. In the solid state, the X-ray structure
showed that the ligand exists in the lactam (pyridone) form where the hydrogen atom is
bound to the nitrogen atom rather than the oxygen atom. This was also supported by the
carbon-oxygen bond length of 1.245(3) A which is consistent with double bond character;
therefore, the ligand is protonated at the pyridyl nitrogen. Hydrogen bonding interactions
between pairs of molecules were expected as shown in Figure 3.3. In this case, the
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pyridone NH acts as a hydrogen-bonding donor while the O atom of the carbonyl group

acts as a hydrogen bond acceptor.

Figure 3.3: Hydrogen bonding between two neighbouring molecules of 3.3

3.3.2 Complexation of 6-aryl-2-pyridones to Palladium(ll)

To explore the reactivity of the 6-aryl-2-pyridones towards a Pd" centre, reactions
of these pre-ligands with one molar equivalent of Pd(OAc)2 at 90 °C in acetic acid were
carried out. All products precipitated out of solution after cooling to room temperature.
The reactions gave the acetate-bridged dimers with a general formula [Pd(i?-6-aryl-2-
pyridinol)(u-OAc)]2 (3.6-3.10) in good yields (Scheme 3.9). These complexes are [Pd(ic*-
6-phenyl-2-pyridinol)(u-OAc)]2 (3.6), [Pd(x-6-(4-methylphenyl)-2-pyridinol)(u-OAc)]2
(3.7), [Pd(x2-6-(4-trifluoromethylphenyl)-2-pyridinol)(u-OAc)]z  (3.8), [Pd(x?-6-(4-
fluorophenyl)-2-pyridinol)(u-OAc)]2 (39 and [Pd(k2-6-(2-methylphenyl)-2-
pyridinol)(u-OAc)]2 (3.9).

X i
/N\ /O""I%O
P Pd(OAc), Pdl_ N
N OH o - (0] Pd
HOAc, 90 °C, 12h ~r—0~
R \[‘ ‘\\ \N/
R Hog ]
(3.6) R=H (73 %)
(3.7) R = 4-Me (65 %) (3.9) R=4-F (77 %)
(3.8) R=4-CF5 (77 %) (3.10) R = 2-Me (68 %)

Scheme 3.9: Synthesis of [Pd(k?-6-aryl-2-pyridinol)(u-OAc)]2 (3.6-3.10)
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All dimeric palladium(ll) complexes 3.6, 3.7, 3.8, 3.9 and 3.10 have been
characterised by multinuclear NMR and IR spectroscopies, mass spectrometry and, for
complexes 3.6, 3.7 and 3.8, by elemental analysis. Only complex 3.8 was structurally
characterised by X-ray crystallography. It should be noted that the complex [Pd(k?-6-
phenyl-2-pyridinol)(u-OAc)]2 (3.6) has been previously synthesised and structurally
characterised, inter alia, by single crystal X-ray crystallography for the first time by our
group.?! The reaction had been performed in toluene and gave 3.6 with a slight reduction
in yield (55% versus 73% in acetic acid). It is believed that the mechanism of these
reactions usually begins with the coordination of the nitrogen atom in the pyridone ring

followed by ortho-metallation at the aryl group.

Although the NMR spectra for complexes 3.7-3.10 are analogous to 3.6, they still
require the same analysis to accurately determine each signal. The achievement of C-H
activation in the pyridone ligands by the Pd" centres to form a C-M bond was evident
upon analysis by *H and *C NMR spectroscopy. This ortho-Cayi-Pd bond in each
cyclopalladated complex can be confirmed either by the absence of a peak in the aromatic
regions in each of the associated *H NMR spectra or by the presence of one additional
quaternary carbon environment in each of the *C{*H} NMR spectra of all five
complexes. A singlet assigned to the hydroxy proton was observed between 9.53 and 9.77
ppm in the *H NMR spectra of all complexes, indicating that the ligands coordinated to
the metal centre in the pyridinol form. This significant downfield shift of the OH proton
was attributed to the hydrogen bonding interactions between the OH hydrogen and the
adjacent oxygen of the bridging acetate. Common to all five complexes is the presence of
a singlet at 2.27, 2.26, 2.30, 2.28 and 2.24 ppm representing the acetate methyl protons
in complexes 3.6, 3.7, 3.8, 3.9 and 3.10, respectively. These peaks are shifted slightly
downfield (~0.08 ppm) compared to those previously observed for the methoxy
complexes in Chapter 2. A singlet peak seen in the aromatic region of complexes 3.7,
3.8 and 3.9, as each has a substituent group at their para positions, confirmed that these
complexes had undergone a C-H activation process. There are no significant differences
in the °F NMR spectra between complexes 3.8 (CF3) and 3.9 (F) and their free pro-
ligands.

Elemental analysis of 3.6 has previously been carried out by our group?! while 3.7
and 3.8 were performed for the purpose of this thesis. The results of elemental analysis
are in good accordance with the calculated elemental compositions. All complexes
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dissolved in acetonitrile displayed molecular peaks in their mass spectra (ES)
corresponding to [Pd(L)+MeCN]*, [Pd(L)+2MeCN]* and [Pd2(L)2+2MeCN]*. These
data may not give a realistic insight as to the structure of the dimeric complexes; however,

they do confirm that the pyridone ligands have been successfully bound to Pd" centres.

As expected, the infrared spectra of all five complexes showed characteristic
COQasymm and COOsymm absorption peaks at approximately 1546 and 1409 cm™,
respectively. The characteristic separation (Av) of ~137 cm™ is indicative of a bridging
acetate ligand bound to two metal centres, as demonstrated by Nakamoto.?? However, this
characteristic separation was found to be much less than those (=172 cm™) observed in
Chapter 2 for the pyridine-based dimeric complexes. This finding could be attributed to
hydrogen bonding interactions (OH---O) which allow the infrared stretching frequency

of the carboxylate asymmetric stretching band to shift to a lower frequency.

All these complexes proved to have unstable structures in NMR solution that
converted into tetrameric complexes (vide infra). However, crystals suitable for a single
crystal X-ray diffraction were obtained for 3.8 from a dichloromethane solution of the
product layered with hexane. The X-ray structure of 3.8 is shown in Figure 3.4; selected
bond lengths and bond angles are given in Table 3.2.

Figure 3.4: Structure of 3.8 with hydrogen atoms (except OH) omitted for clarity
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Table 3.2: Selected Pd-X bond lengths and the bite angle of complex 3.8

0 Bond lengths (A) Bond angles (°)
_g Pd1-04 Pd1-02 Pd1-N1 Pdi1-C1l1 C1-01 C11-Pd1-N1
T
X

(transto C)  (transto N)

38 2160(5) 2.050(5) 2.041(7) 1.948(8)  1.295(9) 81.5(3)

The X-ray structure of complex 3.8 showed a distorted square planar geometry
supported by an NAC-chelating (x?) ligand connected to another Pd'" centre by two
bridging acetate ligands, forming a dimeric complex. The molecular structure of this
dimeric complex is commonly referred to as an “open-book” or “cleft” geometry.?® The
C-OH bond length in 3.8 was found to be 1.31 A, which demonstrated that the complex
is in the pyridinol form. In addition, each pyridinol OH hydrogen atom is able to form a
hydrogen bond with a neighbouring acetate oxygen atom (OH---H), with an associated
bond length of 1.81 A.

The electronic nature of the pyridone ligand (by comparison with those for the
dimeric complexes of the methoxy pyridine ligands detailed in Chapter 2) does not seem
to have a significant effect on the overall structure of the product. The C-Pd-N bite-angle
of 81.5° was found to be within the range of other bite angles previously reported for
related N~C-ligand Pd'"' complexes.?* The torsion angle between the 2-pyridinol and aryl
rings was reduced from 9.0(3)° (in the free ligand) to 3.6(13)° (in 3.8), as a result of the
chelate effect. In the molecular structure of 3.8, a significant trans influence was noticed
(Table 3.2). The length of the bonds trans to the carbon atoms (2.160 A) were longer
than those trans to the nitrogen atoms (2.048 A). This difference could be attributed to
the stronger trans influence of the aryl group versus the N-donor ligand.?® The Pd-C and
Pd-N bond lengths (~1.95 and ~2.04 A, respectively) are similar to those previously

reported.?*2°

3.3.3 Synthesis of Tetrameric Complexes, [Pd(p:k?-6-aryl-2-pyridonate)]s
Interestingly, on standing in a chloroform solution at room temperature, the dimeric
pyridone complexes underwent slow pyridinol-pyridonate conversion to form the
tetrameric species [Pd(u:k?-6-aryl-2-pyridonate)]s (aryl = Ph (3.11), 4-MePh (3.12), 4-
CFsPh (3.13) and 4-FPh (3.14), as illustrated in Scheme 3.10. However, loss of acetic
acid during the reaction stopped after few days before complete formation of the

tetrameric complexes. In this case, removal of solvent and other volatiles under reduced
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pressure, followed by the addition of chloroform, was required to drive the reaction to
completion. Interestingly, the related transformation with the electron-withdrawing CFs
group was found to need more forcing conditions such as heating. It should be noted that
in the presence of acetic acid as a solvent conversion to tetrameric complexes did not
occur. This may explain the significant increase in yield (73%) observed in the synthesis

of 3.6 when acetic acid was used as a reaction solvent rather than toluene (55%).

H R
/N\ /(‘)""I%o
Pdo by CDCl,
S O’
\[‘ \N/ - AcOH
(3.11)R=H
(3.12) R = 4-Me

Scheme 3.10: Synthesis of tetrameric complexes 3.11-3.14

Complexes 3.11, 3.12, 3.13 and 3.14 have been characterised by NMR and IR
spectroscopies, elemental analysis, mass spectrometry and X-ray crystallography.
Analysis of these complexes by *H, *C and '°F (for 3.13 and 3.14) NMR spectroscopy
revealed that the ligands coordinated to the metal centres are in equivalent environments,
which confirmed the symmetry in the palladium tetramers. All *H NMR spectra showed
no sign of a downfield-shifted NH/OH peak, which may indicate that the ligands had
undergone a deprotonation process to eventually adopt a pyridonate form. The absence
of acetate methyl protons, as well as a quaternary carbon signal in the *H and *C{*H}
NMR spectra, respectively, confirmed the loss of the bridging acetate ligands as acetic
acid during the reaction. Neither C=0 nor N-H stretches were observed in the solid-state
IR spectra of the tetrameric complexes. The MS (ES) spectra of 3.11, 3.12, 3.13 and 3.14
each showed a peak corresponding to [M]* at m/z 1100, 1159, 1374 and 1174,

respectively.

Crystals of complexes 3.12 and 3.13 suitable for the X-ray characterisation were

grown by slow evaporation of a chloroform solution of the product. Structural diagrams
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of each complex are given in Figures 3.5 and 3.6 with selected bond lengths and angles

of these structures reported in Table 3.3.

Figure 3.5: Structure of 3.12 with Figure 3.6: Structure of 3.13 with
hydrogen atoms omitted for clarity hydrogen atoms omitted for clarity

Table 3.3: Selected Pd-X bond lengths and bite angles for complexes 3.12 and 3.13

o Bond lengths (A) Bond angles (°)
E

©  Pd-N Pd-C Pd-0  Pd-—Pd  C-O C-Pd-N
312 1.997(8) 1.970(8) 2.010(7) ~2.633(1) 1.275(9) 81.5(7)

313 2.004(3) 1.976(3) 2.003(2) ~2.642(1) 1.297(4) 82.28(14)

The molecular structures of both complexes (3.12 and 3.13) revealed a square Pda4
framework of the tetramer (with almost 90° Pd-Pd-Pd angles) in which each palladium
centre is supported by an N*C-chelate ligand and one oxygen atom from a deprotonated
pyridyl hydroxy group of another pyridonate ligand, adopting a slightly distorted square
planar geometry. Each pyridonate ligand in each complex was found to be arranged in
axial or near axial coordination sites with respect to the tetrapalladium cluster plane
(O(1)-Pd(4)-Pd(1) = 85.47(17)° and O(1)-Pd(1)-Pd(1)#1 = 84.76(7)° for complexes 3.12
and 3.13, respectively), while one pair of ligands are almost perpendicular to the other
pair (e.g., N(1)-Pd(1)-Pd(4)-N(4) = 178.5(3)° for complex 3.12). The Pd---Pd distances
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of approximately ~2.633(1) and ~2.642(1) A (for 3.12 and 3.13, respectively) are shorter
than the sum of their van der Waals radii (3.26 A) and are somewhat similar to those
previously observed (2.6602(12) A) by our group for complex 3.11.% These palladium-
palladium distances are comparable to that found in the palladium carbonyl acetate cluster
(2.663 A), [Pd(u-02CCHs)(u-CO)J4 (Fig. 3.7). The carbon-oxygen bond lengths of
1.275(9) and 1.297(4) A (for complexes 3.12 and 3.13, respectively) are considered to lie
between those expected for single and double bonds, suggesting electronic delocalisation
may occur over the bridging rings.'®2° From Table 3.3, the Pd-C and Pd-N bond lengths

in both complexes are similar to those previously reported in the literature.?*2°

%,
%,
,

\\\\“\“ ’/’/I/

\/\

Figure 3.7: Molecular structure of [Pd(u-O2CCHz3)(u-CO)]J4

3.3.4 Reactivity of 6-aryl-2-pyridones towards Dimeric Complexes 3.6-3.9

The reactions of two equivalents of 6-aryl-2-pyridone with their corresponding
dimeric complexes in chloroform at room temperature resulted in displacement of the
bridging acetate ligands and formation of dimeric complexes bridged by two pyridonate
ligands, with a general formula [Pd(u-6-aryl-2-pyridonate)(x2-6-aryl-2-pyridinol)]2 (aryl
= Ph 3.15, 4-MePh 3.16, 4-CFsPh 3.17 and 4-FPh 3.18) (Scheme 3.11), in moderate-to-
excellent yields (82, 58, 81 and 97%, respectively).

R
/ X O\
S
\ ,O \O
Pd—O
T_O,Pd O—‘Pd

N= CHC|3 RT, 20h
R A

o

)R=H (3 )R = 4-CF,
(316)R 4-Me (318)R 4-F

Scheme 3.11: Synthesis of [Pd(u-N"O- pyridonate)(k>-N"C- pyridinol)]2 (3.15-3.18)
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These dimers could be also formed by a direct reaction of Pd(OAc)2 with two
equivalents of 6-aryl-2-pyridones in toluene, as previously demonstrated by our group.?*
The reaction of 3.13 (R = CF3) was found to require a higher temperature (50 °C) to
facilitate the formation of the dimeric complex 3.17. It is possible that these reactions
begin with cleavage of the dimer, in which the excess of the free ligands partially
displaces the bridging carboxylate groups and bind to the Pd centres in a monodentate
fashion through nitrogen, followed by subsequent elimination of acetic acid with the help
of the pyridyl hydroxy protons to allow the coordinated ligands to act as an N*O-bridge.

Analysis of the dimeric complexes (3.15-3.18) by H, '3C and °F NMR
spectroscopy revealed two sets of ligands in non-equivalent environments. Of the aryl
protons, one contains no plane of symmetry as a result of C-H activation whilst the other
appears with the symmetric aryl ring left “dangling”. The *H NMR spectra of complexes
3.15, 3.16, 3.17 and 3.18 also each showed a characteristic 1H singlet peak at 12.35,
12.27, 1212 and 12.11 ppm, respectively, corresponding to the pyridinol OH
environments. The downfield shift observed supports the presence of hydrogen bonding
between the pyridinol proton and the oxygen of the pyridonate-bridged ligands. A very
good agreement between the calculated and experimentally determined results of 3.15-
3.17 were obtained upon elemental analysis. The C=0 stretch was not observed in the
solid-state IR spectra of the dimeric complexes as compared to the v(C=0) peak observed
at approximately 1643 cm™ for the corresponding free ligands. Further evidence for the
formation of 3.15-3.18 was gleaned by the presence of a strong fragmentation peak

corresponding to [M*] upon analysis by ASAP-MS spectrometry.

It was possible to grow single crystals of 3.16 and 3.17 suitable for analysis by X-
ray diffraction. The X-ray structures of 3.16 and 3.17 are shown in Figures 3.8 and 3.9;
selected bond lengths and angles are reported in Table 3.4. The molecular structures
showed a distorted square planar palladium(ll) dimer in which each Pd" centre is
supported by a bidentate ligand and bridged by two 6-aryl-2-pyridonate molecules. The
pyridonate bridges are bound to one Pd" centre by a neutral pyridine nitrogen and to the
other centre by an anionic oxygen. The X-ray data showed that there is intramolecular
hydrogen bonding between the hydroxy hydrogen and the oxygen atom from a
deprotonated pyridyl hydroxy group coordinated to the palladium centre. The Pd---Pd
bond lengths of 2.981(3) A (in 3.16) and 2.893(2) A (in 3.17) are slightly longer than that
observed for related complex 3.15 (2.840 A) obtained by our group.?! The bridging
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pyridonate rings are nearly perpendicular to plane of the Pd-chelating ligand, as
evidenced by the torsion angles C(11)-Pd(1)-N(2)-C(12) of 86.0(9)° and C(11)-Pd(1)-
N(2)-C(12) of -90.2(9)° for complexes 3.16 and 3.17, respectively. All Pd-X (X =N, C

and O) bond lengths are similar to those previously observed in complex 3.15.%

Figure 3.8: Structure of 3.16 with Figure 3.9: Structure of 3.17 with
hydrogen atoms (except OH) omitted for hydrogen atoms (except OH) omitted for
clarity clarity

Table 3.4: Selected bond lengths and bite angles for complexes 3.16 and 3.17

o Bond lengths (A) Bond angles (°)
.g Pd1-N1 Pd1-N2 Pd1-O2 Pd1-Cl11  Pd---Pd C11-Pd1-N1
2
316 2.031(9) 2.045(9) 2.188(8) 1.963(11) 2.981(3) 83.7(5)
317 2075(10) 2.053(9) 2.095(8) 1.920(12) 2.893(2) 83.2(5)

3.3.5 Reactions of Dimeric Complexes 3.6-3.9 with 3,5-lutidine

Dimers 3.6-3.9 were reacted with 2 equivalents of 3,5-lutidine in CHClIs to form
their corresponding monomeric complexes 3.19-3.22 in excellent yields (Scheme 3.12).
These disassembly reactions were monitored by *H NMR spectroscopy at room
temperature and showed that the reactions went to completion immediately after adding
3,5-lutidine to the CDCIs solution of the dimer. The mononuclear Pd" complexes
containing 3,5-lutidine as a monodentate ligand are stable in solution and could be
isolated as a solid by removing all volatiles under reduced pressure. With respect to the
similar methoxy-containing complexes 2.16, 2.17 and 2.18, the additional stability of the
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pyridinol complexes 3.19-3.22 could be attributed to the possible hydrogen bonding

interactions between the OH hydrogen and coordinated acetate oxygen.

O,Pd
I N/ CHCI3, RT, 3 min Q/
)R = 4-CF3
R 4Me )R =4-F

Scheme 3.12: Synthesis of [Pd(x2-N~C- pyridinol)(x*-OAc)(3,5-lutidine)] (3.19-3.22)

All four complexes 3.19-3.22 are stable to air and have been characterised using a
combination of NMR (*H, *C and *°F) and IR spectroscopy, mass spectrometry and
elemental analysis. The *H NMR spectra showed the formation of 1:1:1 (N~C-
ligand/OAc/3,5-lutidine)-Pd complexes. Singlets corresponding to the acetate methyl
protons were found to be shifted upfield by approximately 0.34 ppm upon addition of
3,5-lutidine. The hydroxy proton resonance of the pyridinol ligands was not observed in
the 'H NMR spectra for any of the complexes. As mentioned earlier, generation of two,
or one of two, isomers is possible for this type of reaction (where 3,5-lutidine can be trans
or cis to the pyridine nitrogen). *H and **C{*H} NMR spectra, however, showed only one
isomer was generated from these reactions. In their IR spectra, a broad v(OH) absorption
band centred at ca. 2920 cm™ is in agreement with the predicted structure of complexes
3.19-3.22. Analysis by mass spectrometry (ES) revealed a strong fragmentation peak
representing [M-OAc]" at m/z 381, 397, 451 and 401 for complexes 3.19, 3.20, 3.21 and
3.22, respectively. Further evidence for the proposed structures was obtained by
elemental analysis, where experimentally the found results for 3.19-3.21 are in good

accordance with the calculated elemental compositions.

On attempting to recrystallise 3.19, 3.20, 3.21 and 3.22 from CH2Clz/hexane (1:3,
v/v), hydrolysis of the acetate occurred to give the unusual aqua-bridged complexes
[Pd(ic?-6-aryl-2-pyridonate)(3,5-lutidine)]2(u-OH2) (aryl = Ph 3.23, 4-MePh 3.24, 4-
CF3Ph 3.25 and 4-FPh 3.26) (Scheme 3.13). It was also possible to form monopalladated
complexes with the general formula [Pd(ix?-6-aryl-2-pyridonate)(3,5-lutidine)(OHz2)]
during recrystallisation (see later). All the complexes were obtained as yellow crystals in
good yields, and were subsequently characterised by *H, *C and *°F (for 3.25 and 3.26)
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NMR and IR spectroscopies, electrospray mass spectrometry (ESI-MS), elemental

analysis (except 3.26) and X-ray diffraction.

/ N o\H 0. |
\ . N H N
Recrystallization g o d/o\\F\’d
DCM/Hexane \
N
(3.23)R=H (3.25) R = 4-CF3
(3.24) R = 4-Me (3.26) R =4-F

Scheme 3.13: Formation of [Pd(x2-N~C- pyridonate)(3,5-lutidine)]2(u-OH2) (3.23-3.26)

The H NMR spectra of complexes 3.23, 3.24, 3.25 and 3.26 revealed the absence
of the ancillary acetate ligand with the neighbouring pyridinol hydrogen; instead they
showed the presence of a broad singlet peak representing the palladium-bridging water
molecule at 13.39, 13.36, 14.28 and 14.18 ppm, respectively. The significant downfield
shift observed for the H2O protons could be due to the hydrogen-bonding interactions
with the carbonyl oxygen atom of the pyridonate ligand. The absence of the acetate ligand
was further confirmed by **C{*H} NMR spectroscopy. The *F NMR spectra of 3.25 and
3.26 showed only a singlet for each at -62.6 and -112.2 ppm representing CFs and F,
respectively. In their IR spectra, the v(C=0)ketone absorption bands were all shifted by ca.
80 cm to lower wavenumber compared to those observed in the corresponding free
ligands. In addition, analysis of 3.23, 3.24, 3.25 and 3.26 by FAB mass spectrometry
showed a strong fragmentation peak ([M-OHz]*) at m/z 767, 795, 903 and 803,
respectively. Furthermore, the experimental results of the elemental analysis of 3.23-3.25

are consistent with the calculated elemental compositions.

The structures of 3.23, 3.24, 3.25 and 3.26 have been further confirmed by X-ray
diffraction studies. The solid-state structural data of these complexes revealed a neutral
dimeric unit consisting of two [Pd(Lpyridonate)(3,5-lutidine)] moieties with a slightly
distorted square-planar geometry, bridged by one water molecule through the oxygen
atom (Fig. 3.10-3.13). The dimeric complexes are reinforced by intramolecular H-bonds
between the hydrogen atoms of the bridging water molecule and the pyridonate O atom.
The X-ray crystallographic data may provide valuable structural information about the

coordination position of 3,5-lutidine ligand; this is trans to the pyridonate nitrogen atom,
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which is in agreement with proposed structures of other palladium(ll) complexes

supported by the same bidentate ligands. The 3,5-lutidine was found to be inclined

perpendicular to the plane of pyridonate ring in all complexes.

Figure 3.10: Structure of 3.23 with Figure 3.11: Structure of 3.24 with
solvent H20 molecule and hydrogen solvent CH2Cl2 molecule and hydrogen
atoms (except H20) omitted for clarity atoms (except H20) omitted for clarity

Figure 3.12: Structure of 3.25 with Figure 3.13: Structure of 3.26 with
hydrogen atoms (except H20) omitted solvent CH2Cl2 molecule and hydrogen
for clarity atoms (except H20) omitted for clarity
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The data reported in Table 3.5 illustrated that the Pd-C, Pd-Npy and Pd-Nit bond
lengths are consistent with similar Pd-X bond lengths reported in the literature.?®% The
basal positions of the two palladium centres are connected by the aqua bridge with
average Pd-O (water) bond lengths of 2.155(25) A. This is also comparable to those
previously observed in complexes 3.16 and 3.17. The pyridonate C=0 bond distances fall
between 1.279(4) and 1.303(11) A and are consistent with a double bond character.
Further evidence for this was supported by the bond lengths found in Owater-H- - - Opyridonate
(Owater-H = ~0.87 A and H---Opyridonate = ~1.65 A) bonds. The bite angle of the chelating
ligand (Npy-Pd-C) was approximately 82° for all four complexes (3.23-3.26). The Pd-O-
Pd bond angle of 102.6(2)° in 3.25 is slightly larger than those in complexes 3.23 and
3.24 (100.5(2)° and 99.79(12)°, respectively) and significantly smaller than that of
112.4(3)° found in 3.26. Several transition metals form these types of binuclear aqua-
bridged complexes, such as Ni'', Mn'", Co" and Cu';%%-?® however, other examples from

the subject of this research (Pd'") could not be found in the literature.
Table 3.5: Selected Pd-X bond lengths and angles of complexes 3.23-3.26

Complex Bond lengths (A) Bond angles (°)
Pd-Npy Pd-Niut Pd-C Pd-O Pd-O-Pd C-Pd-Npy
323  2.053(6) 2.058(6) 1.9361 2.142(5) 100.5(2) = 82.60(19)
324  2037(3) 2036(3) 1958(3) 2.142(1) 99.79(12) = 82.43(12)
325  2.051(4) 2.038(5) 1977(5) 2.129(3)  102.6(2) 83.5(2)
326  2.056(7) 2.067(7) 1965(9) 2.183(5) 112.4(3) 81.8(4)

Although the *H, *C and *°F (for 3.26 only) NMR spectra showed the presence of
one product, the solid-state structural data of complexes 3.23 and 3.26 also revealed the
terminal aqua complexes [Pd(i?>-6-phenyl-2-pyridonate)(3,5-lutidine)(OH2)] (3.23") and
[Pd(x2-6-(4-fluorophenyl)-2-pyridonate)(3,5-lutidine)(OH-2)] (3.26") co-crystallised with
3.23 and 3.26, respectively (Fig. 3.14 and 3.15). All Pd-X (X = Npy, Nt and C) bond
lengths and C-Pd-Npy bite angles in 3.23" and 3.26" are somewhat similar to those seen
in their corresponding aqua-bridged Pd" dimers 3.23 and 3.26, respectively. As expected,
however, the bond distance between the palladium centre and the oxygen atom of the
terminal water molecule (Pd-O) in both complexes (3.23" and 3.26°) is smaller (2.1032
and 2.125(6) A, respectively) than those observed in complexes 3.23 and 3.26. This is
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likely to be due to the differences in the mode of water coordination (terminal versus

bridging).

Figure 3.14: Structure of 3.23° with Figure 3.15: Structure of 3.24° with
solvent H20 molecule and hydrogens solvent CH2Cl2 molecule and hydrogens
(except H20) omitted for clarity (except H20) omitted for clarity

There are two hydrogen-bonding interactions in complex 3.23%; one involves the
terminal water proton (H5A) with the adjacent carbonyl oxygen (O4), and the other one
is between the second water proton (H5B) and a molecule of solvate H20. In complex
3.24°, however, two intermolecular hydrogen-bonding interactions are established for the
terminal H20 ligand alongside the intramolecular hydrogen bond to the carbonyl oxygen
(Fig. 3.16). These include the hydrogen bond to the carbonyl oxygen in another molecule
and that between the terminal H20 oxygen and the terminal H20 proton from another

moiety.

Figure 3.16: Intra- and intermolecular hydrogen bonding in 3.24°
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3.3.6 Reactions of Dimeric Complexes 3.6-3.9 with PPh3

Upon reaction of the acetate-bridged dimers 3.6, 3.7, 3.8 and 3.9 with 2 equivalents
of triphenylphosphine ligand (PPhs), formation of mononuclear complexes with the
general formula [Pd(x2-6-aryl-2-pyridinol)(OAc)(PPhs)] (aryl = Ph 3.27, 4-MePh 3.28,
4-CFsPh 3.29 and 4-FPh 3.30) took place in moderate-to-excellent yields (96, 91, 73 and
91%, respectively) (Scheme 3.14).

X O\H
X O\H
PPh;
\,"O’ CDClj3, rt, 3 min
NZ=

RGN
(3.27)R=H
(3.28) R = 4-Me
(3.29) R = 4-CF, (3.30) R = 4-F

Scheme 3.14: Synthesis of monopalladated complexes 3.27-3.30

As mentioned earlier in section 2.3.3, the PPhs would be able to displace one arm
of the acetate-bridged ligand and bind in a monodentate fashion to the Pd" centre. The
reaction reached completion after only 3 minutes of stirring, as confirmed by *H{*'P} and
3P NMR spectroscopy. The *H{?!P} NMR spectra of the products 3.27, 3.28, 3.29 and
3.30 in CDCIs displayed a singlet representing the acetate methyl protons at 1.29, 1.35,
1.40 and 1.39 ppm, respectively. These peaks were found to be significantly shifted
upfield by approximately 0.9 ppm compared to their corresponding dimeric complexes.
The OH proton in the monomeric complexes was found to have experienced a significant
downfield shift from that observed in the acetate-bridged complexes, supporting the
presence of relatively strong hydrogen bonding with the coordinated acetate oxygen.
Analysis of 3.27-3.30 by 3P NMR spectroscopy revealed only a singlet peak (around 42
ppm) ascribed to be the PPhs phosphorus atom. *F NMR spectroscopic data showed no
significant differences between spectra recorded for these complexes and their dimeric

starting materials.

The mass (ES) spectra of the mononuclear complexes 3.27, 3.28, 3.29 and 3.30
each displayed a strong peak corresponding to the fragment [M-OAc]* at m/z 538, 552,
606 and 558, respectively. The infrared spectra of these complexes showed two peaks at

approximately 1560 cm™ and 1435 cm™ which represent the asymmetric and symmetric
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vibrations of the COO group of the acetate ligand, respectively. Although samples of
3.27-3.29 were dried in vacuo before submission, the elemental analysis showed larger
results than the actual percentage of carbon. This could be attributed to the presence of

coordinated solvents.

The structures of 3.29 and 3.30 have been further confirmed by X-ray diffraction
studies (Figures 3.17 and 3.18). Single crystals of 3.29 and 3.30 were grown by slow
diffusion of hexanes into a solution of the complexes in dichloromethane. Selected bond

distances and the C-Pd-N bond angles are reported in Table 3.6.

Figure 3.17: Structure of 3.29 with Figure 3.18: Structure of 3.30 with two
hydrogen atoms (except OH) omitted for solvent CH2Cl2 molecules and hydrogen
clarity atoms (except OH) omitted for clarity

Table 3.6: Selected Pd-X bond lengths and angles of complexes 3.29 and 3.30

o Bond lengths (A) Bond angles (°)
.g Pd1-N1 Pd1-C1  Pd1-0O2 Pd1-P1 Cl1-01 N1-Pd1-P1

2

329 2118(3) 1.998(4) 2.107(2) 2.2507(11) 1.320(4) 81.94(13)

330 2.105(3) 1.983(4) 2.121(3) 2.2559(11) 1.319(6) 81.33(16)

For both complexes, the X-ray data revealed a Pd" centre bound by a bidentate
monoanionic ligand that forms a 5-membered chelating ring which, along with the acetate
and PPhs ligands, completes a distorted square planar geometry with N-Pd-P angles of
171.08(8)° (3.29) and 175.91(10)° (3.30). The Pd-X (X = N, C, O and P) bond lengths
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and bite angles are in agreement with similar Pd-X bond lengths and angles reported in
the literature *° and are identical to those observed in complex 2.22, except for the N1-
Pd1-O2 bond angles of 92.52(11)° in 3.29 and 92.35(13)° in 3.30 which were found to be
significantly smaller than that of 98.16(8)° observed in 2.22. This presumably reflects the
constraints imposed on 3.29 and 3.30 by the hydrogen-bonding interactions between the

hydroxy hydrogen and bound acetate oxygen.

Notably, upon recrystallisation from bench solvents (DCM/hexane), only the CFs-
containing complex (3.29) proved amenable to hydrolysis, forming the terminal aqua
complex [Pd(k*-N~C)(x'-OH2)(PPh3)] (3.31) in a 45% vyield (Scheme 3.15).
Interestingly, repeated recrystallisation of the mixture in triplicate increased the amount
of complex 3.31 up to 92% conversion. Further recrystallisation resulted in product

decomposition.

1 X—O0—H \ﬁ\ = N\=0-H
=N ° NN /OI—H
Recrystallaztion Pd\
> R
\® DCM/Hexane \Q
FsC FaC

Scheme 3.15: Synthesis of 3.31 from 3.29

The H{?P} NMR spectrum of 3.31 in CDCIz showed the absence of the
downfield-shifted OH peak and acetate ligand, indicating that the complex had undergone
a deprotonation process with the loss of acetic acid, which allowed the ligand to adopt a
pyridonate form. This finding is further confirmed by the absence of the acetate methyl
carbon resonance at 22.8 ppm by both *C HMQC and DEPT 135 spectroscopies. The
pyridonate environments had all shifted to significantly lower frequencies (0.95-1.16
ppm) with respect to the acetate complex (3.29), which is in agreement with deprotonation
of the complex 3.31. Substitution of the acetate group in 3.31 for a water molecule
occurred as determined from the X-ray structure (vide infra). 3P and °F NMR spectra of
3.31 displayed a singlet peak at 40.1 and -62.9 ppm, while for 3.29 these were found to
be at 41.7 and -63.2 ppm, respectively. The C=0 stretch appeared at 1640 cm™ in the
solid-state IR spectra of 3.31. In addition, analysis of the complex by TOF mass
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spectrometry showed strong fragmentation peaks at m/z 606 and 1213, corresponding to

[M-OH]" and [2M-20H]", respectively.

Further confirmation of the structure of 3.31 was obtained by single crystal X-ray
diffraction studies. The molecular structure showed a palladium aqua-terminal complex
supported by bidentate pyridonate and PPhs ligands (Fig. 3.19) to adopt a slightly

distorted square planar geometry.

_C10

c17

Figure 3.19: Structure of 3.31 with hydrogen atoms (except H20) omitted for clarity

Table 3.7: Selected Pd-X bond lengths and bite angle of complex 3.31

Bond lengths (A) Bond angle (°)
Pd1-N1 Pd1-C1 Pd1-02 Pd1-P1 C11-01 C1-Pd1-N1

xajdwo)

331 2101(3) 1.999(4) 2.114(3) 2.2637(18) 1.283(5)  81.23(15)

The X-ray data revealed that all Pd-X (X = N, C, O and P) bond distances are in
agreement with those reported in the literature.>® The C-O bond length of 1.283(5) A is
somewhat similar to that of 1.277(6) A observed in the aqua-bridged complex (3.25) but
it is much smaller than that of 1.320(4) A found in the acetate one (3.29); this is consistent
with double bond character. The deprotonation of the OH group resulted in the decrease

of the mean C7-N1-C11 angle by ca. 2.4° compared to that for the coordinated pyridinol
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ligand in complex 3.29. The solid-state structural data unambiguously confirmed
hydrolysis of the acetate to form the terminal aqua complex (3.31). As expected, the
pendent aqua protons were involved in intra- and inter-molecular hydrogen-bonding
interactions with the adjacent pyridonate oxygen (O1) and the pyridonate oxygen from

another molecule, respectively, as demonstrated in Figure 3.20.

Figure 3.20: Inter- and intra-molecular hydrogen bonding interactions in 3.31

3.3.7 Subsequent Ligand Exchange Reactions with aqueous NaCl
The reactions of 3.19-3.21 with aqueous solution of NaCl afforded a mixture of
monomeric (3.32a-3.34a) and dimeric (3.32b-3.34b) complexes (Scheme 3.16).

7] /H’O, N\
/\0~H /\O‘H " N N
>t CHCls/ag NaCl c | /Pd/
—reed Tar Pd—Ci
RT, 12h /
R R
O o &

(3.32a) R = H (95 %) 332b)R H (5 %)
(3.333) R = 4-Me (80 %) (3.33b) R = 4-Me (20 %)
(3.34a) R = 4-CF5 (52 %) (3.34b) R = 4-CF; (48 %)

Scheme 3.16: Reactions of acetate complexes 3.19-3.21 with aqueous NaCl

Upon analysis of 3.34a/3.34b by *H NMR spectroscopy, decreasing or increasing the

reaction time to 2 or 24 hours, respectively, gave the same percentage conversion. The
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two distinct products could not be isolated; however, washing the mixtures with hexane
partially helped to dissolve the monopalladated products from which *H and °F (for
3.34a) NMR data could be obtained. All other techniques (3C NMR spectroscopy, mass
spectrometry and X-ray diffraction) were used to characterise the products together as a

mixture, except IR spectroscopy which was not possible for a mixture of the products.

'H NMR spectroscopy of the crude products showed the formation of the
monomeric complexes 3.32a, 3.33a and 3.34a with 95, 80 and 52% conversions,
respectively. As mentioned above, these monopalladated products were isolated in small
amounts and characterised by H and °F (for 3.34a only) NMR spectroscopy. Upon
analysis by *H NMR spectroscopy, complexes 3.32a, 3.33a and 3.34a revealed the
absence of an ancillary acetate ligand, indicating that the exchange of the acetate ligand
with chloride had been successful. This was further confirmed by analysis of the mixtures
by BBC{*H} NMR spectroscopy wherein the acetate methyl signals at approximately 23.5
ppm for the starting material were also absent. Due to the hydrogen-bonding interaction
with the chloride ligand, a downfield resonance assigned to the OH proton was observed
at 11.98, 11.94 and 12.09 ppm in the respective 'H NMR spectra of 3.32a, 3.33a and
3.34a. A peak representing the CFz group in the 1°F NMR spectrum of 3.34a was observed
at -63.0 ppm which was at a similar chemical shift to that of 62.9 ppm seen for the starting
material (3.21). In common with chloride complexes, a peak corresponding to the loss of
the chloride ion ([M-CI]*) was observed at m/z 383, 397 and 451 in the mass spectra of
3.32a, 3.33a and 3.34a, respectively.

It was possible to obtain single crystals of 3.33a and 3.34a suitable for X-ray
diffraction studies. The structures of both complexes consist of one distorted square
planar Pd" centre supported by N~AC-pyridinol, 3,5-lutidine and chloride ligands (Figures
3.21 and 3.22). In both complexes, the solid-state X-ray diffraction analysis showed that
the 3,5-lutidine was in a trans position, and almost perfectly perpendicular, to the plane
of the pyridyl ring. This formation was confirmed by the torsion angles of 91.9(4)° and
87.4(11)° found for CI(1)-Pd(1)-N(2)-C(17) and CI(2)-Pd(3)-N(5)-C(43) in the solid-
state structures of 3.33a and 3.34a, respectively. An intramolecular hydrogen-bonding
interaction was found in 3.33a (2.09 A) and 3.34a (2.19 A) between the hydroxy protons

and chloride ligands.
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Figure 3.21: Structure of 3.33a with Figure 3.22: Structure of 3.34a with
hydrogen atoms (except OH) omitted for hydrogen atoms (except OH) omitted for
clarity clarity

Table 3.8: Selected bond lengths and angles of complexes 3.33a and 3.34a

O Bond lengths (A) Bond angles
o

3 )

< Pd-Npy Pd-Niut Pd-C Pd-Cl C-0 C-Pd-Npy

3.33a  2073(55) 2.036(5) 1.976(6) 2.440(2)  1.320(7) 81.4(2)
3.34a 2.104(11) 2.025(11) 1973(13) 2.442(4) 1.377(16)  80.4(5)

From Table 3.8, the bond distances of Pd-C and Pd-Cl and bite angles in both
complexes are, in general, similar to those found in the literature for related complexes.®
The Pd-Npy bond lengths of 2.073(5) and 2.104(11) A in 3.33a and 3.34a were found to
be longer than those of 2.036(5) and 2.025(11) A found for Pd-Nit bonds, respectively.
This reflects stronger Pd-Nit bonds in comparison to the Pd-Npy bonds, which are not
common for this type of complexes containing pyridine derivatives as a monodentate
ligand, [Pd(ppy)(py)X] (where X is an anion).334 The reason behind this is likely due to
the presence of the methyl groups of the 3,5-lutidine ligand which is considered an
electron donating group that can result in the bond length between the palladium and
nitrogen (Niut) being shorter. The C-O bond lengths are consistent with having single bond

character.
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As mentioned earlier, the *H, *C{*H} and **F (for CFs-containing products) NMR
spectra of the crude products obtained from the reactions of 3.19, 3.20 and 3.21 with
aqueous solutions of NaCl also showed the presence of dimeric complexes (3.32b, 3.33b
and 3.34b) in which the two Pd" centres are linked together by one chloride atom as well
as by the NCO moiety of the pyridonate ligand. Analysis of 3.32b, 3.33b and 3.34b by
'H NMR spectroscopy demonstrated the asymmetry in the palladium dimers, as two sets
of resonances for ligands in non-equivalent environments were observed. In addition to
being coordinated to the Pd" centre in a chelating mode, one N~C-ligand also acts as an
N”O-bridge, while the other one remained in its pyridinol form with downfield OH peaks
at 13.44, 13.36 and 13.35 ppm observed in the *H NMR spectra of 3.32b, 3.33b and
3.34b, respectively. The presence of only one coordinated 3,5-lutidine was also
confirmed by H NMR spectroscopy. In addition, analysis of 3.34b by °F NMR
spectroscopy revealed two signals at -62.5 and -62.9 ppm corresponding to the CFs group
present in each ligand. In the electrospray mass spectra of 3.33b and 3.34b, a peak
assigned to loss of the chloride group was observed at m/z 688 and 795, respectively. A
fragmentation peak corresponding to [(M-CI)+MeCN]* was also observed at m/z 699 by

analysis of 3.32b via mass spectrometry.

Crystals suitable for X-ray crystallography were obtained for 3.32b (Fig. 3.23),
3.33b (Fig. 3.24) and 3.34b (Fig. 3.25). Complexes 3.32b and 3.34b were grown by slow
diffusion of hexanes into a dichloromethane solution of the crude products while complex
3.33b was obtained by slow evaporation of a solution of the product in methanol. Selected
bond lengths and angles for all three complexes are reported in Tables 3.9 and 3.10,
respectively. In the unit cell of 3.32b and 3.33b, there was only one unique dimeric
complex molecule whereas 3.34b was found to co-crystallise in a 1:1 ratio with the related

monomeric complex (3.34a).

The X-ray structures of 3.32b, 3.33b and 3.34b revealed unsymmetrical dimeric
complexes bridged by chloride and an N*O-pyridonate ligand, with a distorted square
planar geometry at each Pd'" centre. One palladium(I1) core consists of an NAC-chelating
pyridinol ligand in which the pyridyl nitrogen is trans to the bridged chloride atom. The
other centre involves a monodentate 3,5-lutidine ligand along with an N"*C-chelating
pyridonate ligand which is, as mentioned above, also able to act as a bridge between the
two palladium centres through the pyridyl nitrogen and oxygen atoms. In this case, the
aryl CH-activated carbon is trans to the bridged chloride atom.
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Figure 3.23: Structure of 3.32b with Figure 3.24: Structure of 3.33b with
hydrogen atoms (except OH) omitted for hydrogen atoms (except OH) and a
clarity methanol molecule omitted for clarity

Figure 3.25: Structure of 3.34b with hydrogen atoms (except OH) omitted for clarity

The solid-state X-ray data showed that the dimers preferred to adopt a V-shaped geometry
instead of the planar geometry (D2n) which is most common for Cl-bridged dimers.?* This
means that there could be a bonding interaction between the two Pd" centres, particularly
as the distance between them (3.0427(8) (3.33b) and 3.204(2) A (3.34b)) is shorter than
the sum of the van der Waals radii of palladium (3.26 A). For all three complexes, there
is a hydrogen-bonding interaction between the hydroxy proton and the coordinated
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oxygen atom of the pyridonate ligand. This unambiguously explains why the OH proton
was observed with a large low frequency shift (13.44, 13.36 and 13.35 ppm) in the *H
NMR spectra of 3.32b, 3.33b and 3.34b, respectively.

From Table 3.9, it can be seen that the length of the Pd-Npy bonds (whether the Npy
atom is trans to Nt or Cl) are longer than those for the Pd-Niut bond lengths in general.
This is in agreement with that observed in the related monomeric complexes 3.33a and
3.34a and is attributed to the presence of the methyl groups on the coordinated 3,5-
lutidine ligand. The Pd-C bond lengths trans to the Cl atom were found to be somewhat
similar to those trans to oxygen, suggesting that there was no differential trans effect
between nitrogen and oxygen atoms. Interestingly, nitrogen and carbon atoms have had a
different trans effect on the Pd-Cl bond lengths, wherein the Pd-Cl bonds trans to nitrogen
are significantly shorter than those trans to oxygen. In all three complexes, the Pd-O bond
lengths of approximately 2.145(12) A are significantly longer than those previously
observed for complexes 3.12, 3.13, 3.16 and 3.17 (2.010(7), 2.003(2), 2.188(8) and
2.095(8) A, respectively). This is likely to be due to the steric effect related to the manner
in which the oxygen coordinates to the Pd" centre. The C-O bond lengths (in both types,

pyridinol and pyridonate) are indicative of double bond character.
Table 3.9: Selected bond lengths of complexes 3.32b, 3.33b and 3.34b

Bond lengths (A)

0
S Pd-Npy Pd-Npy Pd-Nw  Pd-C Pd-C  Pd-Cl  Pd-Cl
-% trans to trans to trans to trans to trans to trans to
X Nt cl cl 0 N C

3320 2.075(7) 2.064(8) 2.037(7) 1.985(9) 1.940(9) 2.287(2) 2.458(2)
3330 2.033(4) 2.055(5) 2.031(5) 1.975(5) 1.977(6) 2.318(2) 2.504(2)
3.34b 2.033(8) 2.038(9) 2.020(8) 1.989(9) 1.970(9) 2.320(4) 2.455(4)

As can be seen in Table 3.10, the bite angles of the chelating pyridonate and
pyridinol ligands (C-Pd-N) were approximately 82° for all three complexes (3.32b-
3.34b). This result is consistent with N"C-bidentate bite angles in other complexes
previously described in this work. The solid-state X-ray structure clearly showed that the
3,5-lutidine is orientated perpendicular to the pyridyl plane, as confirmed by the torsion
angles between them. The Pd-CI-Pd bond angles are distorted from 90° to 87.98(8)°,
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78.12(5)° and 84.24(14)° in 3.32b, 3.33b and 3.34b, respectively.® This is most likely to
be due to little strain in the 6-membered ring (Pd-CI-Pd-O-C-N) caused by the
coordination of the oxygen atom of the pyridonate ligand to the Pd" centre. The Pd-O-C
bond angles were found to be within the normal range for related complexes described in

this work of approximately 124-133°.

Table 3.10: Selected bond angles of complexes 3.32b, 3.33b and 3.34b

Complex Bond angles (°)
C-Pd-Npyridonate ~ C-Pd-Npyridinol Pd-O-C Pd-Cl-Pd
3.32b 81.7(4) 81.6(4) 129.5(7) 87.98(8)
3.33b 82.1(2) 81.6(2) 130.7(4) 78.12(5)
3.34b 81.6(6) 83.8(7) 129.4(8) 84.24(14)

As mentioned earlier in this section, in order to obtain only one product (either a
monomer or dimer), attempts to control these reactions by time were unsuccessful.
Heating a chloroform-d solution of a mixture of 3.34a and 3.34b to 45 °C for 6 hours did
not improve the conversion. It should be noted that NaCl was used in excess and added
as an aqueous solution either before or after adding a chloroform solution of the terminal-
acetate complex (3.21) to the reaction flask. These different addition orders also did not
favour any product over another. Although these attempts did not help in the
determination of the mechanism behind the formation of the dimer (3.34b), it is possible,
during the course of the reaction, that each of two molecules of 3.34a had undergone
complex self-dimerisation via hydrogen bonding to eventually form the dimer (3.34b).

Structures comparable to these dimeric complexes could not be found in the literature.

From the outcome of these reactions, it is clear that the formation of the dimeric
complexes can be affected by introducing either electron-donating or electron-
withdrawing groups onto the phenyl ring. The CFs-containg 3.34a showed its greater
ability to undergo self-dimerisation than others (3.32a and 3.33a) while the complex
3.33a with an electron-donating group (Me) displayed higher conversion (20%) to the
dimeric complex (3.33b) than 3.32a to 3.32b (5%). Thus, the order of the reactivity is as
follows: CFs > Me > H. This behaviour could also be seen in the rates of the reactions

with silver salts in the next section (3.3.8).
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Under similar conditions to those used for the reactions of the terminal-acetate
complexes containing 3,5-lutidine with a saturated aqueous solution of sodium chloride,
PPhs-containing complexes 3.35, 3.36 and 3.37 were obtained in 95, 92 and 79% yields,
respectively. In these reactions, acetate-chloride exchange chemistry occurred; therefore,
as expected, only one product was generated during the course of these reactions (Scheme
3.17). The identity of 3.35, 3.36 and 3.37 were confirmed as monomeric complexes by
IH{PY, BC and ®F (for 3.37) NMR and IR spectroscopies as well as by mass

spectrometry, elemental analysis (except 3.35) and X-ray crystallography.

N0~ N0~
/ H\%o ! H

/N
=N _0 \Pd _Cl
Pd CHCly/aq NaCl

\P \p
RT, 12h
R R

(3.35)R = H
(3.36) R = 4-Me
(3.37) R = 4-CF,

Scheme 3.17: Synthesis of Cl-containing complexes 3.35, 3.36 and 3.37

Analysis of 3.35, 3.36 and 3.37 by *H{*!P} NMR spectroscopy confirmed the
absence of the 3H singlet corresponding to the acetate methyl group, i.e., the terminal
acetate ligand had been successfully replaced by a chloride atom. Furthermore, no signals
representing the acetate carbon atoms were observed in the 3C NMR spectra of these
complexes. In the *H{®'P} NMR spectra of these complexes, the OH proton was shifted
upfield by approximately 1.00 ppm compared to those for the starting materials. The 3!P
and °F NMR spectra of 3.35, 3.36 and 3.37 showed only one signal as a singlet
confirming the presence of only one product. In chloroform, these complexes were stable
for up to 3 days. The IR spectra of all three complexes showed a broad peak between
2700 and 3000 cm™ which was assigned to v(OH) absorption band. Upon analysis by
electrospray mass spectrometry, 3.35, 3.36 and 3.37 displayed a peak representing the
loss of the chloride ligand at m/z 538, 552 and 606, respectively. The empirical formulae
of 3.36 and 3.37 were confirmed by elemental analysis. Further confirmation of the
structures of 3.35, 3.36 and 3.37 was obtained via X-ray diffraction studies (Figures 3.26,
3.27 and 3.28, respectively). Single crystals suitable for analysis by X-ray diffraction
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were grown by layering the DCM solution of the products with hexane. Selected bond

lengths and angles are given in Table 3.11.

Figure 3.26: Structure of 3.35 with Figure 3.27: Structure of 3.36 with
hydrogen atoms (except OH) omitted for hydrogen atoms (except OH) omitted for
clarity clarity

Figure 3.28: Structure of 3.37 with hydrogen atoms (except OH) omitted for clarity

Since the structures of 3.35, 3.36 and 3.37 are very similar to each other, they will
be described together here. All three complexes adopt the same distorted square planar
geometry around the Pd'"' centre with N-Pd-P angles of 168.1(2)° (3.35), 173.80(5)° (3.36)

116



Chapter 3

and 173.61(7)° (3.37). The solid-state X-ray diffraction analysis revealed a trans
arrangement between the PPhs ligand and the pyridyl nitrogen atom. In all complexes,
there is an intramolecular hydrogen bonding interaction between the OH proton and the
chloride ligand. The data reported in Table 3.11 illustrates that the Pd-X (X = N, C, Cl
and P) bond lengths and bite angles are in agreement with similar Pd-X bond lengths and
angles reported in the literature.®® In addition, exchanging the chloride for acetate did not
result in any significant differences from the related bond lengths and angles observed for
the starting acetate complex (3.29) for complex 3.37. Furthermore, the key bond lengths
and angles in complexes 3.36 and 3.37 are also all reasonably similar to those in the
related 3,5-lutidine-containing complexes 3.33a and 3.34a described in this work. The C-
O bond lengths fall between 1.322(13) and 1.331(4) A and are consistent with single bond

character, indicating that the N*C-coordinated ligands are in a pyridinol form.

Table 3.11: Selected bond lengths and bite angles of complexes 3.35, 3.36 and 3.37

o Bond lengths (A) Bond angles
o

3 )

2 PdN Pd-C Pd-P Pd-Cl c-0 C-Pd-N

335 2.145(8) 1.975(10) 2.259(3) 2.397(3) 1.322(13)  8L.1(4)
336 2.142(2) 2.015(2) 2.2483(7) 2.4065(7) 1.321(3)  81.16(8)
337 2.138(2) 2.014(3) 2.2534(9) 2.400(1) 1.331(4)  80.86(11)

Since the acetate complexes containing 3,5-lutidine (3.19, 3.20 and 3.21) reacted
differently to an aqueous solution of NaCl than those containing PPhs (3.27, 3.28 and
3.29), it can be concluded that the electronic and/or steric properties of the simple ligands
(3,5-lutidine and PPhs) play a significant role in altering the reactivity of the complexes
during their substitution reactions. In comparison to 3,5-lutidine, PPhs should bind more
tightly to metal centres, due to the Pd-P soft-soft interaction and hence it is better able to
stabilise complex structures, as seen in 3.35, 3.36 and 3.37. The steric effects of the phenyl
substituents on the phosphorus atom of such ligand are also dramatic, determining the

coordination geometry present in palladium complexes.

3.3.8 Reactions of Cl-Containing Complexes with Different Silver Salts
Since the chloride ligand is relatively labile, replacing it with neutral, weakly-

coordinating acetonitrile in the presence of a silver salt was the main aim of this section.
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However, some interesting reactivity was observed during the course of these reactions.
This took the project further into an investigation into the reactivity of different silver
salts towards the Cl-containing complexes described in this chapter than was originally
intended. The silver salts used include silver hexafluorophosphate (AgPFs), silver
tetrafluoroborate (AgBF4) and silver trifluoromethanesulfonate (AgOTf). Varying the
silver salts and complexes was intended to aid in the understanding of how their properties

influence their reactivities.

Reaction of the desired monomeric 3.32a (95%), as a mixture with the dimeric
3.32b (5%), with AgPFs in acetonitrile resulted in the formation of a complex mixture of
products along with the elimination of AgCl. On standing in a chloroform solution at
room temperature for 5 days, the crude reaction mixture gave a yellow solution from
which 3.38 was obtained as a result of partial hydrolysis®’ (vide infra) in an excellent
purity with a yield of 73% (Scheme 3.18).

—N “C

AgPF
NPRY Sk O// S
Pd MeCN. rt 120 P ¥

N
NI N Standing in CDCI3 N N
= 5 days

Scheme 3.18: Synthesis of [Pd(k2-6-phenyl-2-pyridinol)(3,5-lutidine) (PO2F2)] (3.38)

The structure of the complex 3.38 was characterised by *H, BC{*H}, 3!P and *°F
NMR and IR spectroscopies in addition to electrospray mass spectrometry. In the *H
NMR spectrum, a 6H singlet peak at 2.40 ppm corresponding to the lutidine-methyl
proton environments was observed and confirmed the strong coordination of 3,5-lutidine
over the reaction time. A downfield OH peak at 11.70 ppm indicated the OH proton was
involved in a hydrogen-bonding interaction with a neighbouring H-acceptor (PO2F2).
The BC{*H} NMR spectrum of 3.38 showed 15 unique carbon resonances with the five
quaternary aromatic carbon environments which are in agreement with the expected
structure. The presence of the difluorophosphate (PO2F2) unit was evidenced by 3P and
1%F NMR spectroscopy. Only a triplet peak centred at approximately -15.3 ppm with a
13p.F coupling constant of 973 Hz was observed in the 3P NMR spectrum, where the

phosphorus atom shows coupling to two fluorine atoms. Analysis of 3.38 by °F NMR
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spectroscopy revealed a doublet at -80.0 ppm with a Jr-p coupling constant of 976 Hz
representing the two fluorines from the PO2F2" species. A strong P=0 stretching band was
observed at 1292 cm™ in the IR spectrum which is in good agreement with the previous
value found in the literature.®® The electrospray mass spectrum of 3.38 displayed a
fragmentation peak at m/z 383 corresponding to the proposed structure with the loss of a
PO2F2" group. Further peaks were also observed at m/z 767 and 101 corresponding to
[2(M-PO2F2)]* and [PO2F2], respectively.

AgBF4 has also been employed with 3.32a (95%) under similar conditions to that
used for the synthesis of 3.38. However, 'H NMR spectroscopy revealed a complex
mixture of products whilst the *°F NMR spectrum showed only a singlet peak at -151.6
ppm, representative of the BFs counterion used throughout. In addition, a peak
corresponding to [BF4] was observed at m/z 87 upon analysis of the mixture by negative
ion mass spectrometry. This may have suggested the presence of the acetonitrile-
containing complex, [Pd(x?-6-phenyl-2-pyridinol)(3,5-lutidine)(MeCN)][BF4], in the
mixture. °F NMR and mass spectra proved that the counterion, BF4", remained mostly
intact in solution over time (10 days). However, there were other peaks observed in the
F NMR and mass spectra that may indicate that partial hydrolysis of BFs to OBF:
occurred in a very small amount (3%). However, these peaks did not change over time
(observed in the first minutes and after 10 days) and are thought to be due to the presence
of an excess of AgBF4 which may have somehow undergone hydrolysis in solution. In
addition, nothing changed when the mixture in CDCls was heated at higher temperature
(50 °C) for 12 hours.

When AgOTTf was used in the same molar equivalence as the palladium chloride
complex (3.32a, 95%), a stable MeCN-containing complex 3.39 was obtained, though
with minor impurities, in a good yield (71%) (Scheme 3.19). The stability of 3.39 was

examined by leaving it as a chloroform solution at room temperature for several weeks.

/ X o\H / X o\H OTf
Cl AGOTH NCMe
Q/ MeCN, rt, 12h Q/

Scheme 3.19: Synthesis of the MeCN-containing complex (3.39)
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Complex 3.39 was characterised by 'H, 2D HMQC, F NMR and IR
spectroscopies, and also by electrospray mass spectrometry. The coordination of the
acetonitrile ligand in 3.39 was evidenced by the observation of the 3H singlet at 2.02 ppm
upon analysis by *H NMR spectroscopy. There was a broad singlet downfield at 10.39
ppm representing the OH proton involved in a hydrogen bonding interaction with the
coordinated MeCN nitrogen. The 2D HMQC NMR spectrum showed nine aromatic CH
carbon environments, consistent with the proposed structure. Only a single peak
corresponding to the OSO2CF3 counterion (OTf) was observed at -78.1 ppm upon
analysis of 3.39 by F NMR spectroscopy. Furthermore, analysis of 3.39 by electrospray
mass spectrometry revealed both cationic species with the loss of MeCN (m/z 383 [M-
MeCN]*) and anionic species (m/z 149 [OTH]).

Despite repeated attempts, it was not possible to grow single crystals of 3.38 and
3.39 suitable for X-ray diffraction. However, hydrolysis of PFes and the stability of OTf
were further demonstrated by the X-ray structures of related complexes containing PPhs

instead of 3,5-lutidine (see below).

The unexpected finding of the hydrolysis of PFs prompted an exploration of the
reactivity of other Cl-containing Pd" complexes (3.35, 3.36 and 3.37) toward various
silver salts. The choices of different complexes and silver salts were varied in order to

investigate the effects of their properties on the rate of hydrolysis.

Firstly, the reactions of 3.35, 3.36 and 3.37 with one equivalent of AgPFs in
acetonitrile under nitrogen were examined. After 12 hours stirring at room temperature,
the reaction solution was transferred by cannula filtration into another flask and then all
volatiles were removed under reduced pressure to afford 3.40 (82%), 3.44 (93%) and 3.49
(98%) (Scheme 3.20).

/ N0 / N\ —O0—H _‘ PFe
N \‘ /N \
=N _C \ _NCMe
Pd__ APE Pd__
R 6 R
MeCN, r.t, 12h
R R
(3.40)R = H
(3.44) R = 4-Me

(3.49) R = 4-CF,

Scheme 3.20: Synthesis of the MeCN-containing complexes
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Analysis of the complexes 3.40, 3.44 and 3.49 by H{®'P}, 13C, 3!P and °F NMR
and IR spectroscopies, as well as by electrospray mass spectrometry, confirmed the
proposed structures. A 3H singlet peak at 1.88, 1.83 and 1.77 ppm assigned to the
coordinated MeCN protons was observed in each of the proton NMR spectra of 3.40, 3.44
and 3.49, respectively. Further confirmation of the coordinated MeCN was provided by
13C NMR spectroscopy. As a result of the involvement of the hydroxy hydrogen in a
hydrogen-bonding interaction with a coordinated acetonitrile nitrogen atom, all *H{'P}
NMR spectra showed a downfield chemical shift at 9.44, 9.11 and 9.74 ppm, representing
the OH proton in 3.40, 3.44 and 3.49, respectively. In comparison to their starting
materials (3.35, 3.36 and 3.37), the OH peaks are significantly shifted to lower frequency
by approximately 2.9 ppm, suggesting relatively weak hydrogen bonding interactions
with the adjacent nitrogen of the coordinated acetonitrile. In their 3'P NMR spectra, as
common to all three complexes synthesised, is the presence of a singlet and multiplet
peaks representing the PPhs and counterion (PF¢), respectively. The peak positions of the
PPhs phosphorus atom varied slightly between compounds while those for the PFe
counterion appeared to be centred at approximately -144 ppm for all three complexes. °F
NMR spectra of all three complexes showed a doublet at about -73 ppm with a coupling
constant of 711 Hz representing the anion, PFe". Additionally, a singlet assigned to the
CF3 group was observed at -63.4 ppm upon analysis of 3.49 by °F NMR spectroscopy.
In the electrospray mass spectra of 3.40, 3.44 and 3.49, a strong fragmentation peak
ascribed to [M-MeCN]* was observed in each spectrum at m/z 538, 552 and 606,
respectively. Common to all three complexes is the presence of a peak corresponding to

the counterion species at m/z 145 [PFg] .

On standing in the solutions at room temperature, hydrolysis of the counterion
(PFe) in 3.40, 3.44 and 3.49 occurred to eventually give the hydrolysis products 3.41,
3.45 and 3.50 in excellent yields of 97, 91 and 93%, respectively (Scheme 3.21). These
conversions showed that the formation of 3.41 required at least 2 days to go to completion
because the conversion slightly increased over the time, while the shortest reaction time
(3 hours) was observed in the formation of 3.50. In addition, the conversion to the methyl-
containing complex (3.45) increased to 100% within 12 hours. These observations are
found to be consistent with the reactivity order shown in the formation of the dimeric
3.32b, 3.33b and 3.34b from their monomeric complexes (3.32a, 3.33a and 3.34a,
respectively), suggested that the order of the conversion time rate is as follows: 3.50 (CF3)
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> 3.45 (Me) > 3.41 (H). Further confirmation of this order will also be found in the

investigations into the hydrolysis of complexes containing BF4™ (see later).

N 3 —N 3 /P
N oM Ny L F
AN Standing in CDCl3 AN
R > R
I EPING! AN
(3.41)R=H
(3.45) R = 4-Me

(3.50) R = 4-CF,

Scheme 3.21: Hydrolysis of silver hexafluorophosphate (PFs) in solution

The identities of the hydrolysis products (3.41, 3.45 and 3.50) were confirmed by
a variety of techniques including H{3'P}, 3C, 3P and ®F NMR and IR spectroscopies
as well as by mass spectrometry and X-ray crystallography (for 3.45 and 3.50). In the
'H{3P} NMR spectra of all three complexes, the absence of a singlet peak corresponding
to the acetonitrile-methyl proton environment indicated that the acetonitrile ligands had
been eliminated during the conversions. Further confirmation for the elimination of the
acetonitrile ligands was obtained by *C{*H} NMR spectroscopy, which demonstrated
the absence of the acetonitrile-methyl carbon resonance. As expected, the OH proton
underwent a downfield shift from 9.44,9.11 and 9.74 ppm in 3.40, 3.44 and 3.49t0 11.54,
11.51 and 11.63 ppmin 3.41, 3.45 and 3.50, respectively. These observations occurred as
a result of the movement of the hydroxy proton from weak (OH---N) to stronger (OH---O)
hydrogen-bonding environments. The presence of PO2F2" species was confirmed by 3P
and °F NMR spectroscopy. The 3P NMR spectra showed a singlet and triplet, with a *Jp-
r coupling constant of approximately 975 Hz, assigned to the PPhs and the PO2F2" ligands,
respectively. Analysis of 3.41, 3.45 and 3.50 by °F NMR spectroscopy revealed a doublet
with a 1Jrp coupling constant of approximately 981 Hz which was ascribed to the two
fluorine atoms of the PO2F2" species. In addition, a singlet at -63.3 ppm was observed in
the °F NMR spectrum of 3.50, representing the CFz group. In the IR spectra of 3.41, 3.45
and 3.50, a strong P=0 stretch was detected at 1290, 1292 and 1306 cm™, respectively.
Upon analysis by mass spectrometry, a fragmentation peak at m/z 101 corresponding to
[PO2F2] is common to all three complexes. ES mass spectra of 3.41, 3.45 and 3.50
displayed a peak at m/z 538, 552 and 606, respectively. These peaks are representative of

the proposed structures with the loss of a PO2F2" ion.
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Crystals suitable for X-ray crystallographic studies were grown by slow diffusion
of hexane into a solution of 3.45 and 3.50 in DCM/MeCN (95/5 v/v). Structural diagrams
of each complex are given in Figures 3.29 and 3.30 with selected bond lengths and bond

angles for these structures reported in Table 3.12.

In both complexes, the X-ray data showed a Pd" complex supported by
monodentate PPhs and POzF2 ligands in addition to the pyridinol ligand, completing a
distorted square planar geometry. The Pd-N, Pd-C, Pd-O and Pd-P bond lengths and bite
angles were found to be within the normal range previously observed for related Pd
complexes.®® The presence of the pyridinol form was confirmed by the solid-state data as
the carbon-oxygen bond length of 1.331(5) A in 3.45 and 1.327(3) A in 3.50 are consistent
with a single-bond character. Therefore, there is a hydrogen-bonding interaction between
the hydroxy proton and the bound oxygen atom from the PO2F2 ligand. The X-ray
structures of 3.45 and 3.50 revealed the presence of PO2F: species in a distorted
tetrahedral geometry with the smallest F-P-F bond angles of 97.46(16)° and 99.34(13)°
and with the largest O-P-O bond angles of 121.03(18)° and 121.36(13)°, respectively. All
the bond lengths of the PO2F2 ion are in agreement with data previously reported for a

comparable complex.®’

Figure 3.29: Structure of 3.45 with Figure 3.30: Structure of 3.50 with
hydrogen atoms (except OH) omitted for hydrogen atoms (except OH) omitted for
clarity clarity
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Table 3.12: Selected bond lengths and bite angles of complexes 3.45 and 3.50

O Bond lengths (A) Bond angles (°)
_g Pd-N Pd-C Pd-O Pd-P C-0 N-Pd-C
@

X

3.45 2131(3) 1.985(4) 2.194(3) 2.269(1) 1.331(5) 81.25(13)
350 2.112(2) 1.993(3) 2.161(2) 2.279(1) 1.327(3) 81.47(10)

Bond lengths (A)
P-F P-F P-O P=0

345 1544(3) 1.541(3) 1.489(3) 1.438(3)
350 1.533(2) 1.539(2) 1.495(2) 1.449(2)

Under the same reaction conditions used to prepare the MeCN-containing
complexes 3.40, 3.44 and 3.49, the reactions of 3.35, 3.36 and 3.37 with one equivalent
of AgBF4 gave 3.42 (83%), 3.46 (93%) and 4.51 (97%) (Scheme 3.22). Analysis of these
products by H{?!P}, 3C, 3P and ®F NMR and IR spectroscopies in addition to
electrospray mass spectrometry confirmed the proposed structures. These products had to
be immediately characterised in solution as they underwent rapid hydrolysis in the

presence of water (see later).

——N p —N K
\Pd/Cl \Pd/NCMe
AgBF
S el B S
MeCN, r.t, 12h
R R
(3.42)R=H
(3.46) R = 4-Me

(3.51) R = 4-CF,

Scheme 3.22: Synthesis of the MeCN-containing complexes

The *H{®'P} NMR spectra of 3.42, 3.46 and 3.51 displayed a 3H singlet peak at
1.82, 2.00 and 1.81 ppm, respectively, indicating the successful replacement of the
chloride with acetonitrile ligands. Further confirmation for this was found upon analysis
by 1*C NMR spectroscopy wherein a characteristic acetonitrile-methyl carbon peak was
observed in their spectra. Interestingly, the downfield broad singlet corresponding to the
OH proton was found to vary between the complexes according to their pyridinol ligands,
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where they were observed at 12.31 ppm in 3.42, 9.78 ppm in 3.46 and 15.30 ppm in 3.51.
The difference in the chemical shifts could be attributed to the different hydrogen bond
lengths between the OH protons and the nitrogen atoms from the bound acetonitrile. A
3P NMR singlet was observed at 44.6, 44.1 and 43.5 ppm for the complexes 3.42, 3.46
and 3.51, respectively. All *°F NMR spectra showed a singlet at approximately -151.5
ppm representing the anion, BF47, and an additional singlet was detected at -63.4 ppm
(CFs) in the associated °F NMR spectrum of 3.51. The complexes 3.42, 3.46 and 3.51
were also analysed by electrospray mass spectrometry and revealed a fragmentation peak
corresponding to [M-MeCN]" at m/z 538, 552 and 606, respectively. The presence of a
strong peak representing the counterion at m/z 87 [BF4]" is common to all three

complexes.

On standing in solution at room temperature, the complexes 3.46 and 3.51 proved
amenable to BFs hydrolysis forming the corresponding products [Pd(k*
Lr)(PPhs)(BF20H)] (R = Me 3.47 and CFs 3.52) (Scheme 3.23) while the H-containing
complex (3.42) remained intact in solution and did not undergo any form of
transformation over time (25 days). The conversion of the Me-containing complex (3.46)
was complete in 2 days, whereas only 5 hours were required to obtain 100% conversion
of 3.51. Although the reactivity order of the BF4 hydrolysis was found to be in agreement
with those observed in the PFe hydrolysis (CFs > Me > H), the conversion time rate of
BF4 to form the BF2OH species was relatively slow, in general. The structures of 3.47
and 3.52 were both characterised and confirmed by *H{3!P}, 3C, *!P and **F NMR and
IR spectroscopies as well as by electrospray mass spectrometry, elemental analysis (for
3.52) and single crystal X-ray diffraction studies.

F
] —0—H _| BF4 [ N —O—F —F
\\‘ \

Pd ing i
Ny Standing in CDCl3 . Ny
R R
R \® R \®
(3.47) R = 4-Me (96 %)

(3.52) R = 4-CF5 (89 %)

Scheme 3.23: Hydrolysis of silver tetrafluoroborate (BF4) in solution
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For both complexes, the absence of the bound acetonitrile was evident upon
analysis by *H{3!P} and 3C NMR spectroscopy. The characteristic downfield signal of
the hydroxy proton was also not observed in the *H{®'P} NMR spectra of 3.47 and 3.52.
Instead, a broad singlet corresponding to the OH proton of BF20H species was detected
at 3.48 and 3.54 ppm, respectively. These low chemical shifts may have suggested that
the OH proton was not involved in an intramolecular hydrogen-bonding interaction.
Analysis of 3.47 and 3.52 by 3P NMR spectroscopy revealed only a singlet peak at 42.6
and 41.9 ppm, respectively, which are representative of the PPhs ligand. Interestingly,
analysis by °F NMR spectroscopy revealed two sets of fluorine doublet peaks (5 -149.4
and -149.5 ppm in 3.47 and -149.5 and -149.6 ppm in 3.52) each with 2Jr.r coupling
constants of 13.7 Hz. This indicated that the two fluorine atoms in BF20OH species are in
non-equivalent environments (axial and equatorial positions), and are thus coupled to
each other through the boron atom. Analogous observations have been seen in related
Ru'' complexes (e.g. 3.i and 3.j) previously synthesised by Pregosin et al.3*-*! In addition,
a peak detected as a singlet at -62.9 ppm in the *°F NMR spectrum of 3.52 was assigned
to the CFs group. The electrospray mass spectra of 3.47 and 3.52 displayed a
fragmentation peak (at m/z 552 and 605, respectively) assigned to the loss of BF2OH from
their molecular ion. In addition, a peak representing [BF20H]" at m/z 65 was also observed

in their mass spectra. Elemental analysis of 3.52 confirmed the proposed structure.

R2P/ \B,/ RQP/ \B.,/
/ II"//F \ VAR =

R,P—Ru—0

H----F. /\ N \H----F
TN \
SR e

(3.i))R=Ph (3.)) R=Ph
= 4-tolyl
= 3,5-di-‘Bu-phenyl

In an attempt to characterise 3.47 and 3.52 by single crystal X-ray diffraction
studies, a solution of each complex in dichloromethane/MeCN (95/5 v/v) was layered

with hexane to form pale yellow crystals. The solid-state structures of 3.47 and 3.52
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revealed a neutral monomeric Pd" unit which consists of an NAC-pyridonate ligand, PPhs
and a BF20H ion as a bridging ligand between the Pd'' centre and the deprotonated
pyridonate oxygen atom (Figures 3.31 and 3.32). Both complexes (3.47 and 3.52) adopt
the same distorted square planar geometry around their Pd" centres with C11-Pd-O1
angles of 168.7(2)° and 172.5(1)°, respectively. In the extended structures of 3.47 and
3.52, the formation of dimers through intermolecular hydrogen-bonding interactions
between the OH protons (H1) and deprotonated, coordinated oxygens (O2) from the other
molecule were established.

Figure 3.31: Structure of 3.47 with Figure 3.32: Structure of 3.52 with
hydrogen atoms (except OH) omitted for hydrogen atoms (except OH) omitted for
clarity clarity

The Pd-X (X =N, C, O and P) bond lengths and bite angles reported in the Table
3.13 were found to fall in their normal ranges® and are similar to those observed in the
hydrolysis products (3.45 and 3.50) with a PO2F2 group. The solid-state data of both
complexes showed that the C-O bond lengths have a single-bond character and the O
atoms directly coordinated to the boron centre. The BF2OH unit with the pyridonate
oxygen was found to adopt a slightly distorted tetrahedral geometry with F-B-F and O-
B-O bond angles in the range of 106-113°. The two B-F bond lengths in both complexes
are almost identical, within experimental error, while significant differences were

observed between the two B-O bond lengths in each complex. In addition, all the bond
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lengths of the BF2OH unit are consistent with the reported data obtained for related
complexes.*

Table 3.13: Selected bond lengths and angles of complexes 3.47 and 3.52

Bond lengths (A) Bond angles (°)
Pd-N1 Pd-C11 Pd-O1 Pd-P1 C1-02 N-Pd-C C-Pd-O

xajdwo)

347 2.104(5) 1.993(6) 2.187(4) 2.254(2) 1.325(7) 81.8(2) 168.7(2)
352 2090(3) 1993(3) 2113(2) 2251(1) 1.321(4) 82.08(13) 172.5(1)
Bond lengths (A) Bond angles (°)

B-F B-F B-O B-OH O-H F-B-F 0-B-O

3.47 1.405(9) 1.371(9) 1.445(8) 1.508(8) 0.8511  110.5(6) 106.7(5)
352 1.390(5) 1.382(5) 1.498(5) 1.451(5) 0.8200 111.7(3) 112.7(3)

In order to better understand the reactivity of the Cl-containing complexes (3.35,
3.36 and 3.37), silver trifluoromethanesulfonate (AgOTTf) was also used as a source of
counterion. In the presence of acetonitrile, these reactions proceeded rapidly at room
temperature and gave the cationic solvent complexes 3.43, 3.48 and 3.53 with yields of
84, 90 and 99%, respectively (Scheme 3.24). The cation-anion pairs showed a high
stability in solution at different temperatures, as they remained intact in solution and had
not undergone any new reactions over the time. This observation was confirmed by
H{3PY, 13C, 3P and °F NMR and IR spectroscopies and electrospray mass spectrometry

in addition to elemental analysis and single crystal X-ray diffraction analysis for 3.53.

i N\ —O—h / N0 _I OTf
—N 3 —N R
Pd\ AgOTf Pd\
R 9 > R
MeCN, r.t, 12h
R R
(3.43)R = H
(3.48) R = 4-Me

(3.53) R = 4-CF,

Scheme 3.24: Synthesis of the MeCN-containing complexes

The 'H{*'P} NMR spectra of 3.43, 3.48 and 3.53 showed a singlet peak assigned
to the acetonitrile-methyl protons at 1.81, 1.80 and 1.88 ppm, respectively. This indicated
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that the chloride ligand had been successfully replaced by N-acetonitrile, forming a
cationic species. The presence of acetonitrile as a monodentate ligand was also shown by
a methyl carbon peak at 0.0, -1.9 and 0.0 ppm in the 3C NMR spectra of 3.43, 3.48 and
3.53, respectively. Due to the hydrogen-bonding interaction with the acetonitrile nitrogen
atom, a downfield resonance assigned to the OH proton was observed at 11.03, 10.61 and
11.19 ppm in the *H{®'P} NMR spectra of 3.43, 3.48 and 3.53, respectively. Analyses of
these complexes by 3P NMR spectroscopy displayed only a singlet peak (at
approximately 44 ppm) ascribed to be the monodentate PPhs ligand. *F NMR
spectroscopic data showed a singlet peak common to all the three complexes at -78 ppm
which represents the counterion, OTf. In addition, the CFs group in 3.53 was seen as a
singlet peak at -63.5 ppm. Further evidence for the formation of 3.43, 3.48 and 3.53 was
obtained by the presence of a strong fragmentation peak corresponding to [M-MeCN]*
and [OTf]" upon analysis by electrospray mass spectrometry. The results of elemental
analysis obtained for 3.53 was found to be in good agreement with the calculated

elemental compositions.

It was only possible to grow single crystals suitable for analysis by X-ray
diffraction of 3.53 by slow diffusion of hexane into a solution of the product in
dichloromethane/MeCN (95/5 v/v). As expected, the X-ray data of the complex revealed

a cationic and anionic species, as shown in Figure 3.33.

The cationic Pd" centre, supported in a tetracoordinate environment, was found to
adopt a distorted square planar geometry with a bite angle of the pyridinol ligand of
80.9(2)°. The bond lengths to the Pd" centre show the same trend as those observed for
the methoxy complex (2.27) in Chapter 2, where the Pd-N bond lengths (2.116(6) A and
2.057(6) A) are both longer than the Pd-C bond length of 1.983(6) A and significantly
shorter than the Pd—P bond length of 2.279(2) A, as reported in Table 3.14. The solid-
state structure confirmed the presence of an intramolecular hydrogen bonding interaction
between the hydroxy proton and the bound acetonitrile through its nitrogen atom,
explaining a significant low frequency shift observed in the *H{®P} NMR spectrum.
Other intermolecular hydrogen bonding interactions were also established between the

cation-anion pairs and a water molecule of solvation that remained in the X-ray crystals.
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Figure 3.33: X-ray structure of 3.53 with hydrogen atoms (except OH) and water

omitted for clarity

Table 3.14: Selected Pd-X bond lengths and the bite angle of complex 3.53

Bond lengths (A) Bond angles
)
Pd1-N1 Pd1-Cl11 Pd1-N2 Pd1-P1 C1-01 C11-Pd1-N1

xajdwo)

353 2116(6) 1.983(6) 2.057(6) 2.279(2)  1.336(8) 80.9(2)

3.3.9 Hydrolysis of PFs and BF4

As confirmed in Section 3.3.8, PFs and BF4 had undergone partial hydrolysis in
solution to form products with PF202 and BF2OH ligands, respectively. A number of
transition metals have been shown to form these types of complexes such as those with
rhodium (Rh)*2, manganese (Mn)*, rhenium (Re)*, ruthenium (Ru)3*-414% and the subject
of this research, palladium (Pd)*"4¢4’ Fernandez-Galan et al.*’ reported the first example
of a palladium complex supported by the difluorophosphate ion, [Pd(n3-2-Me-
C3H4)(PF202)(PCys3)]. The complex was characterised by °F and 3P NMR spectroscopy
as well as elemental analysis, mass spectrometry and X-ray crystallography. The authors
were able to provide valuable information about how the hydrolysis of PFs might have

occurred by detecting some of the intermediates to this process. They concluded that the
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silver cation (Ag®) has a significant role in activating residual water molecules to react

with PFe’, as shown in equations 3.1 and 3.2.

A +

H,0 + PFy —9 » POF, + 2HF (eqn. 3.1)
Ag*

POF,” + H,0 —3 » PO, + 2HF (eqn. 3.2)

Initially, it seemed that this is similar to that observed in our reactions; however,
our experimental studies showed that this was not the case as the hydrolysis was found to
occur in the absence of Ag* (see Scheme 3.21 as an example). This was further confirmed
by adding hexafluorophosphoric acid, HPFs, into a CDCls solution of 3.29 or 3.31 to form
the hydrolysed product 3.50 in very high purity (Scheme 3.25)

/ X O\H %
\ 0]

Pd\
P\®
- 0
FaC [ N0 ]
N ~—FP
3.29 ~ \Pd/O/F/ g
HPFg AN
or — R
CDCI
— g — H 3
X N [ F.C
\Pd/O\H 3
3.50
FsC
3.31

Scheme 3.25: Synthesis of 3.50 from 3.29 or 3.31 using HPFs

To determine if the hydroxy proton was involved in the hydrolysis, the reactions of
the methoxy complex 2.23 with AgPFs, AgBF4 and AgOTT in acetonitrile were performed
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(see Scheme 2.15). The results showed non-hydrolysable counterions in solution over the

time, demonstrating the significant role of the OH group in the hydrolysis process.

It should be noted that the presence of water is also necessary to initiate the
hydrolysis. The authors found that complete elimination of water from AgPFes was not
possible even after using P2Os under reduced pressure for 5 days. Interestingly, they
confirmed that water molecules can be also produced in situ by the reaction of HF
(generated during the reaction) with glass (eqn. 3.3), as the presence of SiF4 species was

detected by °F NMR spectroscopy and mass spectrometry.3’

SiO, + 4HF SiF, + 2H,0 (eqn. 3.3)

More interestingly, Fernandez-Galan et al.*” carried out their reactions in non-
coordinating solvents (CH2Cl2, CHCIs or benzene). When acetone, acetonitrile and
tetrahydrofuran were used as solvents, no hydrolysis was observed (even on addition of
water) and the counterion remained unchanged over several days. The authors also
showed that further hydrolysis of PO2F2 to phosphates did not occur as well during the
reactions. This could be attributed to the coordination of the PO2F2 ligand to the Pd"

centre.%’

Partial hydrolysis of BF4" to BF20OH was also observed by Pregosin et al. in the
reactions between Ru" acetate complexes and HBF4.2**! The presence of the BF2OH
moiety was confirmed by °F NMR spectroscopy, elemental analysis and single crystal
X-ray crystallography. Although the authors did not provide any mechanistic information
about how this hydrolysis may occur, they concluded that the hydrolysis cannot occur in
the absence of water. This implies that the activation of a water molecule is a key
mechanistic step, as seen in the case of PFs hydrolysis. Therefore, the mechanism, in
general, might proceed by reacting BF4~ with water with the help of the hydroxy proton
(egn. 3.4).

+
BF, + H,O — 1 » BF,0OH + 2HF (eqn. 3.4)

Unfortunately, none of these groups mentioned above provided insight into the
actual hydrolysis process of PFs or BF4. In our system, however, it may be concluded that

the partial hydrolysis of the counterions (PFs and BF4) has a direct dependence on the
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presence of the OH proton. The catalytic effect of the hydroxy group, in particular that at
2-position of the pyridyl ring, could be confirmed by either comparison to those
analogous methoxy complexes described for Chapter 2 or by the loss of the OH proton

and subsequent B-O bond formation in the BF4 products.

Due to the two substituents, CFs and Me, at para-position of the phenyl ring, have
almost similar steric hindrance, electronic effects in acceleration of PFs and BF4
hydrolysis can be easily distinguished and compared with the unsubstituted ligand (3.1).
It is clear that the ligand with the electron-withdrawing character of the CFs substituent
had the most effect on accelerating the hydrolysis processes. This observation was
expected and as the CFs group has a strong effect on the electronic structure of metal
complexes and thus causing changes to their structural stabilisation and coordination
ability. In consideration of the involvement of the appended OH proton in the hydrolysis
process, the CFs group promotes the proton interactions with the counterion in order to
undergo a transformation reaction. The superiority of the electron-withdrawing
substituent here is consistent with those CFs-containing catalysts used in a variety of
catalytic systems.*®%° However, the Me group showed an unexpected influence when
compared with the unsubstituted ligand, as the partial hydrolysis with the Me group was
found to proceed faster. This suggested that the hydrolysis process may be affected by a
combination of more than one electronic factor. Therefore, no obvious conclusions could
be drawn about the effect of different substituents on the phenyl ring of the

cyclopalladated ligands.

3.4 Conclusions and Future Work

The objective of this chapter was to synthesise and characterise a series of novel
palladium(ll) complexes containing bidentate pyridinol/pyridonate ligands (N~C-
OH/N"C-0) and to determine whether they have similar structural and steric relationships
to previously prepared analogous complexes (in Chapter 2) incorporating bidentate
pyridine ligands (N*C-OMe). Therefore, in comparison to those results observed in the
Chapter 2, an important conclusion of this work is that the role of the ortho-hydroxy
group in the stability and reactivity was demonstrated, as remarkable differences have
been shown between the two types (OMe- and OH-bidentate ligands). Examples include
the relative stability of the acetate-bridged dimers in solution, the reactivity of these
dimers with two equivalents of their associated free ligands, percentage conversion of the
cleavage reaction of the dimers with 3,5-lutidine and PPhs and their ability to undergo
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hydrolysis, subsequent ligand exchange reactions of terminal-acetate complexes with
aqueous solution of NaCl and finally halide abstraction reactions with different silver
salts.

In more detail, cyclopalladation of the 6-aryl-2-pyridones (aryl = Ph 3.1, 4-MePh
3.2, 4-CF3Ph 3.3, 4-FPh 3.4, 2-MePh 3.5) with Pd(OAc)2 proceeded smoothly, forming
the acetate-bridged complexes with the general formula [Pd(x?-N~C)(u-OAc)]2 (3.6-
3.10). However, on standing in solution at room temperature, 3.6, 3.7, 3.8 and 3.9
underwent slow pyridinol-pyridonate conversion to the tetrameric species [Pd(u:i?-
N~C)]a (3.11, 3.12, 3.13 and 3.14, respectively) with loss of acetic acid; the related
transformation with CFs-containing 3.8 to give 3.13 required more forcing conditions.
Substitution of the acetate groups in 3.6, 3.7, 3.8 and 3.9 for the corresponding aryl-
pyridonate occurred readily, affording dimeric Pd(u-N~C)(x?-N~C)]2 (3.15, 3.16, 3.17
and 3.18, respectively), in which monoanionic N*C tended to adopt either an N"O-
bridging mode or acted as an N*C-chelate. By contrast, cleavage of the acetate bridge in
3.6, 3.7, 3.8 and 3.9 with 3,5-lutidine formed initially monometallic [Pd(i®>-N"C)(x!-
OAC)(3,5-1utidine)] (3.19, 3.20, 3.21 and 3.22, respectively) and then, on crystallisation
from bench solvents, hydrolysis of the acetate occurred to give the unusual aqua-bridged
complexes [Pd(x2-N~C)(3,5-lutidine)]2(u-OH2) (3.23, 3.24, 3.25 and 3.26, respectively).
A similar approach could be used to make the PPhs species [Pd(>-N"C)(k*-OAc)(PPhs)]
(3.27, 3.28, 3.29 and 3.30); notably, only the CFs-containg 3.29 proved amenable to
hydrolysis, forming the terminal aqua complex [Pd(x>-N~C)(k!-OHz)(PPhs)] (3.31).

Subsequent ligand exchange reactions of 3.19, 3.20 and 3.21 with NaCl gave a
mixture of monomeric [Pd(x>-N~C)(3,5-lutidine)ClI] (3.32a, 3.33a and 3.34a) and the
unusual dimeric [Pd(p:k?>-N~C)(3,5-lutidine)][Pd(x>-N~C)](u-Cl) (3.32b, 3.33b and
3.34b) complexes, respectively. Under similar conditions, PPhs-containing complexes
[Pd(x2-N~C)(PPhs)CI] (3.35, 3.36 and 3.37) were obtained in excellent yields.

Chloride abstraction reactions with AgPFs, AgBF4 and AgOTT were carried out in
acetonitrile in order to form cation-anion pairs. The reaction of 3.32a with AgOTf
proceeded rapidly and afforded stable [Pd(x?-N~C)(3,5-lutidine)(MeCN][OTf] (3.39) in
a quantitative yield, while the reactions with AgPFs and AgBFa4 gave complex mixtures
of products from which only monomeric [Pd(x>-N"C)(3,5-lutidine)(PO2F] (3.38) could
be obtained as a result of partial hydrolysis after standing in solution for 5 days. The
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reactions of 3.35, 3.36 and 3.37 with one equivalent of AgPFs, AgBF4 and AgOTf in
acetonitrile under nitrogen were also examined. These reactions gave the corresponding
MeCN-containing complexes with the general formula [Pd(x2-N"C)(PPhs)(MeCN)][X],
where X = PFe (3.40 H, 3.44 Me, 3.49 CF3), BF4 (3.42 H, 3.46 Me, 3.51 CF3), OTf (3.43
H, 3.48 Me, 3.35 CF3). All OTf species showed their ability to remain intact in solution
over time. However, all other complexes with PFs and BF4 (except 3.42) underwent
partial hydrolysis and gave [Pd(x2-N~C)(PPhs)(PO2F2)] (3.41 H, 3.45 Me, 3.50 CF3) and
[Pd(x>-N~C)(PPhs)(BF20H)] (3.47 Me, 3.52 CFs), respectively with different conversion
time rates. The order of the hydrolysis time required was found as follows: CFs/PFs (3.50)
> CF3/BF4 (3.52) > Me/PFs (3.45) > Me/BF4 (3.47) = H/PFs (3.41). In general, hydrolysis
of PFs and BF4 complexes with 3,5-lutidine were slower than those containing PPhs.

Considering the above conclusions of this chapter, it would be interesting to design
and synthesise corresponding bidentate ligands containing the hydroxyl substituent at the
4-position (para) instead of 2-position (ortho) (Fig. 3.34). This will provide further
insight into the role of ortho-hydroxy group in the stability and reactivity.

Figure 3.34: Potential ligands for applications in the coordination chemistry of

transition metals
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Chapter 4

4.1 Introduction

Extensive studies have been conducted in the synthesis of organometallic
complexes supported by monoanionic pincer ligands, especially those based on palladium
and platinum metals.! There are two types of coordinating structures with carbon-based
pincer ligands; these include EAC"E and C*"E~E where E is a coordinating donor atom
such as P or N (see Section 1.3.3). The Hope and Solan research group has recently
investigated the reactivity of the pyridine-based N*N~C-type pincer ligands towards both
Pd" and Pt" salts forming complexes through sp? and sp® C-H activations.?® In this short
introduction, however, only the N*C~N derivatives will be discussed. It is not possible to
provide a complete overview of this type here. Instead, the reactivity of both amine- and

pyridine-based pincer ligands centred with a phenyl ring will be briefly summarised.

4.1.1 Amine-based Pincer Ligands

Cyclopalladation with 1,3-bis[(dimethylamino)alkyl]benzene (alkyl = methyl 4.a
and ethyl 4.b) has been achieved. Trofimenko* examined the metallation of 4.b with
palladium(ll) in the presence of pyridine and found that the system unexpectedly
underwent an ortho-dipalladation reaction, forming the dipalladated complex (4.c) with
Cs-H and Ce-H activation (Scheme 4.1). This organometallic compound was considered
the first example of a cyclometallated complex containing more than one metal
coordination site at the same phenyl ring. Later, van Koten et al.> used the analogous
ligand (4.d) which was already activated by SiMes at the Cz position with Pd(OAc): in
the presence of LiCl. The transmetallation reaction gave a monometallic,

bicyclometallated complex (4.e) which was isolated in an excellent yield of 95%.

Li,[PdCl,]
Py

Pd(OAc),
LiCl

X=H,R=Et X = SiMe3, R = Me
4.b 4d
Cl— /F)y Py\ /C|
P Pd
Et—/N\/\©/\/N\—Et — _
Et Bt 4.¢ 4.e /N_P|d_N\

Cl

Scheme 4.1: Reactions of 1,3-bis[(dimethylamino)alkyl]benzene with Pd" salts
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Lithium®1° and mercury! have been also used to activate the C2 position of 4.a in
order to access different transition metal pincer complexes through transmetallation
reactions. In the case of lithium, the organolithium complexes are usually prepared as a
precursor by reacting n-butyl lithium with the ligand in hexane at very low temperature,
followed by a transmetallation process in which transition metals, such as titanium,
vanadium, niobium,® rhenium,” rhodium,® palladium, platinum,® iron and gold,*° react
with an organolithium compound [N”C~N-Li] to replace the lithium. The same
transmetallation could be achieved using highly toxic mercury salts such as Hg(OAc)2.!
With mercurated 4.a, only gold salts have been used to obtain the cyclometallated Au'
complex, [Au(4.a)Cl]2[Hg2Cls].1!* This method is useful for studies on the reactivities of

N~CAN ligands that cannot undergo a direct cyclometallation reaction.

4.1.2 Pyridine- and Pyridone-based Pincer Ligands

Pyridine-based pincer ligands containing a central aromatic ring with two pyridine
arms have also been reported in the literature but not to the same extent as their analogous
diamino species.'? Unlike palladium(I1), which has only recently been obtained by direct
synthesis, a number of transition metals such as ruthenium, osmium and platinum have
been used with 1,3-di(2-pyridyl)benzene (4.f) to synthesise N/~C”N pincer-aryl
complexes through direct Caryi-H activation.* In coordination chemistry, the unexpected
behaviour of these types of ligands could be observed; therefore, the choice of an

appropriate synthetic method has been the main challenge in this field.'?

In 1999, the cyclometallation of 1,3-di(2-pyridyl)benzene (4.f) using Pd(OAc)2 was
investigated by Cardenas et al.! The authors found that the reaction unexpectedly
underwent a double palladation to form tetrameric 4.g instead of the formation of an
NACAN-tridentate Pd" complex (a in Scheme 4.2). The structure of the tetrameric
complex (4.g) was confirmed and characterised, inter alia, by single crystal X-ray
diffraction studies. Their attempts to cyclometallate 4.f with other palladium(l1) salts such
as [Pd(MeCN)4][BFs]2 and Li2[PdCla], were unsuccessful. However, in 2005 Soro et al.1?
were able to report the synthesis of the desired monopalladated pincer N*C*N complex
(4.n) as supported by 4.f using transmetallation from the related organomercury
compound (4.i) (b in Scheme 4.2). Only one year later, the same group successfully
reported the synthesis of the palladium pincer complex of 4.f by direct Caryi—H activation
using Naz[PdCla] as a source of Pd". Notably, a high temperature (118 °C) was required
for this reaction to proceed and give the desired complex (4.9) in a reasonable yield.
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X | X
N Hg N A
c|;| 4.
Pd(OAc),
LiCl
X X
/N—Pld—N =
Cl 4.h

Scheme 4.2: Reactions of 1,3-di(2-pyridyl)benzene (4.f) with Pd(OAc)2

1,3-Bis(pyrazolylmethyl)benzene (4.j), which is structurally similar to 4.f and
features a combination of a central benzene ring and two pyrazole groups, was found to
have a similar reactivity towards Pd(OAc)2 where a doubly cyclopalladated product was
formed instead of an NAC”N pincer complex.!* This observation encouraged Hartshorn
and Steel® to design a ligand in which the active meta-coordination sites on the benzene
ring are blocked by a relatively inactive substituent, such as a methyl group, in the hope
that this would lead to the formation of a cyclopalladated pincer complex. Therefore, the
authors prepared 1,3-bis(pyrazolylmethyl)m-xylene (4.k), which was then reacted with
one equivalent of Pd(OAC): in acetic acid followed by addition of LiCl in a mixture of
acetone and water. As expected, the reaction gave the desired product (4.1) in which the
ligand (4.k) coordinated to the Pd" centre in a pincer mode through its three donor atoms
(N, C and N) (Scheme 4.3). In this case, the presence of the methyl groups prevented the
alternative Cz-H activation pathway with Pd(OAc)2 from ocurring, and led instead to a
selective C-H activation at the C2 position with two stable six-membered rings. This was
the first direct synthesis of a cyclopalladated pincer complex reported in the literature that
was derived directly from Pd(OAC)a.
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i) Pd(OACc),, AcOH

-
N\N N/N ii) LiCI, acetone/H,0 \ N\ /Pd\N/N ,
L \’ 7 |\
Cl
4.k 4.

Scheme 4.3: Direct synthesis of the Pd"' pincer complex (4.1) using Pd(OAc)2

Functionalised ligands have been the subject of study over recent years due to their
ability to influence the properties and take part in the catalytic reactivity of pincer
complexes.'® The hydroxy group is one of the most widely studied functional groups that
can be introduced into a ligand framework. As mentioned earlier in Section 1.4.2, ligands
containing an amide group usually show keto-enol tautomerism which plays a significant
role in metal-ligand reactivity. One of these is 2-pyridone and its derivatives which are
the common ligands in the field of coordination chemistry. As tridentate ligands,
applications to induce reactivity at a metal centre using an appended OH functional group
have not, to the best of my knowledge, been extensively investigated. Only a few pincer

complexes with a pendant OH group have been reported in the literature (Fig. 4.1).1722

Kundu et al.

Szymczak et al. .
2013 2013 2016

@ b

Achard et al. Chen et al. Viugt et al.
2016 2017 2017

Figure 4.1: Selected examples of tridentate metal complexes bearing a pendant OH

143



Chapter 4

Surprisingly, a comparative example of a 2-pyridone-based N*C”N pincer complex
could not be found in the literature. Due to this, 6,6’-dihydroxy terpyridine (4.m), which

is the most closely related to our system (see Scheme 4.6), will be discussed here instead.

Donohoe et al. first reported the synthesis of 4.m in 2008 by a multistep route which
involved ring-closing metathesis.?® In 2013, the ligand (4.m) was also re-prepared by
Szymczak and Moore!’ but in a two-step reaction that started from commercially
available 6,6'-dibromoterpyridine. The authors showed that the reaction of 4.m with
RuCl2(PPhs)s in methanol under reflux conditions and under an atmosphere of dry
nitrogen gave trans-[RuCl(4.m)(PPhs)z][PFe] (4.n) after adding a large excess of
[NH4][PFes] at the end of the reaction (Scheme 4.4).

RuCl,y(PPh3)3

MeOH, reflux, N, |
NH,PFg

Scheme 4.4: Synthesis of trans-[RuCI(4.m)(PPhs)z][PFe] (4.n)

The X-ray structure of 4.n revealed a slightly distorted octahedral complex in
which a ruthenium(ll) chloride core is supported by an N*N”N pincer ligand with a
mutually trans arrangement between the two PPhs ligands. The coordinated pincer ligand
was found to exist in the pyridinol form with two pendent hydroxy groups whose protons
were involved with intramolecular hydrogen-bonding interactions with the Ru-bound
chloride (Fig. 4.2). However, it would also be possible for this complex to display keto-

enol tautomerism due to the presence of the 2-pyridone unit.
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Figure 4.2: Intramolecular hydrogen-bonding interactions in 4.n

Due to these geometric features, complex 4.n was used as an efficient metal-ligand
cooperative catalyst for the transfer hydrogenation of a variety of ketones.!” In
comparison to the analogous Ru" complexes containing 4,4'-dihydroxyterpyridine (4.0)
or terpyridine (4.p) as pincer ligands, complex 4.n showed a significantly higher activity
and carbonyl hydrogenation selectivity (Fig. 4.3).2* Therefore, the authors concluded that
the hydroxy position was important to the catalytic activity of the complex. In the case of
bulky ketones, however, complex 4.n showed a remarkably lower activity (no product

with benzophenone).?*

| INCREASING ACTIVITY AND SELCTIVITY FOR TRANSFER HYDROGENATION >

N
/\R

4.p 4.0

Figure 4.3: The relative reactivity of the NAN”N pincer complexes®*

Notably, the efficiency of 4.n was completely lost during the catalytic transfer
hydrogenation reactions. This was attributed to the deactivation of the catalyst and thus
formation of the unusual aqua-bridged diruthenium complex [Ru(x>-(6,6'-(pyridine-2,6-
diyl)dipyridonate))(PPhs)]2(u-OH2) (4.q). The dimer was obtained as a dark yellow
precipitate at the end of the catalytic reaction. Fortunately, the authors were able to isolate
the product and grow single crystals suitable for analysis by X-ray diffraction studies.
The solid-state structure of 4.9 showed a neutral dimeric unit bridged by one water
molecule through the oxygen atom and stabilised by hydrogen-bonding interactions.?*

145



Chapter 4

4.2 Aims and Objectives of Chapter 4

Since the numbers of pyridone-based pincer metal complexes are limited and there
is a complete absence of those complexes containing pyridone-based N*C~N pincer
ligands, the aim of this chapter is to first synthesise two different pyridine-based N*"C~N
pincer ligands (4.3 and 4.4) and investigate their reactivities towards a number of
transition metals (such as Pd", Pt", Hg'" and Ag'") to allow a comparison between them
and their corresponding pyridone-based N~C~N pincer ligands (4.5 and 4.6) for
applications in coordination chemistry (Scheme 4.5). The difference in reactivity and
selectivity between the two different Pd sources, palladium acetate and palladium
chloride, will be explored. Chloride-containing complexes will undergo a halide
abstraction reaction with AgPFs. Finally, attempts to cyclometallate 4.4 at a gold(I11)

centre “through C-H activation” will be shown and discussed.

M = Pd", Pt", Hg" and Au"
R, R, R4 = H or Me; R, = OMe or OH

Scheme 4.5: General synthesis of metal complexes using pincer ligands

All the resultant ligands and complexes shown in Scheme 4.6 will be fully
characterised using various techniques, including spectroscopic (*H, **C{*H}, P and 1°F
NMR and IR) and spectrometric (ESMS, HRMS) techniques in addition to single crystal
X-ray diffraction.
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OMe NCMe OMe

(415) Ry =H
AgPFg (4.16) R4 = Me

(4.7) Ry =H and R, = OMe
(4.10) Ry =Hand R; = OH

OMe OMe

(4.13) Ry = H
4.14) R, =
P.d(OAC)Z ( ) R4 = Me Pd(OAc), H[AuCly]
LiCl
MeO
KIAUCI,]
Ko[PtCl,]
OMe OMe Ro R
(411) Ry =H (4.3) Ry = Hand R, = OMe
(4.12) Ry = Me (4.4) Ry = Me and R; = OMe

Nay[PdCl,] _ (4.5)R;=H and R, = OH
(4.6) Ry = Me and R, = OH

(4.19) Ry = H and R, = OMe
(4.20) R4 = Me and R, = OMe

Pd(OAc), (4.21) Ry =H and R, = OH
(4.22) Ry = Me and R, = OH

(4.13) Ry = H and R, = OMe

(4.14) R, = Me and R, = OMe Pd(OAC),
(417) R, = H and R, = OH
(4.18) Ry = Me and R, = OH OMe
X —OMe N
[ l
—N X
N\ /0 ~<O,
Pdl_ N
o Pd
%I—of \
AN N= ,
MeO™ Xy
~ZN (4.8) (4.9)
OMe

Scheme 4.6: Ligands and complexes described in Chapter 4

147



Chapter 4

4.3 Results and Discussion
4.3.1 Synthesis of N*C”N Pyridine Ligands
There are three possible pathways to synthesise the target N*C”N ligand, namely

through Suzuki, Negishi and Stille cross-coupling reactions (Scheme 4.7).2°

~r° [E=
| -B(OR), (Suzuki)
N -ZnR (Negishi)
-SnR; (Stille)
), o - $
X X Pd(0) catalyst N N A
X= halide OMe 4.3 OMe

Scheme 4.7: Synthetic pathways to form N*C”N ligands. Adapted from ref. 25

The Suzuki cross-coupling reaction is an environmentally friendly procedure in
comparison to the other reactions; therefore, it was considered the best choice to start
with. Since boronation of 2-bromo-6-methoxypyridine (2.1) will give a reportedly
unstable 2-(6-methoxypyridine)boronic acid,®® an alternative way, in which 1,3-
dibromobenzene undergoes the bromination reactions, was attempted. Three synthetic
attempts were made to obtain 1,3-phenylenediboronic acid. These included: (i) the same
synthetic approach used for Ar-B(OH): synthesis (2.2-2.4), (ii) replacement of the
reaction solvent (THF to Et2O) and (iii) changing the reaction equivalent ratio between
the 1,3-dibromobenzene and the n-BuLi solution. However, all these three attempts to
obtain the desired product were unsuccessful and instead gave 3-(bromobenzene)boronic
acid (Fig. 4.4) as the main product (formation of other products is possible). This was
confirmed by the data obtained from *H NMR spectroscopy and mass spectrometry.

BrQ\B(OH)Z

Figure 4.4: 3-(Bromobenzene)boronic acid

Alternatively, the py-ZnCl precursor was prepared for reaction with the 1,3-

dibromobenzene under Negishi coupling conditions. After heating at reflux for three
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days, the title ligand (4.3) was obtained in a very low yield (31%) as a white solid. The

reaction conditions are described in Scheme 4.8.

= n-BuLi, -78, Et,0 N N
« | . O\ ZnCl,, 0°C° |
Me0” N7 Br  Br Br  Pd(PPhy),, THF N "
80 °C, 72h
OMe 4.3 OMe

Scheme 4.8: Synthesis of 4.3 using Negishi coupling conditions

Stille cross-coupling conditions could be also used to produce the target ligand
(4.3) when 2-methoxy-6-(tributylstannyl)-pyridine (4.1) was used as a tin reagent.
Although Stille’s method involved highly toxic compounds, a good yield of 79% was
obtained for the synthesis of 4.3. In this reaction, 2-methoxy-6-(tributylstannyl)-pyridine
(4.1), prepared according to the method of Honda et al.,?® was reacted with 1,3-
dibromobenzene in the presence of a palladium(ll) catalyst and lithium chloride, and
heated under reflux in a mixture of dry toluene and EtOH for 72 hours (Scheme 4.9).
Silica gel chromatography was then employed to separate the pure product from the
catalyst as well as the tin-starting material and the 2-methoxy-6-phenylpyridine by-

product which was formed during the reaction.

7 PACI,(PPha), N N
« | ¥ el |
MeO” N7 snBu;  Br Br  toluene/EtOH N NF
90 °C, 72h
OMe 4.3 OMe

Scheme 4.9: Synthesis of 4.3 using Stille cross-coupling conditions

This ligand (4.3) has recently been synthesised and then characterised using
elemental analysis and *H and *3C NMR spectroscopy.?” The authors obtained the ligand
as evidence to support their “new method” for making an organic N*C”N system. In their
reaction, Pd(dppf)Clz2 (where dppf = 1,1'-bis(diphenylphosphino)ferrocene) was used as
a catalyst to couple 1,3-dibromobenzene with 2-chloro-6-methoxypyridine (1:2) in the
presence of bis(pinacolato)diboron and a base. However, their method would be only
useful if only a small amount of the ligand is required. The *H and *C{*H} NMR data

obtained for our ligand agreed with the data reported in their work.?’
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It was possible to grow single crystals suitable for X-ray diffraction studies by slow
evaporation of a solution of 4.3 in methanol. The solid-state data for the ligand revealed
the proposed structure to have an almost perfectly planar geometry in one pyridyl ring
with respect to the central phenyl ring (C(9)-C(10)-C(12)-C(13) = -0.2(4)°), as shown in
Figure 4.5.

1 He

\
\
H18BU

Figure 4.5: Molecular structure of 4.3 with full atom numbering

4,6-Bis(2-(6-methoxypyridonyl)-m-xylene (4.4) was also synthesised in order to
investigate whether C-H activation would occur at the Cz position with Pd(OAc) after
blocking the other ortho C-H activation sites on the phenyl ring. The ligand 4.4 started
with the preparation of 1,5-dibromo-2,4-dimethylbenzene (4.2) using a synthetic method
established by Bonifacio et al.?® The reaction of m-xylene with bromine was carried out
in the absence of light using iodine as a catalyst (Scheme 4.10). After recrystallisation,
white crystals were obtained in a slightly low yield (41%). *H and *C{*H} NMR data
were fully consistent with the proposed structure and with those previously reported.?

I, (5 mol%)
+ Br—Br >
Br Br

Scheme 4.10: Synthesis of 1,5-dibromo-2,4-dimethylbenzene (4.2)

As mentioned earlier, the best reaction to try first, in order to obtain a pincer ligand,
is Suzuki cross-coupling. In order to perform this reaction, m-xylene-diboronic acid needs
to be synthesised and then reacted with two equivalents of 2-bromo-6-methoxypyridine

(2.1). The same synthetic route as that used for the Ar-B(OH)2 synthesis was carried out
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to produce m-xylene-diboronic acid; however, the reaction clearly resulted in a mixture
containing 2,4-dimethylbenzeneboronic acid (Fig. 4.6) as the major product (>82%). The
formation of this product was confirmed by *H NMR spectroscopy, as the spectrum

illustrated a singlet and two doublets in the aromatic region.

: B(OH),

Figure 4.6: 2,4-dimethylbenzeneboronic acid

A palladium-catalysed cross-coupling reaction performed under Negishi conditions
to synthesise the desired NAC”N ligand was also unsuccessful. The *H NMR spectrum of
the crude product showed that the starting material (4.2) had not reacted at all. Therefore,
the Stille cross-coupling reaction was the last possibility for synthesising the ligand via
the undesirable toxic compound (4.1). 4,6-bis(2-(6-methoxypyridonyl)-m-xylene (4.4)
could be obtained as a colourless solid (54%) using the same synthetic method employed
for 4.3 (Scheme 4.11). The '"H NMR spectrum of the crude reaction mixture showed that
the mono pyridyl-substituted benzene was also formed during the reaction. This by-

product, along with other impurities, was removed using silica gel chromatography.

Z PdCl,(PPh),
MeO N N N _~

N SnBuj Br Br toluene/EtOH
90 °C, 72h

OMe 44 OMe

Scheme 4.11: Synthesis of 4,6-bis(2-(6-methoxypyridonyl)m-xylene (4.4)

The *H NMR spectrum of the pure ligand (4.4) showed two singlets at 2.39 and 3.87
ppm corresponding to the methyl and methoxy protons, respectively. Two singlets also
were observed in the aromatic region at 7.12 and 7.46 ppm representing the protons
attached to the central ring. The *C{*H} NMR spectrum (CDCls) of 4.4 displayed eleven
signals with the four quaternary aromatic carbon environments, indicating that the two
pyridine rings are equivalent and exist in the same environments. ASAP mass
spectrometry gave a very strong peak at 321 which is representative of the molecular ion

[M+H]*. Further confirmation of the structure of the ligand (4.4) was given by X-ray
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crystallography (Fig. 4.7). Single crystals of 4.4 suitable for X-ray analysis were grown

by slow evaporation of a methanol solution containing the ligand.

H17C
H17B /

, H18C H4

Figure 4.7: Molecular structure of 4.4 with full atom numbering

The solid-state data for 4.4 revealed the proposed structure with a central m-xylene
directly coupled with two pyridine units at the 4 and 6 positions. It is clear that the two
methyl groups of the central ring forced the two pyridyl rings into a non-planar
orientation, quite unlike those in 4.3. This was confirmed by torsion angles of the
pyridines with respect to the m-xylene moiety, where C(3)-C(2)-C(7)-C(11) = -36.9(5)°
and C(5)-C(6)-C(12)-N(2) = -39.9(4)°.

4.3.2 Synthesis of N*C”N Pyridone Ligands

The deprotection of the methoxy protecting groups in both ligands 4.3 and 4.4
resulted in the formation of 1,3-bis(2-pyridon-6-yl)benzene (4.5) and 4,6-bis(2-pyridon-
6-yl)-m-xylene (4.6), respectively. Scheme 4.12 shows the experimental conditions used

for these syntheses.

R R
X X i) HBr (48%), 125 °C, 4h
N N A i) aqueous NaHCO3
OMe OMe

45R=H,46 R=Me

Scheme 4.12: Synthesis of 4.5 and 4.6
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For 4.5, the methoxy ligand (4.3) and an aqueous HBr solution (48%) were
combined in a small flask and heated under reflux for four hours. On cooling to room
temperature, a white precipitate was observed which was subsequently found to be
insoluble in an organic phase; therefore, the resultant mixture was filtered, washed with
water, collected and finally dried under reduced pressure to give a yield of 88%. 4.5 was
also found to be stable up to 300 °C and was not soluble in the solvents that are commonly
used to characterise products. However, the electrospray (ES) mass spectrum of 4.5 in
MeOH illustrated a peak at m/z 265.0981 corresponding to the protonated molecular ion
([M+H]"). In the solid-state IR spectrum of the product a C=0 stretching peak at 1643
cm™ was observed as additional evidence for the formation of this ligand. Attempts to

obtain X-ray quality crystals were unsuccessful.

Under similar conditions as those used for the synthesis of 4.5, a deprotection
reaction of 4.4 afforded 4.6 as a white solid with a slightly low yield (40%). Unlike 4.5,
the ligand (4.6) was found to be highly soluble in organic solvents; therefore, a full
characterisation using different spectroscopic techniques was successfully performed. In
the *H NMR spectrum, the signal appearing as a 6H singlet, corresponding to the protons
of the two methyl groups, was observed at 2.37 ppm. In comparison to the starting
methoxypyridine ligand (4.4), the two singlets observed at 7.17 and 7.60 ppm in the
aromatic region were found to be shifted downfield by 0.05 and 0.13 ppm, respectively.
Furthermore, the methyl signals of the methoxy moiety disappeared and a downfield
broad singlet peak at 12.20 ppm, representing the NH proton, appeared instead. This
significant downfield shift of the NH proton could be attributed to the hydrogen-bonding
interactions between the NH hydrogen and a hydrogen bond acceptor from other
molecules. As expected, ten signals were seen in the *C{*H} NMR spectrum, indicating
that the ligand existed in a symmetrical arrangement. The IR spectrum of 4.6 displayed a
very strong peak at 1637 cm™ which corresponded to the (C=0)ketone stretching vibration;
this suggested that the dominant form of this ligand in its solid state should be the
pyridinol tautomer. Further evidence for the formation of 4.6 was obtained due to the
presence of a strong protonated molecular ion peak (at m/z 293.1301 [M+H]*) upon

analysis by ASAP mass spectrometry.

The structure of 4.6 has been further confirmed by X-ray diffraction studies on a
suitable single crystal grown by slow evaporation of a solution of the ligand in methanol
(Fig. 4.8). Selected bond lengths and angles are given in Table 4.1.
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Figure 4.8: Full X-ray structure of 4.6 with a solvent MeOH molecule

Table 4.1: Selected bond lengths and angles of complex 4.6

Ligand Bond lengths (A) Bond angles (°) Torsion angles (°)
Cl1-01 C16-02 N1-C1-0O1 N(1)-C(5)-C(6)-C(11)
4.6 1.252(2) 1.245(2) 120.13(14) -45.88(19)

The X-ray crystal structure of 4.6 showed that the ligand exists in the lactam
(pyridone) form where the hydrogen atom bonds with the nitrogen atom rather than the
oxygen atom. This observation was supported by the carbon-oxygen bond lengths of
1.252(2) and 1.245(2) A, which are both in agreement with double-bond character. The
solid-state showed that the ligand was protonated at each pyridyl nitrogen. Each two
neighbouring molecules in the crystal structure are found to be linked either by direct
hydrogen-bonding interactions or with the help of two methanol molecules of solvation
(Fig. 4.9).

Figure 4.9: Intra- and intermolecular hydrogen bonding in 4.6
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4.3.3 Complexation of Tridentate N~C”~N Ligands to Palladium (Pd')

Coordination of the pre-ligand 4.3 with a Pd" centre was achieved using Pd(OAC)-.
Initially, the reaction was attempted on a 1:1 (Pd'/ligand) scale to try to obtain a
monopalladated pincer complex with both nitrogen atoms coordinated to one metal
centre. The reaction was carried out by stirring in MeOH at room temperature for 48 hours
which resulted in a yellow solution with a precipitate. After stopping the reaction, the
yellow solid was separated by filtration, washed with Et20, and collected and dried under
reduced pressure to give a 41% yield of a tetrameric complex (4.7) in which four acetate
bridges bind two doubly metallated ligands (Scheme 4.13). As will be discussed
separately, the filtrate from this reaction was concentrated and dried in a rotary evaporator
to surprisingly afford a dimeric complex (4.8) in a very low yield (29%) (see Scheme
4.14).

d
o \o o @
AN I\ Pd(OAc), (2 equv.) / \/ )\;
_N N _~ MeOH, RT, 48h \o s /
/ ol

OMe OMe

Scheme 4.13: Synthesis of [Pd2(4.3)(u-OAc)2]2 (4.7)

Unfortunately, the tetrameric 4.7 was only slightly soluble in DMSO and
completely insoluble at room temperature in other organic solvents such as CDCl3, DCM,
MeCN and benzene. This insolubility meant that using 4.7 in any subsequent reactions,

such as disassembly and catalytic reactions, would be difficult.

The 'H NMR spectrum of 4.7 (DMSO-ds) showed two singlets at 6.18 and 7.09
ppm indicating that the C2-H bond between the two pyridine rings had not been activated
(Scheme 4.13). Therefore, the complex was proposed to contain a doubly palladated
ligand in which each palladium coordinates to the ligand by two atoms, the pyridyl

nitrogen and o-carbon (Cas). Two different 6H singlets were also observed at 1.9 and 2.14
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ppm which were assigned to the methyl groups of the acetate ligands. This indicated that
the bridging acetates are found in two different environments; the X-ray structure of this
complex later confirmed this point. The '*C NMR signals for 4.7 were assigned using
HSQC and HMBC NMR experiments and also based on experimental data for a
structurally similar complex (4.g).! The 2D HMBC NMR spectrum showed five aromatic
CH carbon environments, which was consistent with the proposed structure. The IR
spectrum displayed two strong bands at 1567 and 1406 cm™' which are representative of
asymmetric and symmetric carboxylate vibrations, respectively. According to the results
obtained by Nakamoto,? the acetates must be in a bridging fashion when Av > 40 cm™'.
The electrospray mass spectrum of the tetrameric complex (4.7) showed molecular ion

and fragmentation peaks at m/z 1241 [M]" and 1182 [M-OAc]", respectively.

Once the structure of this complex had been determined to be that of a tetrameric
complex, the stoichiometric amount in the second attempt was addressed through the use
of a two-fold ratio of the Pd salt to the ligand 4.3 (2:1). As expected, this increased the
yield of 4.7 to 83%.

A single crystal suitable for X-ray diffraction analysis was obtained from a
diffusion process using a DMSO solution of 4.7 and EtOH as a precipitant. The X-ray
structure of the complex 4.7 was found to be essentially identical to that previously
obtained by Cérdenas et al.! with the exception of the presence of methoxy groups in our

complex (Fig. 4.10).

Figure 4.10: Structure of 4.7 with hydrogen atoms omitted for clarity
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The complex tends to adopt an “open-book™ structure supported by two ligands
bridged by four acetate ligands. The X-ray structure revealed that the two acetate ligands
are located trans to nitrogen atoms while the other two are trans to carbon atoms. This
observation clearly explains why two different 6H singlets appeared in the 'H NMR
spectrum. Table 4.2 shows that there are two different types of Pd-O bonds in complex
4.7; one is trans to a carbon atom whilst the other Pd-O bond is frans to a pyridyl nitrogen
atom. The Pd-O bonds #rans to C are found to be longer than those trans to N, exactly as
observed in the dimeric N*C complexes described in Chapter 2 (2.10-2.14). This is again
due to the stronger trans influence of the phenyl carbon atom. The complex has a bite
angle (N-Pd-C) of approximately 81.1°, which is almost identical to the corresponding
angle (81.2°) in the complex previously synthesised by Cardenas et al.! (Fig. 4.g). Typical
Pd-N and Pd-C bond lengths were observed in this complex, which are similar to those

reported for 4.g.

Table 4.2: Selected bond lengths and bite angles of complex 4.7

0 Bond lengths (A) Bond angles (°)
% Pd---Pd Pd-O Pd-O Pd-N Pd-C N-Pd-C

‘E (transto C)  (transto N)
4.7 2.847(1) 2.127(7) 2.045(6) 2.090(7)  1.956(8) 80.1(5)

As mentioned earlier, another dimeric complex (4.8) was formed as a minor
product during the course of the reaction of 4.3 with Pd(OAc)2 (Scheme 4.14). The
concentration of the filtrate via rotary evaporation gave a complex mixture of products

from which 4.8 was obtained upon recrystallisation as very thin yellow needles in a 29%

yield.
OMe
] X—OMe NZ ’
—N ,___l\ X
N O—=Q
Pd(OAc), (1 equv.) pd\ AN
> O Pd
MeOH, RT, 48h =0

N TN 1
_N 48 MeO X
OMe

Scheme 4.14: Formation of 4.8 as a minor product from the reaction with Pd(OACc):
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It should be noted that the dimeric 4.8 is not a precursor to the tetrameric 4.7, as each
bridged acetate ligand here is trans to different atoms (unlike those in 4.7) and the non-
coordinated pyridines were distal from each other, indicating that formation of the

tetramer (4.7) is not possible from 4.8.

The dimeric 4.8 was found to be highly soluble in different organic solvents;
therefore, a full characterisation of this product was possible. The *H NMR spectrum
showed the formation of a 1:1 (L/OAc)-Pd complex. Two 3H singlets representing the
methoxy (OMe) protons were observed at 3.64 and 4.06 ppm in the *H NMR spectrum of
4.8. This indicated that the two methoxy groups are not in equivalent environments; this
was further confirmed by the presence of two peaks at 53.2 and 55.7 ppm in the *C{*H}
NMR spectra of 4.8. A 3H singlet at 2.23 ppm confirmed the presence of the bridged
acetate ligand. In addition, nine unique aromatic proton and carbon environments were
observed in the *H and *C{*H} NMR spectra of 4.8, respectively. These observations
were found to be in agreement with the proposed structure. The infrared spectrum of this
complex showed two strong bands at 1559 and 1405 cm™ which were assigned to the
asymmetric and symmetric carboxylate bridges, respectively. The Av value was greater
than 40 cm™ and hence it can be concluded that the carboxylate group is not in a chelating
mode.?° Analysis of the dimeric complex (4.8) by electrospray mass spectrometry
revealed a fragmentation peak at m/z 855 corresponding to the loss of an acetate from the

molecular ion [M-OAc]".

It was possible to grow a single crystal of 4.8 suitable for X-ray diffraction studies
by slow diffusion of hexanes into a concentrated CH2Cl2 solution of the crude product.
The X-ray structure of the complex is shown in Figure 4.11. The solid-state data showed
a dimeric acetate-bridged complex in which the tridentate ligand (4.3) acted as an N*C-
chelating ligand to the Pd"' centre with the second pyridine left “dangling”. The X-ray
data clearly confirmed that this bidentate complex cannot be considered as an
intermediate for 4.7 due to the anti-position of the two available pyridines. From Table
4.3, all bond lengths, including Pd---Pd interactions, and angles were found to be within
the normal range for related dimeric acetate-bridged complexes previously described in
this work. Additional conclusions on structure 4.8 should not be drawn since the structure
refinement was very weak due to crystal quality with an R1 value for all data of 0.2948

and wR2 = 0.2857 (see Table A8 in the Appendix), as this would lead to significantly
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larger errors in bond lengths and angles. Values in Table 4.3 should be viewed with

caution.

Figure 4.11: Structure of 4.8 with hydrogen atoms omitted for clarity

Table 4.3: Selected bond lengths and bite angles of complex 4.8

o Bond lengths (A) Bond angles (°)
-g Pd---Pd Pd-O Pd-O Pd-N Pd-C N-Pd-C

2 (transto C)  (transto N)
48 2.836(2) 2.175(12) 1.997(14) 2.102(15) 1.954(18) ~81.5(8)

Upon reaction of the ligand 4.4 with two equivalents of Pd(OAc)z in MeOH at room

temperature, the dimeric 4.9 was obtained very cleanly in an 84% yield (Scheme 4.15).

o) 0
O, \\\\\\\“\\O/’""'n.,, Re

X X Pd(OAc), (2 equv. (¥
( )2 (2 equv.) pd‘/ (Pd
o~ 0" N\ O—_
N

I >
|/N N._J  MeOH,RT 24h = _-O N/
OMe OMe | \
= /49

Scheme 4.15: Synthesis of 4.9

The reaction with one equivalent of Pd(OAc)2 was attempted under the same conditions
and gave the same product (4.9). Treatment of the ligand with one equivalent of Pd(OAC):
in dry MeOH under an inert atmosphere did not help to obtain a monopalladated complex
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and thus the complex remained unchanged. The coordination reaction formed a dimeric
complex in which the Cz was not metallated and both pyridine rings coordinated to
different Pd'" centres, which are bridged by both OH and acetate ligands.

In the *H NMR spectrum of 4.9, 6H and 3H singlets corresponding to the acetate
methyl protons were observed at 1.61 and 1.7 ppm, respectively. These peaks, as well as
two signals at 22.4 and 22.7 ppm in the 3C{*H} NMR spectrum, indicated the presence
of inequivalent acetate groups where one acted as a bridge between the two Pd" centres
and the other two acted as monodentate ligands. A singlet was also observed at 5.64 ppm
in the *H NMR spectrum which represents the bridging hydroxy-ligand. The unsuccessful
attempt at CH activation was confirmed by the presence of five unique aromatic proton
and CH environments in the *H and 3C{*H} NMR spectra, respectively. The two peaks
at 1574 and 1380 cm™ in the IR spectrum may indicate the asymmetric and symmetric
v(COO) vibrations of the acetate ligand, respectively. The electrospray mass spectrum of
the dimeric complex showed a variety of fragmentation peaks at 669, 650, 590 and 425
which represent [M-OAc]*, [M-OAc-OH]", [M-20Ac-OH]* and [L+Pd]*, respectively.

Suitable X-ray crystals of complex 4.9 were grown by slow diffusion of hexanes
into a dichloromethane solution of the product. The X-ray structure is shown in Figure
4.12 and selected bond lengths and angles are reported in Table 4.4.

Figure 4.12: Structure of 4.9 with hydrogen atoms omitted for clarity

The solid-state structure showed a doubly palladated ligand in which each Pd" centre
tends to adopt a square planar geometry with three different types of Pd-O bonds and one

Pd-N bond. The lengths of all three Pd-O bonds are found to be almost identical to each
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other, within experimental error, although the Pd-OH bonds are exposed to different trans
influences. The Pd-N bond lengths of ~2.055(10) A were also found to be similar to those

previously reported.?

Table 4.4: Selected bond lengths and angles of complex 4.9

@ Bond lengths (A) Bond angles (°)
3 Pd--Pd  Pd-Obridge Pd-Omono  Pd-OH Pd-N Pd-O-Pd
2

49 2940(2) 2.018(9) 2.001(9) 1.999(8) 2.055(10) 93.9(3)

Comparable structures of this complex could not be found in the literature;
however, there is an example that showed similar reaction behaviour. The one which most
closely resembles 4.9 is [(N*"CH”"N)(u-MgClI-THF)2] (4.r), where N*\CH”N = N,N’-[1,3-
phenylenebis(methylene)]bis-(2,6-diisopropyl aniline). The dimeric magnesium complex
was obtained as a result of the reaction of 2 equivalents of MeMgClI with the N*CH”N
ligand. The authors confirmed the structure, inter alia, by single crystal X-ray diffraction
studies and attributed this observation to the bridging chlorides, which were thought to

help stabilise the dimeric formulation.*

Cl wCl
THF. 7% THF
\ “{‘“\m\\\ \,'" /
Mg Mg

4.r Ar = 1,3-diisopropylbenzene

Since the ligand 4.5 is not soluble at room temperature in any organic solvents,
more forcing conditions were required to carry out reactions. Acetic acid was the best
choice among a variety of solvents for complexation of 4.5 with Pd(OAc).. To increase
the solubility —and therefore the reactivity — of the ligand, the reaction mixture was heated
at 80 °C for 24 hours with a solution demonstrating a colour change from dark red to light
orange. After approximately three to four hours, the solution stopped changing colour,
suggesting that the reaction was mostly complete at this point; however, the reflux was

continued to maximise the yield. After cooling to room temperature, the orange
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precipitate was filtered and washed with HOACc to give 4.10 as an orange solid in high
purity but with a low yield of 44% (Scheme 4.16).

O
\
H
d
Y \O o
Pd(OAc), (2 equv.) / \
HOAc, 80 °C, 24h < \7) o\ L
g d Ra”

Scheme 4.16: Synthesis of [Pd2(4.4)(1-OAc)2]2 (4.10)

The tetrameric 4.10 was found to be slightly soluble in only CDCIs and completely
insoluble at room temperature in other organic solvents, including DMSO. This meant

that full characterisation of 4.10 would be difficult.

Upon analysis of 4.10 by *H NMR spectroscopy, two aromatic singlets were
observed at 6.42 and 6.54 ppm indicating that the C(2-H bond between the two pyridine
rings had not been activated (Scheme 4.16). In this case, the proposed structure of 4.10
would be similar to 4.7 in which two ligands were dipalladated and bridged by four
acetates. Two different 6H singlets corresponding to the acetate methyl protons were also
observed at 2.10 and 2.23 ppm indicating that each of the two acetate groups was in a
different environment, as confirmed by X-ray crystallography. The downfield-shifted OH
peak was represented by a singlet at 9.20 ppm, confirming that the ligands coordinated to
the metal centre in the pyridinol form. This significant downfield shift of the OH proton
was attributed to the hydrogen-bonding interactions between the OH hydrogen and the
adjacent oxygen of the bridging acetate. The 2D HSQC spectrum of 4.10 showed five
unique aromatic CH carbon resonances, which was in agreement with the proposed
structure. Two strong bands representing asymmetric and symmetric carboxylates were
observed at 1558 and 1407 cm™ upon analysis by IR spectroscopy. The electrospray mass
spectrum of the tetrameric complex (4.10) displayed a molecular ion peak at m/z 1186

[M]* which was in good accordance with the calculated mass.

162



Chapter 4

Further confirmation of the tetrameric structure of 4.10 was obtained by X-ray
diffraction analysis on single crystals, grown by slow evaporation of a chloroform
solution of the complex. The structural diagram of 4.10 is provided in Figure 4.13 with

selected bond lengths and angles for the structure reported in Table 4.5.

Figure 4.13: Structure of 4.10 with hydrogen atoms omitted for clarity

Table 4.5: Selected bond lengths and bite angles of complex 4.10

o Bond lengths (A) Bond angles (°)
% Pd---Pd Pd-O Pd-O Pd-N Pd-C N-Pd-C
g (transto C)  (transto N)

410 2.890(1) 2.173(8) 2.063(7) 2.049(8) 1.881(11) 82.6(4)

The X-ray structure of the tetrameric complex (4.10) showed two doubly palladated
ligands bridged by four acetates. Each Pd" centre has a distorted square planar geometry
with, for example, a N(1)-Pd(1)-O(5) angle of 98.5(3)°. In common to most acetate-
bridged complexes, the tetramer (4.10) was forced to adopt an “open-book” geometry’
by the four acetate ligands, with Pd---Pd bond lengths of about 2.890(1) A (shorter than
the sum of their van der Waals radii of 3.26 A).3* The C-OH bond lengths of
approximately 1.325(12) A indicated that the coordinated ligands were in the pyridinol
form. Furthermore, each pyridinol OH hydrogen atom was found to be able to form a
hydrogen bond with a neighbouring acetate oxygen atom (OH---H). The electronic nature

of the pyridinol ligand (in comparison with those for the tetrameric 4.7) does not seem to
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have a significant effect on the overall structure of the product, and therefore all Pd-X (X
=N, C and O) bond lengths and angles are in agreement with those observed in complex
4.7 and reported in the literature.® As mentioned for previous acetate-bridged complexes,
a significant trans influence in complex 4.10 was inferred from the differences in the Pd-
O bond lengths (where those trans to carbon atoms were longer than those trans to
nitrogen atoms by approximately 0.11 A). This was due to the stronger trans influence of
the aryl group versus the N-donor ligand.® It is worth mentioning that the tetramer (4.10)

proved to have a stable structure in NMR solution over time (3 weeks).

Treatment of 4,6-bis(2-pyridon-6-yl)m-xylene (4.6) with Pd(OAc): in different
conditions resulted in the formation of complex mixtures of products for which
purification was attempted but ultimately failed (Scheme 4.17). Despite several
modifications to the procedure, *H NMR spectra of the attempted reactions showed the

same complex mixtures with the absence of the downfield NH peak of the ligand.

Pd(OAc), a mixture of

Scheme 4.17: Reaction of 4.6 with Pd(OACc):

4.3.4 Transmetallation Reactions

Since the direct syntheses of pincer complexes using Pd(OAc). had been
unsuccessful, transmetallation reactions of appropriate C2-H-activated precursors became
an alternative choice by which to achieve the C: cyclopalladation. Despite
transmetallation of appropriate aryl-lithiated precursors with several transition metals
being widely used in the literature, the regioselectivity of these C-H activation processes
was found to be very difficult to control if there were more than one possible position
available for C-H activation. Therefore, it was necessary to synthesise mercurated

complexes for use as precursors for the metal-exchange reaction.

Reactions of 4.3 and 4.4 with Hg(OAc)2 in absolute ethanol, after being treated
with a solution of LiCl in methanol, gave the corresponding mercury complexes (4.11
and 4.12) with yields of 27% and 40%, respectively (Scheme 4.18).
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1. Hg(OAc),
EtOH, reflux, 24h _
2. LiCl, MeOH
RT, 15 min
41M)R=H
(4.12) R = Me

Scheme 4.18: Synthesis of [Hg(4.3)CI] (4.11) and [Hg(4.4)CI] (4.12)

Analysis of 4.11 and 4.12 by *H NMR spectroscopy revealed the symmetry in these
complexes, as the two pyridine rings appeared in equivalent environments. In addition to
the absence of the C2-H proton, a doublet with satellites (*Ju-Hg = 68 Hz) at 7.82 ppm in
the 'H NMR spectrum of 4.11 indicated that the covalent C-Hg bond had formed. This
was further confirmed by *C DEPT 135 NMR spectroscopy wherein four unique
quaternary aromatic carbon environments were found. In the case of complex 4.12,
similar observations were found upon *H and *C NMR spectroscopies, confirming the
formation of the covalent C-Hg bond; this was further demonstrated by the X-ray
structure of 4.12 (vide infra). In addition, the three peaks of the pyridine rings in both
complexes were almost identical to those observed for the starting materials, suggesting
uncoordinated pyridyl rings. Moreover, it was possible to view strong fragmentation
peaks at m/z 493 and 521 corresponding to [M-CI]* as well as molecular protonated ion
peaks at m/z 529 and 557 by ASAP mass spectrometry of 4.11 and 4.12, respectively.

It was only possible to grow single crystals of 4.12 suitable for an X-ray diffraction
study through slow diffusion of isopropyl ether into a solution of the complex in
dichloromethane. The structural diagram of 4.12 is given in Figure 4.14 with selected

bond lengths and angles reported in Table 4.6.

The solid-state structural data for 4.12 revealed a linear mercury(ll) coordination
complex with a C1-Hg1-ClI1 bond angle of 177.9(3)°. It was clear that the two pyridine
rings were orientated away from the central metal with a C1-C2-C7-N1 torsion angle of
54.8(15)°, and thus remained nonbonding. These observations are normal for R-Hg-Cl
species.'? The Hg-C and Hg-Cl bond lengths were found to be within the normal range
for related complexes previously reported in the literature.*? On the whole, the X-ray data

is very similar to that previously reported by Soro et al.'?
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H1gA g H18C H4 H178B

H20B I
Jeon H198

Figure 4.14: Structure of 4.12 with full atom numbering
Table 4.6: Selected bond lengths and angles of complex 4.12

'®) Bond lengths (A) Bond angles (°) Torsion angles (°)
o
g Hgl-C1  Hgl-Cl1  Cl-Hgi-Cll C1-C2-C7-N1  Hgl-C1-C2-C3
@D
X

412 2.055(12) 2.326(3) 177.9(3) 54.8(15) 174.6(9)

Following these mercuration reactions, transmetallation of 4.11 and 4.12 to Pd"
complexes was carried out in a mixture of ethanol and dichloromethane using Pd(OAc)z,
followed by addition of LiCl to cleanly give the corresponding pincer complexes (4.13
and 4.14) in 27 and 26% vyields, respectively (Scheme 4.19). It should be noted that

attempts to isolate the acetate intermediates were unsuccessful.

1. Pd(OAc),
(EtOH/DCM), RT, 20h
2. LiCl
MeOH, RT, 1h
OMe Cl OMe
(413)R=H
(4.14)R = Me

Scheme 4.19: Synthesis of 4.13 and 4.14 via transmetallation reactions

Both cyclometallated complexes (4.13 and 4.14) were found to have poor solubility
in organic solvents, such as CHCIs and MeCN; however, for NMR characterisation,
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DMSO demonstrated a slightly better ability to dissolve both complexes at room
temperature. Analysis of 4.13 and 4.14 by *H NMR spectroscopy revealed five and four
aromatic proton environments, respectively, consistent with their proposed structures.
The 6H singlets at 3.96 and 3.79 ppm were assigned to the methoxy protons in 4.13 and
4.14, respectively. The two methyl protons in the complex 4.14 were also observed as a
singlet at 2.34 ppm. The 2D HSQC spectrum of 4.13 and *C{*H} NMR spectrum of 4.14
showed the expected carbon resonances, confirming that the ligands had been
successfully bound to a metal centre by their anionic aryl carbon atoms (Cz). In the mass
spectra of 4.13 and 4.14, a strong fragmentation peak corresponding to the loss of chloride
was observed in each at m/z 397.0176 (requires m/z 397.0168) and 425.0498 (requires
m/z 425.0481), respectively. The Pd-chloride species were further proven from the
reactions of both ligands (4.3 and 4.4) with Naz[PdCl4] (vide infra). Although these data
cannot confirm that the ligands in both complexes behaved as pincer, coordination around
the palladium ion in similar complexes is normally considered to take a square planar

geometry with two nitrogen atoms bound to a Pd" centre in a trans arrangement.!

Unfortunately, attempts to obtain crystals of 4.13 and 4.14 suitable for X-ray
diffraction studies were unsuccessful. Instead, orange blocks grown in a residual amount
of the reaction mixture of 4.14, left to undergo slow evaporation, were submitted for X-
ray analysis. Unexpectedly, the molecular structure revealed a cationic palladium pincer

complex supported by a water molecule and Hg2Cls as a counterion (Figure 4.15).

H19B

cn

Cl2

Figure 4.15: X-ray structure of [Pd(4.4)(H20)]2[Hg2Cle] (4.14") with another Pd"

species omitted
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Table 4.7: Selected bond lengths and angles of [Pd(4.4)(H20)][Hg2Cle] (4.14")

e Bond lengths (A) Bond angles (°)

§ Pd-C Pd-N Pd-O  Hg-ClL  Hg-CI3 C11-Pd-N1

)

X

4.14' 1.909(7) 2.075(10) 2.197(5) 2.358(2) 2.633(2) 80.3(3)
N1-Pd-O3
100.0(2)

The solid-state data of 4.14' showed a distorted square planar geometry about the
Pd" centre with the almost identical C-Pd-N bite angles of 80.3(3)°, which are normal for
those forming a five-membered ring. The tridentate monoanionic pincer ligand was found
to be close to planar with respect to the chelating rings. The two Pd—N bond lengths were
almost identical to within experimental error, and found to be longer than the Pd-C bond
length of 1.909(7) A and significantly shorter than the Pd—O bond length of 2.197(5) A,
as reported in Table 4.7. For the [Hg2Cls]*, the X-ray structure revealed a distorted
tetrahedral geometry around each Hg atom that was supported by two terminal and two
double-bridged chloride ligands. The Hg-Cl bond lengths were almost identical to those
previously reported in the literature.*> Each two neighbouring cations in the crystal
structure of 4.14’ were found to be united by one anionic HgzCls through OH---Cl
hydrogen bonds (Figure 4.16).

Figure 4.16: Intermolecular hydrogen bonding interactions in 4.14'
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The aqua complex (4.14") is likely to be formed as a by-product during the reaction
or generated from 4.14 as a result of substitution of a chloride ligand by a water molecule.
The water molecule, coordinated to the Pd' centre, possibly came from the bench solvents
used for the reaction. The presence of the anionic [Hg2Cls]* in the unit cell of 4.14" has
raised the question of where this counterion came from; in other words, any mercury
derivatives generated after adding Pd(OAc)2 should have been removed upon filtration
through Celite to leave a solution containing only palladium acetate complexes. Soro et
al.*2 answered this question when they described all possible palladium intermediates that
may have been formed from the reaction of their mercurated complexes with Pd(OACc)2
(after the first step and before being treated with LiCl). They suggested that their
transmetallation reactions may have resulted in a mixture of [Pd(N*C"N)(OAc)] and
other dinuclear acetate-bridged species, such as [Pd2(N~C”N)2(u-OAc)][OAc] and
[Pd2(NAC”N)2(n-OAc)][Hg2Cls] (4.s). The latter dimer (4.s) was confirmed by X-ray
crystallography and it is likely that it was similarly present in our system. The ESI
negative mass spectrum of 4.14 showed a small peak at m/z 543 which may represent
[Hg2Cl4] species. If this was the case, formation of 4.14" with Hg2Cls as a counterion

upon recrystallisation would clearly be expected.

2[Hg,Clg]
\‘| 2Cls

Since the NMR data previously provided did not give enough information to
determine the exact structure of 4.13 and 4.14, the observation of the unexpected complex
(4.14") may now result in a degree of confusion and disagreement in terms of the synthesis
of these palladium chloride complexes. There is no doubt, however, from the mass spectra
of both complexes that transmetallation to palladium(Il) had been successfully achieved
in each instance. In order to eliminate this confusion, further evidence confirming the

synthesis of 4.13 and 4.14 will be provided in the following section (4.3.5).

It should be noted that reactions of pyridone ligands (4.5 and 4.6) with Hg(OACc):

have been tried under various conditions (Scheme 4.20). Unfortunately, however, all
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attempts to obtain mercurated complexes derived from 4.5 and 4.6 were unsuccessful, as
their reactions always resulted in the formation of complex mixtures of products with no

sign of the starting materials upon analysis by *H NMR spectroscopy.

1. Hg(OAc),
EtOH, reflux, 24h
7 >
2. LiCl, MeOH
RT, 15 min

Scheme 4.20: Attempted mercuration of 4.5 and 4.6 using Hg(OAc)2

4.3.5 Direct Synthesis of Palladium Pyridine and Pyridone complexes (4.13-4.16)
Given the regioselective C-H activation with Pd(OAc)2, the reactivity of 4.3 and
4.4 towards other palladium(ll) salts, such as Naz[PdCls], was explored. Due to the
insolubility of Naz[PdCl4] in organic solvents at room temperature, the reactions with 4.3
and 4.4 were performed in glacial acetic acid under reflux (118 °C) for 24 hours. Rather
surprisingly, these did not result in the formation of tetrameric and/or dimeric complexes,
but rather the direct complexation of 4.3 and 4.4 to palladium chloride gave palladium
pincer complexes (4.13 and 4.14) in 69 and 71% yields, respectively (Scheme 4.21).

Na,[PdCl,]

acetic acid, 118 °C, 24h

OMe Cl OMe
(4.13)R = H
(4.14)R = Me

Scheme 4.21: Direct synthesis of 4.13 and 4.14 using Naz[PdCl4]

Analysis of both complexes (4.13 and 4.14) by H and 3C NMR spectroscopy and
mass spectrometry revealed almost identical data to previous complexes obtained from
the transmetallation reactions. This observation provided further evidence for the

successful synthesis of 4.13 and 4.14 using Pd(OAc)2 with mercurated complexes.
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Compared to the previously described transmetallation route for the synthesis of these
complexes (4.13 and 4.14), the direct synthesis using Naz[PdCls] provided both a safe
alternative approach and significantly higher yields.

The procedure used for the synthesis of 4.13 and 4.14 was applied to the pyridone
ligands (4.5 and 4.6) with Naz[PdCls]. Unfortunately, despite various modifications to the
procedure, the reactions were unsuccessful and resulted in the formation of complex
mixtures of products with no sign of the starting materials upon analysis by *H NMR
spectroscopy (Scheme 4.22). These failed reactions could be attributed to the presence of

the hydroxy protons which might have been involved in coordination during the reactions.

Na,[PdCl,]
i >
7 [

acetic acid, 118 °C, 24h

OH Cl OH

Scheme 4.22: Attempted direct synthesis of 4.5 and 4.6 using Naz[PdCl4]

In order to determine if the pyridone complexes could be obtained from the pyridine
ones, demethylation reactions of the palladium pincer complexes (4.13 and 4.14) were
attempted under reflux with a hydrobromic acid (HBr) solution in water or acetic acid (48
or 45%, respectively) for 4 hours (Scheme 4.23). Unfortunately, these reactions were
unsuccessful and the starting methoxy complexes were recovered unreacted, as confirmed

by *H NMR spectroscopy.

i) HBr solution, 125 °C, 4h

i L
7 -

i) aqueous NaHCO4

OMe Cl OMe OH Cl OH
(413)R=H
(4.14)R = Me

Scheme 4.23: Attempted deprotection reactions of 4.13 and 4.14
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These several unsuccessful attempts encouraged us to try to find a new method for
the synthesis of pyridone pincer complexes. Therefore, the reactions of 4.5 and 4.6 with
Naz[PdCl4] were successfully developed through the use of microwave irradiation as a
means of heating the reactions. In this case, 150 °C, with a maximum pressure of 150 psi,
were sufficient to afford the desired complexes (4.15 and 4.16) as grey solids in good
yields (83 and 78%, respectively), as shown in Scheme 4.24. These products were found
to have extremely low solubility in organic solvents, and were only sparingly soluble in
CDCls.

Na,[PdCl], MW
acetic acid/H,0 (9:1) -

150 °C, 45 min
OH Cl OH
(415)R=H
(4.16) R = Me

Scheme 4.24: Synthesis of 4.15 and 4.16 using microwave heating

Analysis of 4.15 and 4.16 by H NMR spectroscopy revealed the absence of the
C2-H proton resonance (7.91 and 7.17 ppm in the starting materials, 4.5 and 4.6,
respectively), indicating that ligands had successfully undergone C-H activation to form
symmetric palladium pincer complexes. A singlet assigned to the hydroxy protons was
observed at 10.82 and 11.04 ppm in the *H NMR spectra of 4.15 and 4.16, respectively.
This significant downfield shift of the OH proton was attributed to the hydrogen-bonding
interactions between the OH hydrogen and the adjacent chloride atom, and also confirmed
that the ligands coordinated to the metal centre (Pd") in the pyridinol form. The 2D HSQC
NMR spectra of 4.15 and 4.16 showed five and four unique aromatic CH carbon
environments, respectively, which are in agreement with the expected structures. The IR
spectra of both complexes showed a broad peak between 2900 and 3100 cm™ which was
assigned to the v(OH) absorption band. Upon analysis by ASAP mass spectrometry, 4.15
and 4.16 displayed a peak representing the loss of the chloride ligand at m/z 368.9868 and
397.0187, respectively.

It was possible to grow single crystals of 4.15 suitable for analysis by X-ray
diffraction by slow evaporation of a solution of the complex in chloroform. The X-ray
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structure of 4.15 is shown in Figure 4.17; selected bond lengths and angles are reported
in Table 4.8.

Figure 4.17: X-ray structure of 4.15 with full atom numbering

Table 4.8: Selected bond lengths and angles of complex 4.15

0 Bond lengths (A) Bond angles (°)

2 Pd-N1 Pd-N2  Pd-C1(1) Pd-C(1) N1-Pd-C(1) C1-Pd-CI(1)
D

X

415 2112(5) 2.110(5) @ 2471(2) 1.921(5)  80.2(2)  174.13(17)

The molecular structure of 4.15 revealed a palladium(ll) chloride complex
supported by an almost perfectly planar monoanionic N*C”N tridentate ligand adopting
a distorted square planar geometry. The two Pd—N bond lengths are almost identical,
within experimental error, and found to be longer than the Pd-C bond length of 1.921(5)
A and significantly shorter than the Pd-CI bond length of 2.471(2) A, as reported in Table
4.8. These observations are consistent with those observed for [Pd(1,3-bis(2-
pyridyl)benzene)Cl] (see Scheme 4.2). The C-O bond length is approximately 1.324(10)
A, which is consistent with having single bond character, confirming the presence of the
coordinated ligand in a pyridinol form. Thus, intramolecular hydrogen-bonding
interactions involving both pendant OH protons and the Pd-bound chloride were
observed, as expected.
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Interestingly, the previous pyridone complexes (4.15 and 4.16) were found to be
alternatively synthesised from the pyridine ligands (4.3 and 4.4) by using the same
microwave reaction conditions but at a higher temperature than 150 °C (namely, 170 °C)
(Scheme 4.25). Compared to the previously described procedure for the synthesis of 4.15
and 4.16 from their pyridone ligands (4.5 and 4.6), the present reactions provided slightly
lower yields (74 and 66%, respectively).

R R
=z | z Na,[PdCl,], MW
N Naw acetic acid/H,O (9:1)
170 °C, 45 min
OMe OMe OH Cl OH
(415)R=H
(4.16) R = Me

Scheme 4.25: Alternative method for synthesising 4.15 and 4.16 using pyridine ligands

In these reactions, it was clear that the pyridine ligands had undergone
demethylation; however, it was unclear whether the demethylation process occurred
while the ligands are still free in the solution or after they have been bound to the Pd'"
centre. In order to investigate this further, similar conditions were applied to the palladium
pyridine complexes (4.13 and 4.14) in a mixture of acetic acid and water. These reactions
showed that both complexes were particularly stable and were left unchanged during the
reactions. However, employing the same conditions for the free pyridine ligands (4.3 and
4.4) successfully resulted in the formation of the corresponding demethylated ligands (4.5
and 4.6) in very high purity. Thus, these observations suggest the demethylation of the
pyridine ligands to occur first, followed by the coordination with the Pd" centre.

4.3.6 Stoichiometric Reactions with AgPFe

Since all palladium pincer complexes previously described showed very low
solubility in common organic solvents, any subsequent reactions would obviously be
difficult. However, the ability of both these pyridine complexes (4.13 and 4.14) to
undergo chloride substitution reactions with a neutral two-electron donor ligand such as
acetonitrile was tested in the presence of AgPFs (Scheme 4.26). The substitution reactions
were carried out under an inert atmosphere (nitrogen) at room temperature. Over time,

the solubility of the reaction mixtures increased to eventually give light brown
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suspensions with the precipitation of silver chloride. After filtration via cannula, the
solvent was removed by reduced pressure to afford 4.17 and 4.18 in good yields (72 and
86%), respectively).

AgPFg
MeCN, r.t, 12h
OMe Cl OMe OMe NCMe OMe
(417)R = H
(4.18) R = Me

Scheme 4.26: Synthesis of 4.17 and 4.18 using chloride abstraction reactions

Again, the solubility of these complexes (4.17 and 4.18) was extremely poor in common
organic solvents and thus DMSO was chosen as the best solvent to perform
characterisation by NMR spectroscopy. Analysis of 4.17 and 4.18 revealed 3H singlet
peaks at 1.98 and 2.08 ppm, respectively. These peaks are representative of the
coordinated MeCN protons and indicated the successful replacement of the chloride with
acetonitrile ligands. Further confirmation for this was found upon analysis by 2D HMQC
NMR spectroscopy wherein a characteristic acetonitrile-methyl carbon peak was
observed in each of their spectra. In the *H NMR spectra of 4.17 and 4.18, methoxy
protons were represented by a singlet, confirming the symmetry in these complexes.
Compared to their starting materials, proton peaks in the aromatic region of both
complexes were found to be shifted slightly upfield as a result of exchange reactions. In
their 3P NMR spectra, as is common to both complexes, was the presence of a septet
peak at approximately -144 ppm, representing the counterion (PFs’). Additionally, the 1°F
NMR spectra showed a doublet at about -73 ppm with a coupling constant of 711 Hz
representing the fluorine counterion. Both complexes showed P-F stretching peaks in the
range of 829-833 cm™. This stretching mode is representative of the PFs” counterion used
throughout. Upon analysis of 4.17 and 4.18 by electrospray mass spectrometry, strong
fragmentation peaks ascribed to [M-MeCN]" were observed at m/z 397.0181 and
425.0490, respectively.

Unfortunately, all attempts to grow single crystals of 4.17 and 4.18 suitable for

analysis by X-ray diffraction studies were unsuccessful.
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Chloride abstraction reactions of 4.15 and 4.16 in MeCN were attempted under the
same conditions as previously used for 4.17 and 4.18 (Scheme 4.27). However, these
reactions did not work, which was likely to be due to the insolubility of the starting

R R _IPFE;

materials in the reaction solvent (acetonitrile).

OH Cl OH OH NCMe OH
(415 R=H
(4.16) R = Me

Scheme 4.27: Attempted synthesis of MeCN-containing pyridone complexes

4.3.7 Complexation of Tridentate N~*C~N Ligands to Platinum (Pt'")

Following a thorough investigation of the reactivity of the tridentate N*C"N
pyridine and pyridone ligands (4.3-4.6) with two different sources of palladium(ll),
platinum(I1), as represented by Kz[PtCl4], was chosen for reaction with these ligands.
Platinum(1l) derivatives with monoanionic N*C”N ligands are well-known and usually
compared with the corresponding palladium(ll) complexes,* as their derivatives, in most

cases, show similar chemistry.

Under traditional heating, reactions of the pyridine pre-ligands (4.3 and 4.4) with
K2[PtCls] in glacial acetic acid have been tried (Scheme 4.28). Unfortunately, despite
several modifications to the procedure, the *tH NMR and mass spectra showed that these

reactions resulted in the formation of a complex mixture of products.

K,[PtCl,]
// -

77 -

acetic acid, 118 °C, 24h

N—pt—N

OMe Cl OMe

Scheme 4.28: Attempted synthesis of 4.19 and 4.20 under traditional heating
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These failed attempts encouraged us to look for another procedure that may help to
produce our desired products. The best method found to carry out these reactions was the
use of microwave irradiation as a means of heating the reaction mixtures. The use of
microwave reaction conditions between Kz[PtCls] and the tridentate N*C”N pyridine
ligands (4.3 and 4.4) at 90 °C in a mixture of acetic acid and H20 (9:1) afforded the target
platinum pincer complexes (4.19 and 4.20, respectively) in low yields (26 and 19%,
respectively) within only 45 minutes (Scheme 4.29).

K,[PtCl,], MW
acetic acid/H,0 (9:1) -

95 °C, 45 mins
OMe Cl OMe
(419)R=H
(4.20) R = Me

Scheme 4.29: Synthesis of 4.19 and 4.20 using microwave conditions

The identity of each complex was confirmed by the usual spectroscopic techniques.
In the *H NMR spectra of 4.19 and 4.20, the absence of the singlet peak representing Co-
H proton indicated C-H activation had been achieved by the metal centre (Pt"). This was
further confirmed through the analysis of both complexes by 2D HSQC NMR
spectroscopy, wherein five and four proton-carbon correlations were observed for 4.19
and 4.20, respectively. 6H singlets at 4.00 and 4.09 ppm, corresponding to the methoxy
protons, were observed in the *H NMR spectra of 4.19 and 4.20, respectively. This
observation indicated the symmetry in these complexes, where both pendant methoxy
groups are in the same environment. Upon analysis by electrospray mass spectrometry,
complexes 4.19 and 4.20 each displayed a fragmentation peak assigned to the loss of
chloride at m/z 486.0783 and 514.1086, respectively. Unfortunately, attempts to obtain

single crystals suitable for analysis by X-ray crystallography were unsuccessful.

Under similar microwave conditions to those used for the reactions of palladium
chloride (Naz[PdCls]) with pyridone ligands, platinum pincer complexes 4.21 and 4.22
were obtained from the reactions of K2[PtCl4] with the pyridone ligands (4.5 and 4.6,
respectively). In these reactions, NAC~N ligand coordination to the Pt centre occurred to
produce the poorly soluble species 4.21 (71%) and 4.22 (62%) (Scheme 4.30).
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Ko[PtCl,], MW

acetic acid/H,0 (9:1)
150 °C, 45 min
OH Cl OH
(4.21)R=H
(4.22) R = Me

Scheme 4.30: Synthesis of 4.21 and 4.22 using microwave heating

Upon analysis by *H NMR spectroscopy, 4.21 and 4.22 revealed the absence of
the Cz2-H proton, indicating the achievement of C-H activation on the phenyl ring. In
general, the *H NMR pattern of the peaks in the aromatic region were consistent with the
proposed structures and found to be different from those with the methoxy substituents
(4.19 and 4.20). This was further confirmed by displaying five and four unique proton-
carbon correlations in the 2D HSQC NMR spectra of 4.21 and 4.22, respectively. Due to
the hydrogen-bonding interaction with the chloride ligand, a downfield singlet assigned
to the OH protons was observed at 11.29 and 11.34 ppm in the respective *H NMR spectra
of 4.21 and 4.22. A broad peak assigned to the v(OH) absorption band was observed
between 2900 and 3100 cm™ in the IR spectra of both complexes. Common to the chloride
complexes, a fragmentation peak representing the loss of the chloride ligand at m/z
458.0468 and 486.0783 was observed upon analysis of 4.21 and 4.22 by ASAP mass
spectrometry, respectively.

Alternatively, 4.21 and 4.22 could be also prepared, but in slightly lower yields,
using the pyridine ligands (4.3 and 4.4) under microwave heating at 170 °C (Scheme

4.31).
R R
=z | =z K3[PtCly], MW
SN N acetic acid/H,0 (9:1)
170 °C, 45 min
OMe OMe OH Cl OH

(4.21)R = H
(4.22) R = Me

Scheme 4.31: Alternative synthesis of 4.21 and 4.22 using pyridine ligands
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These reactions are similar to those shown in Scheme 4.25 and thought to be started
by demethylation of the pyridine ligands followed by pyridone ligand coordination to the
Pt'' centre, as previously confirmed for the analogous Pd"' complexes. It should be noted
that the previous microwave reactions involving methoxy pre-ligands required a carefully
controlled temperature. Therefore, it was important not to leave the microwave reaction
mixtures at temperatures higher than 170 °C since this resulted in decomposition of the
pincer complexes formed during the reactions. In contrast, using a lower temperature than
170 °C, such as 135 °C, led to the formation of a complex mixture of products in which
the pyridine (4.19 and 4.20) and pyridone (4.21 and 4.22) complexes previously described
could be identified. In addition, demethylation of only one methoxy group of the pyridine
ligands was also possible, eventually forming a complex with two different pendant
groups, OMe and OH (Figure 4.18).

OH Cl OMe
R =H or Me

Figure 4.18: Possible product formation at 135 °C using microwave heating

4.3.8 Complexation of Tridentate N~C”~N Ligands to Gold (Au''")

Following these previous reactions with Pd'' and Pt", the reactivity of 4,6-bis(2-(6-
methoxypyridonyl)m-xylene (4.4) towards Au'"' was investigated. Before starting to study
the reactivity, it was realised that the reaction of gold(l11) species with N*CH”N ligands
is complicated, and different species might be expected to form during the reaction. Since
4.4 is able to act as a pincer, the main aim of this section was to prepare pure cycloaurated
pincer complexes containing pyridine or pyridone ligands. Unfortunately, however, all
attempts to cyclometallate 4.4 at an Au'"' centre through C-H activation were ultimately
unsuccessful, as the achievement of C-H activation via Au'' salts is considered as a

difficult task and usually only obtained under harsh experimental conditions.3*

Tetrachloroauric acid, H[AuCls], was first chosen as a source of gold(lll) for
reaction with 4.4 in a mixture of acetonitrile and water (1:1) at room temperature for only

five minutes. This reaction gave a yellow precipitate, which was identified as a di-
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protonated salt, [(4.4)(x*-H)2][AuCla]2 (4.23), in an 88% yield (Scheme 4.32). Although
the ligand was reacted with one equivalent of H[AuCl4], the reaction resulted in a cationic
ligand countered by two tetrachloroaurate anions. It is possible to obtain a mono-
protonated salt from this type of reaction;** however, this was not observed in the present
study. The salt of the di-protonated ligand was characterised, inter alia, by single crystal

X-ray diffraction studies.

_|2[AuCI4]
7 | 7 HIAUCI,]-3H,0 | N Z |
SN N | MeCN/H,0 (1:1) _NH HN
5 mins
OMe OMe OMe OMe

(4.23)

Scheme 4.32: Synthesis of [(4.4)(x'-H)2][AuCla4]2 (4.23)

In the *H NMR spectrum of 4.23, the singlets corresponding to the methyl and
methoxy protons had shifted downfield compared to those for the free ligand by
approximately 0.03 and 0.36 ppm, respectively. The presence of five downfield aromatic
proton signals between 7.46 and 8.50 ppm indicated that sp? CH activation has not been
achieved. The downfield position of these signals could be attributed to removal of
electron density caused by a coordinated hydrogen. A resonance representing the newly
introduced proton on the pyridyl ring (NH) was observed at 12.89 ppm as a broad singlet
in the *H NMR spectrum when recorded in CD3CN. The downfield position of the NH
proton could be attributed to the hydrogen-bonding interaction with neighbouring species
(which could be MeOH or AuCls). *C{*H} NMR spectroscopy also confirmed the
inability of the Au'" salt to activate a C-H bond due to the presence of five unique
aromatic CH carbon environments, which is in agreement with the expected structure.
The N-H stretch was observed as a broad band at ca. 3200 cm™ in the IR spectrum of the
di-protonated ligand. Upon analysis of 4.23 by ASAP-MS spectrometry, a di-protonated
molecular ion peak at m/z 321.1602 (Calculated: m/z 321.1681) was observed.

Further confirmation of the structure of 4.23 was obtained via X-ray diffraction
analysis (Figure 4.19). Single crystals suitable for analysis were grown by slow
evaporation of a methanol solution of 4.23. Selected bond lengths and angles are reported
in Table 4.9.
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H27C

CI5
Au2 Cl6

Cl4

Figure 4.19: X-ray structure of 4.23 with full atom numbering

Table 4.9: Selected bond lengths and angles of complex 4.23

Complex Bond lengths (A) Bond angles (°)
N1-H1 C1-01 Au-ClI Cl1-Au-Cl2  C1-N1-C5
4.23 0.8600 1.328(18) 2.277(7) 89.32(12) 121.9(14)

The solid-state structure of 4.23 revealed a packing of the [HNACH”NH] cation
and two anionic [AuCls]” with two methanol molecules of solvation, the latter being
involved in hydrogen-bonding interactions with the NH protons. All bond lengths and
angles in the di-protonated ligand and the tetrachloroaurate(lll) counterion were as
normal and consistent with those previously observed in the literature.3* The two pyridyl
rings are sterically forced by the two methyl groups into a perpendicular direction with
respect to the plane of the central ring, with the N(1)-C(5)-C(6)-C(7) torsion angle of
55(2)°. It is clear that the organic cation was di-protonated at the pyridyl nitrogen atoms.
The X-ray structure of the complex showed a slightly distorted square planar geometry
about Au"" supported by four chloride ions with Au-Cl bond lengths of 2.277 + 0.005 A.

When 4.23 was treated with a stoichiometric amount of NaHCOs in THF at room
temperature, deprotonation of the di-protonated ligand occurred to subsequently afford
the doubly N-bonded gold Au'' complex, [«*-N,N-(4.4)(AuCls)2] (4.24) in a 72% yield
(Scheme 4.33).
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Cl Cl
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_| 2[AuCly]
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_NH HN | THF, RT, 2h
L~
OMe OMe OMe ¢

Scheme 4.33: Synthesis of [k!-N,N-(4.4)(AuCls)2] (4.24)

The *H NMR spectrum of 4.24 revealed five proton environments with two singlets
at 7.52 and 8.10 ppm in the aromatic region, indicating that the ligand did not undergo
C-H activation with the gold salt; instead, each pyridyl nitrogen atom was monodentately
coordinated to the AuCls. Due to the addition of electron density into the ligand system,
the 6H singlet representing the methyl protons was shifted to slightly lower frequency
(ca. 0.10 ppm) with respect to that for the protonated ligand (4.23), while the methoxy
proton peak was found to not vary between the two spectra. Upon analysis of 4.24 by
13C{*H} NMR spectroscopy, eleven carbon peaks with five aromatic CH carbons and
four quaternary carbon environments were observed. The N-H stretch was not observed
in the IR spectrum of 4.24, confirming successful deprotonation. Complex 4.24 also

displayed a molecular ion peak at m/z 925.8959 by electrospray mass spectrometry.

The structure of 4.24 has been further confirmed by X-ray diffraction studies

(Figure 4.20). Selected bond lengths and angles are reported in Table 4.10.

Figure 4.20: X-ray structure of 4.24 with full atom numbering
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Table 4.10: Selected bond lengths and angles of complex 4.24

0]

G Bond lengths (A) Bond angles (°)

Ui Au-N1 Au-CI2A  Au-CI1A  Au-CI3 N1-Au-CI3  N1-Au-CI2A
@D

X

424 2.047(13) 2.392(11) 2.263(15) 2.293(4)  89.3(3) 169.8(5)

The single crystals of 4.24 were grown by slow diffusion of hexanes into a solution
of the complex in dichloromethane. The X-ray data revealed a diaurated complex in
which each pyridyl nitrogen was coordinated by AuCls, adopting a square planar
geometry. The AuCls unit was found to coordinate to the pyridyl ring in an almost
perfectly perpendicular manner, as evidenced by the CI(1A)-Au(1)-N(1)-C(5) torsion
angle of 90.5(12)°. In addition, two chloride atoms were disordered with two possible
locations and thus a total of five chloride positions are possible instead of three in each
AUCls unit. The data reported in Table 4.10 shows that the Au-N(1) bond length of
2.047(13) A was similar to those previously reported for Au"' complexes containing a
pyridine ligand.®>-%® The distance between the central metal and CI2A was 2.392(11) A
and was significantly longer than those of 2.263(15) and 2.293(4) A for Au-CI1A and
Au-CI3, respectively. The difference could be attributed to the mutual trans effect of

chloride atoms that are opposite to each other.3®

It should be noted that this diaurated complex (4.24) was found to be unstable in
solution and decomposed to the free ligand, in particular after heating. Therefore,

attempts to make this complex undergo cyclometallation were unsuccessful.

The decision to use K[AuCls4] as the gold(lll) source with 4.4, rather than
H[AuCl4]-3H20, was made to give a different activity (Scheme 4.34).

AN = K[AuUCly]
_N Nao l MeCN/H,0 (1:1)

RT, 20h
OMe OMe

4.25

Scheme 4.34: Synthesis of [k!-N-(4.4)(AuCls)] (4.25)
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In detail, the reaction illustrated in Scheme 4.34 was carried out in a mixture of
acetonitrile and water (1:1) at room temperature and resulted in the formation of the
N-bonded gold Au'' complex (4.25) with excellent purity in an 89% yield. The identity
of 4.25 was confirmed by *H and *C{*H} NMR and IR spectroscopies as well as by

electrospray mass spectrometry and single crystal X-ray diffraction studies.

In addition to the two methoxy and two methyl proton peaks, the 'H NMR
spectrum of 4.25 revealed eight resonances in the aromatic region, indicating an
unsymmetrical complex with non-activated C-H bonds. In this case, ligand coordination
to the AuCls occurred at only one pyridyl nitrogen atom, with another ring left “dangling”.
The methoxy proton peaks observed at 3.95 ppm corresponded to those on the free ring
while the other experienced a significant downfield shift (4.26 ppm) as a result of the
pyridyl ring coordination. Moreover, analysis of 4.25 by *C{*H} NMR spectroscopy
revealed twenty carbon peaks with eight aromatic CH carbons and eight quaternary
carbon environments. The electrospray mass spectrum of 4.25 exhibited a protonated

molecular ion peak at m/z 623.0334.

Further confirmation of the structure of 4.25 was provided by X-ray
crystallography (Figure 4.21). Crystals suitable for analysis were grown from a
dichloromethane solution of the complex layered with hexane. Selected bond distances

and angles are reported in Table 4.11.

Figure 4.21: X-ray structure of 4.25 with full atom numbering
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Table 4.11: Selected bond lengths and angles of complex 4.25

G Bond lengths (A) Bond angles (°)

-a Au-N1 Au-CI3 Au-Cl1 Au-CI2  N1-Au-Cl1  N1-Au-CI3
@D

X

0]

425 2.079(10) 2.274(4) 2.254(4) 2.273(4)  91.3(3) 177.5(3)

The solid-state structure of 4.25 showed a gold(111) chloride (AuCls) core supported
by an N-monodentate ligand with an almost perfectly square-planar geometry, as
confirmed by the N1-Au-CI1 and N1-Au-CI3 bond angles (Table 4.11). The AuCls unit
was found to be nearly perpendicular to the plane of the pyridyl ring, as evidenced by the
CI(1)-Au(1)-N(1)-C(1) torsion angle of 100.9(10)°. All Au-X (X = N and Cls) bond
lengths are within the typical range of values and in agreement with those reported in the
literature.*° The torsion angle between the pyridine and phenyl ring is distorted from 180°,

which is likely to be due to the presence of the two methyl groups.

Again, all attempts under different conditions, including changes to the reaction
solvent, temperature and time, to make this complex (4.25) to undergo cyclometallation
were unsuccessful. This could be due to the instability and subsequent decomposition of

the complex in various solutions.

When the tridentate pyridone ligand (4.6) was reacted under different conditions
with either H[AuUCl4]-3H20 or K[AuCls]. The reactions did not work particularly
efficiently and instead resulted in complex mixtures of different products from which no
overall product could be identified (Scheme 4.35). This was attributed to the presence of

OH groups in the ligand.

H[AUC|4]3H20
or
KIAUCI,] a mixture of

Scheme 4.35: Attempted reactions to react 4.6 with different Au'"' salts
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4.4 Conclusions and Future Work

The objective of this chapter was to explore the reactivity of pyridine and pyridone
pincer ligands towards different metal centres, such as Pd", Pt" and Au"". The reactions
of pyridine and pyridone pincer ligands with these metals gave an important conclusion
of this work, which is that the differences in the solubility and reactivity. Cyclometallation
of the pyridine pincer ligands usually proceeds smoothly forming new products while the
related pyridone pincer ligands require more forcing conditions due to solubility issues.
Different reactivity patterns for these pincer ligands with different palladium sources
were investigated. Under traditional heating, these ligands with K2[PtCl4] gave a mixture
of products; however, pincer complexes were successfully obtained when their reactions
exposed to microwave irradiation as a means of heating. Interesting reactivities were also
explored on attempts to cyclometallate 4.4 with H[AuCl4]-3H20 and K[AuCla4]. All

complexes described in this chapter proved to have stable structures in solution over time.

In more detail, the reactions of 4.3 and 4.5 with Pd(OAc)2 resulted in the formation
of doubly cyclopalladated complexes (4.7 and 4.10, respectively), while ligand 4.4 gave
an unusual dimeric structure (4.9) where C-H activation was not achieved. Interestingly,
another dimeric complex (4.8) was formed as a minor product when 4.3 was reacted with
Pd(OAC)2. Treatment of 4.6 with Pd(OAc)2 under different conditions was unsuccessful.
It was desirable to obtain palladium pincer complexes from the previous reactions;
therefore, undesirable mercurated complexes (4.11 and 4.12) were synthesised to undergo
transmetallation reactions with Pd(OAc)2. Unfortunately, the palladium acetate
complexes could not be isolated, and instead treatment of the resultant products with LiCl
was carried out to afford palladium chloride complexes (4.13 and 4.14), which were also
obtained by direct synthesis with Naz[PdCl4] in high purity. After several unsuccessful
attempts, a new method for the synthesis of pyridone pincer complexes with a Pd" centre
was explored through the use of microwave technology. In this case, 150 °C with a
maximum pressure of 150 psi were sufficient to afford 4.15 and 4.16 from 4.5 and 4.6,
respectively. Alternatively, these products (4.15 and 4.16) could be also obtained, with
lower yields, from the related methoxy ligands but at a higher temperature (170 °C). The
potential of the Pd-Cl complexes (4.13 and 4.14) to act as precursors to cation-anion pairs
was explored using a halide abstraction reaction in acetonitrile with AgPFe to yield 4.17
and 4.18, respectively. All palladium complexes described in this chapter were found to

be stable in solution over time.
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Despite several modifications to the traditional heating procedure, reactions of the
pyridine (4.3 and 4.4) and pyridone (4.5 and 4.6) ligands with K2[PtCl4] usually resulted
in a complex mixture of unidentifiable products. However, employment of the microwave
reaction conditions with the tridentate N*C”N pyridine ligand (4.3 and 4.4) at 90 °C
afforded 4.19 and 4.20, respectively; increasing the temperature of the reactions to 170
°C resulted in formation of 4.21 and 4.22, respectively. Complexes 4.21 and 4.22 could
be also obtained in an alternative manner whereby 150 °C with a maximum pressure of
150 psi were used for the reactions starting with 4.5 and 4.6, respectively. It was
concluded that the reactions of 4.3 and 4.4 with K2[PtCl4] to obtain 4.21 and 4.22 were
initiated by the demethylation of the pyridine ligands followed by pyridone ligand
coordination to the Pt" centre. In addition, microwave reactions involving methoxy
ligands required carefully controlled temperatures to avoid decomposition or excessive

formation of by-products.

All attempts, including traditional and direct heating, as well as transmetallation,
and cyclometallation of 4,6-bis(2-(6-methoxypyridonyl)m-xylene (4.4) at a gold(lIl)
centre “through C-H activation” were unsuccessful. Instead, reactions of 4.4 with
H[AuCls]-3H20 and K[AuCls] gave 4.23 and 4.25, respectively. In addition, treatment of
the di-protonated 4.23 with a stoichiometric amount of NaHCOs in THF at room

temperature afforded the doubly N-bonded gold Au'"' complex (4.24) in a good yield

Since all the pincer ligands used in this chapter were symmetrical, it would be of
interest to design and synthesis new pyridine-based, unsymmetrical, monoanionic
NACAN pincer ligands (Fig. 4.22) and investigate their reactivity and selectivity towards

various transition metals.

R4 R4 R1 = H or Me

R, = OMe or OH

Ar” Ar = or

Figure 4.22: Unsymmetrical N*C~N pincer ligands
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5.1 General Experimental

All experiments, unless otherwise stated, were carried out under an inert
atmosphere of dry nitrogen using standard Schlenk techniques or/and a nitrogen-
containing glove box. Microwave reactions were performed using a CEM-Discover

Explorer Hybrid instrument.

5.1.1 Reagents

2,6-Dibromopyridine (Aldrich, 98%), sodium sticks, in mineral oil (Alfa Aesar,
99%), potassium carbonate (Fisher Scientific Co.), iodine (Fisher Scientific Co.),
potassium hydroxide (Fisher Scientific Co.), hydrogen peroxide (VWR International,
30%), magnesium sulfate (Fisher Scientific Co.), phenylboronic acid (Aldrich, 97%), 4-
fluorophenylboronic  acid  (Aldrich), 2-bromotoluene  (Aldrich, 99%), 4-
bromobenzotrifluoride (Aldrich, 99%), 4-bromotoluene (Aldrich, 98%), palladium(ll)
acetate, palladium (I1) chloride (Fluorochem, 99%), hydrogen tetrachloroaurate(lll)
trihydrate (Alfa Aesar, 99.99%), potassium gold(lll) chloride (Aldrich, 98%), (n-
butyllithium solution (1.6 M in hexane) (Aldrich), triisopropyl borate (Aldrich, > 98%),
m-xylene (Hopkin & Williams Ltd, 99%), bromine (Aldrich, reagent grade), 1,3-
dibromobenzene (Aldrich, 97%), zinc chloride solution (1.0 M in diethyl ether),
ethylenediaminetetraacetic acid disodium salt dihydrate (EDTA) (Aldrich, 99%),
hydrobromic acid (HBr) (Lancaster Synthesis, aqueous 48%), tributyltin chloride
(Aldrich, 96%) and lithium chloride (Aldrich, 99.9%) were all used as received.

5.1.2 Solvents

Methanol, toluene, tetrahydrofuran (THF), acetonitrile and diethyl ether were
distilled before being used as main solvents in the synthesis reactions while
dichloromethane, hexane (fraction from petroleum ether), diethyl ether (used for work
up), acetonitrile, methanol (used for Pd(OAc)2 reactions), ethanol and glacial acetic acid
were not subjected to any further purification and used as received from the Fisher
Scientific Co. Chloroform-D (CDCIs) (Apollo Scientific Ltd, 99.8%, 0.03% TMS) was

used as a solvent in some NMR scale reactions.
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5.1.3 Physical Measurements
5.1.3.1 Elemental Analysis

Elemental analysis (combustion analysis) of carbon, hydrogen, and nitrogen was
performed on dry, clean and microcrystalline products at the Science Technical Support

Unit, London Metropolitan University.

5.1.3.2 Infrared Spectroscopy

Infrared spectra for all novel ligands and complexes were obtained using solid state
Perkin Elmer Spectrum One FTIR instrument. Air background scans were performed for
all samples and the range of the scans was 600-4000 cm™.

5.1.3.3 Mass Spectrometry

The electrospray (ES) mass spectra were recorded on a micromass Quattra LC mass
spectrometer in either acetonitrile or methanol as solvents. Fast atom bombardment
(FAB) mass spectra were obtained using a Kratos Concept mass spectrometer with NBA
as matrix. For samples analysed using ASAP (atmospheric solids analysis probe), a

Waters Xevo QToF mass spectrometer was used.

5.1.3.4 Nuclear Magnetic Resonance (NMR) Spectroscopy

NMR spectroscopic data were collected using a Bruker DRX 400 spectrometer at
400.13 (*H), 161.98 (*'P), 376.46 (*°F) and 100.61 MHz (*3C) or using a Bruker Avance
111 500 spectrometer at 500.13 (*H) and 125.77 MHz (*3*C). Samples were prepared as
solutions using deuterated solvents and run at ambient temperature unless otherwise
stated. All spectra were recorded in ppm; *H and 3C NMR spectra were referred to an
internal reference (TMS) while °F and 3P NMR spectra were referred externally to

CFCls and H3POQu, respectively.

5.1.3.5 X-ray Crystallography

X-ray diffraction of single crystals was performed by Mr. Kuldip Singh at the
University of Leicester using a Bruker APEX 2000 CCD diffractometer. The data were
corrected for Lorentz and polarisation effects and empirical absorption corrections
applied. Structure solution by direct methods and structure refinement based on full-
matrix least-squares on F? employed SHELXTL version 6.10.1 H atoms were included in
calculated positions (C-H = 0.96 — 1.00 A) riding on the bonded atom with isotropic
displacement parameters set to 1.5 Ueq(C) for methyl H atoms and 1.2 Ueq(C) for all other
H atoms. All non-H atoms were refined with anisotropic displacement parameters.
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5.2 Experimental Procedures for Chapter 2

5.2.1 Synthesis of 6-bromo-2-methoxypyridine (2.1)

Procedure was based on that described by Snieckus et al.> A N
three necked round bottom flask, equipped with a magnetic stir bar /O\
and reflux condenser was evacuated and backfilled with nitrogen. Br N OMe
The flask was loaded with freshly distilled methanol (14 mL) and small pieces of sodium
metal (1.35 g, 58.5 mmol, 1.7 eq.: weighed on the balance in a beaker of hexane) added.
Once addition was completed, the mixture was stirred to react. The flask was heated (with
a heat gun) to react the majority of the sodium. 2,6-Dibromopyridine (8.167 g, 34.5 mmol)
was added through a solids funnel followed by more methanol (26 mL). The mixture was
heated at reflux for 23 h (set oil bath temperature to 120 °C). After cooling to room
temperature, 5% NaHCOs (100 mL) was added and the mixture was extracted with
diethyl ether (3 x 100 mL). The combined organic layers were washed with brine (2 x 20
mL), dried over MgSOa4 and concentrated under reduced pressure affording the product
(2.1) as a light brown oil (5.126 g, 79%). *H NMR (400 MHz, CDCl3, 298 K): & 3.92 (s,
OMe, 3H), 6.67 (dd, Ju-n 8.1, 0.5, 1H), 7.04 (dd, Jn-n 7.4, 0.5, 1H), 7.39 (t, Ju-+ 8.1, 1H).
B3C{'H} NMR (100 MHz, CDCls, 298 K): § 54.0 (OMe), 109.3 (CH), 120.1 (CH), 138.6
(CH), 140.3 (C), 163.7 (C). Data are consistent with those reported in the literature.?

Synthesis of Boronic Acids
General Procedure for Synthesis of Aryl-B(OH):

A medium-sized oven-dried Schlenk flask equipped with a magnetic stir bar was
evacuated and backfilled with nitrogen. The flask was charged with the appropriate Ar-
Br (0.0096 mol) in dry THF (45 mL), cooled to -78 °C (dry-ice acetone) and n-BuL.i (6.3
mL, 0.0099 mol, 1.1 eq.) added dropwise over 30 min. The mixture was allowed to stir
at -78 °C for 30 min and then triisopropylborate (5.7 mL, 4.63 g, 0.0246 mol, 2.5 eq.) was
added dropwise. The mixture was allowed to stir at -78 °C for a further 30 min and then
warmed to room temperature and stirred overnight to produce a white precipitate.
Aqueous 2M HCI (10 mL) was then added and the solution was stirred for 10 min until
all the precipitate had dissolved. The organic phase was separated and the aqueous phase
extracted with diethyl ether (3 x 30 mL). The combined organic extracts were dried over

anhydrous MgSOa4 and following filtration, the volatiles were removed under reduced
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pressure (firstly on a rotary evaporator and then on a vacuum line) to give the appropriate
Ar-B(OH):2 as white solids.

5.2.2 Synthesis of 4-methylphenylboronic acid (2.2)

This was prepared from 4-bromotoluene (1.65 g, 0.0096
mol) and after work up gave 2.2 (1.29 g, 98%). 'H NMR (400
MHz, CDCls, 298 K): 5 2.36 (s, Me, 3H), 7.23 (d, Ju-H 7.8, 2H),
8.05 (d, Jn-n 7.8, 2H). 3C{*H} NMR (100 MHz, CDCls, 298 K): § 21.0 (Me), 127.9 (CH),
132.6 (C), 134.8 (CH), 142.0 (C). MS (ES): m/z 135 [M]*, 253 [2M-H20]*. Data are
consistent with those reported in the literature.®

B(OH),

5.2.3 Synthesis of (4-trifluoromethyl)-phenylboronic acid (2.3)

This was prepared from 4-(trifluoromethyl)phenyl B(OH),
bromide (2.16 g, 0.00 96 mol) and after work up gave 2.3 (1.70
g, 93%). 'H NMR (400 MHz, MeOD, 298 K): § 7.51 (d, JuH F4C
7.8, 2H), 7.78 (d, Ju-1 7.8, 2H). 3)C{*H} NMR (100 MHz, MeOD, 298 K): § 117.7 (C),
124.6 (g, 3Jcr 3.1, CH), 125.3 (q, YJcr 270.3, CF3), 132.3 (g, 2Jc-F 31.7, C), 134.8 (CH).
1F NMR (376 MHz, MeOD, 298 K): § -64.1 (s, CF3). MS (ES): m/z 189 [M]*, 361 [2M-

H20]". Data are consistent with those reported in the literature.?

5.2.4 Synthesis of 2-methylphenylboronic acid (2.4)

This was prepared from 2-bromotoluene (1.65 g, 0.0096 mol)
and after work up gave 2.4 (1.25 g, 95%). *H NMR (400 MHz, B(OH),
CDCls, 298 K): 5 2.81 (s, 3H, CHs), 7.25-7.32 (m, 2H), 7.45 (td, Ju-
H7.4,1.5,1H), 8.21 (dd, Ju-+ 7.4, 1.3, 1H). BC{*H} NMR (100 MHz,
CDCls, 298 K): 4 23.1 (Me), 125.2 (CH), 130.4 (C), 130.6 (CH), 132.2 (CH), 137.2 (CH),
146.2 (C). MS (ES): m/z 135 [M]", 253 [2M-H20]". Data are consistent with those
reported in the literature.*

General Procedure for Synthesis of 6-aryl-2-methoxypyridine Ligands

A medium-sized Schlenk flask equipped with a magnetic stir bar was evacuated
and backfilled with nitrogen. The flask was loaded with 6-bromo-2-methoxypyridine (1
eq.), 2M Kz2COs (2 eq.), Pd(PPhs)4 (0.02 eq.) and toluene (57 mL). The contents were
stirred for 15 min to give a yellow solution. Aryl-boronic acid (1.1 eq.) was added as a

slurry in ethanol (24 mL) and the mixture was then heated at 90 °C (oil-bath temperature)
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for about 72 h. On cooling to room temperature, 30% hydrogen peroxide (1.4 mL) was
introduced and the contents were stirred at room temperature for 30 min. the reaction
mixture was then extracted with diethyl ether (3 x 80 mL) and the combined organic
layers were washed with water (2 x 70 mL) and then with brine (1 x 50 mL) before being
dried over MgSOas. Following filtration, the volatiles were removed under reduced

pressure.

The catalyst residues were removed via a short (10 cm) silica column employing
dichloromethane: petroleum ether: diethyl ether (80: 20: 1) as the eluting solvent; the
catalyst residues stayed on the base of the column. After removing the solvent under

reduced pressure (rotary evaporator and Schlenk line), the product was obtained.

5.2.5 Synthesis of 6-phenyl-2-methoxypyridine (2.5)
This was prepared from 6-bromo-2-methoxy pyridine

(2.1) (1.5g, 7.98 mmol) and phenylboronic acid (1.07 g, |
8.77 mmol) and after work up and column chromatography N OMe
gave 2.5 as a colourless oil (1.022 g, 69%). *H NMR (400

MHz, CDCls, 298 K): 5 4.01 (s, OMe, 3H), 6.60 (d, Ju-+ 8.2, 1H), 7.29 (d, Jn-1 7.4, 1H),
7.35(m, 1H), 7.40 (m, 2H), 7.50 (t, Ju-H 8.1, 1H), 8.02 (m, 2H). *C{*H} NMR (100 MHz,
CDCls, 298 K): & 53.3 (OMe), 109.4 (CH), 112.9 (CH), 126.8 (CH), 128.7 (CH), 129
(CH), 139.2 (C), 139.3 (CH), 154.7 (C) and 163.9 (C). MS (ES): m/z 186 [M]". Data are

consistent with those reported in the literature.®

\

5.2.6 Synthesis of 6-(4-methylphenyl)-2-methoxypyridine (2.6)
This was prepared from 6-bromo-2-methoxy

pyridine (2.1) (1.5 g, 7.98 mmol) and 4-methylphenyl- |
boronic acid (2.2) (1.62 g, 11.9 mmol) and after work up N OMe
and column chromatography gave 2.6 as a colourless oil

(1.52 g, 97%). 'H NMR (400 MHz, CDCls, 298 K): § 2.31 (s, Me, 3H), 3.95 (s, OMe,
3H), 6.50 (d, Ju-+ 8.2, 1H), 7.14 (d, Ju-+ 8.0, 2H), 7.17 (d, Jn-n 7.4, 1H), 7.40 (t, In-n 8.0,
1H), 7.80 (d, Jr-n 8.2, 2H). BC{*H} NMR (100 MHz, CDCls): § 21.3 (Me), 53.1 (OMe),
108.8 (CH), 112.4 (CH), 126.6 (CH), 129.3 (CH), 136.4 (C), 138.8 (C), 139.1 (CH), 154.7
(C), 163.7 (C). MS (ES): m/z 200 [M]*. Data are consistent with those reported in the

literature.®

\
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5.2.7 Synthesis of 6-(4-trifluoromethylphenyl)-2-methoxypyridine (2.7)

This was prepared from 6-bromo-2-methoxy N
pyridine (2.1) (1.5 g, 7.98 mmol) and (4- | _
trifluoromethyl)phenylboronic acid (2.3) (1.66 g, 8.77 N OMe

mmol) and after work up and column chromatography FsC

gave 2.7 as a dark green oil (1.47 g, 72%). *H NMR

(400 MHz, CDCls, 298 K): 8 4.03 (s, OMe, 3H), 6.74 (d, Jn-H 8.2, 1H), 7.36 (d, Ju-+ 7.4,
1H), 7.64 (t, Ju-n 7.4, 1H), 7.69 (d, Ju-+ 8.1, 2H), 8.13 (d, Ju-n 8.7, 2H). *C{*H} NMR
(100 MHz, CDCls, 298 K): § 53.2 (OMe), 110.4 (CH), 113.2 (CH), 124.4 (q, YJc-F 271.7,
CFs), 125.5 (q, 3Jc-r 3.1, CH), 126.9 (CH), 130.5 (q, 2Jc-F 32.1, C), 139.2 (CH), 142.4
(C), 153.0 (C), 163.9 (C). **F NMR (376 MHz, CDCl3, 298 K): § -62.5 (s, CF3). MS (ES):
m/z 254 [M]*. Data are consistent with those reported in the literature.’

5.2.8 Synthesis of 6-(4-fluorophenyl)-2-methoxypyridine (2.8)
This was prepared from 6-bromo-2-methoxy
pyridine (2.1) (1.5 g, 7.98 mmol) and 4-fluorophenyl- |

\

boronic acid (1.22 g, 8.77 mmol) and after work up and N OMe
column chromatography gave 2.8 as a light brown oil .
(1.37 g, 85%). 'H{**F} NMR (400 MHz, CDCls, 298 K): & 4.02 (s, OMe, 3H), 6.68 (d,
Ju-n 8.2, 1H), 7.12 (d, Jn-1 8.8, 2H), 7.2 (d, Jn-+ 7.4, 1H), 7.61 (t, Iu-n 8.1, 1H), 8.02 (d,
Jr-1 9.0, 2H). BC{*H} NMR (100 MHz, CDCls, 298 K): & 53.2 (OMe), 109.1 (CH), 112.4
(CH), 115.4 (d, 2Jc-r 22.1, CH), 128.4 (d, 3Jc-r 8.0, CH), 135.2 (C), 139.2 (CH), 153.6
(C), 163.4 (d, *Jc-r 248.4, C), 163.8 (C). 9F NMR (376 MHz, CDCls, 298 K): & -113.3

(s, F). MS (ES): m/z 204 [M]*. Data are consistent with those reported in the literature.’

5.2.9 Synthesis of 6-(2-methylphenyl)-2-methoxypyridine (2.9)

This was prepared from 6-bromo-2-methoxy pyridine N
(2.1) (1.5 g, 7.98 mmol) and 2-methylphenylboronic acid |
(2.4) (1.19 g, 8.77 mmol) and after work up and column N OMe
chromatography gave 2.9 as a yellow oil (1.10 g, 69%). *H
NMR (400 MHz, CDCls, 298 K): & 2.44 (s, Me, 3H), 3.95 (s, OMe, 3H), 6.60 (dd, Ju-
8.2, 0.5, 1H), 6.90 (dd, Ju-1 7.5, 0.5, 1H), 7.22-7.3 (m, 3H), 7.40 (d, Ju-+ 6.2, 1H), 7.60
(t, Ju-n 7.3, 1H). BC{*H} NMR (100 MHz, CDClIs, 298 K): § 20.7 (Me), 53.3 (OMe),
108.7 (CH), 116.7 (CH), 125.8 (CH), 128.1 (CH), 129.6 (CH), 130.9 (CH), 136.2 (C),

\
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138.6 (CH), 140,1 (C), 157.6 (C), 163.2 (C). MS (ES): m/z 200 [M]*. Data are consistent
with those reported in the literature.®

Synthesis of Novel Complexes Containing an N~C Ligand
General Procedure for Synthesis of [Pd(k>-BL)(u-OAcC)]2

The 6-aryl-2-methoxypyridine (1.4 eq.) and Pd(OAc)2 (1 eq.) were combined in
MeOH in a 5-mL flask equipped with a magnetic stir bar and stirred at room temperature
for 18 h. The precipitate was then filtered, washed with diethyl ether or hexane (5 mL),
collected and dried. The products were obtained as yellow solids (14-87% vyield).

5.2.10 Synthesis of [Pd(k?-6-phenyl-2-methoxypyridine)(u-OAc)]2 (2.10)
This was  synthesised by

o o / X—OMe
combining 6-phenyl-2-methoxypyridine o /L
(2.5) (0.017 g, 0.0935 mmol, 1.4 eq.) and \Pd/\o —0
Pd(OAC)2 (0.015 g, 0.0668 mmol, 1 eq.) O%,-O/Pd\
in MeOH (1 mL) and after filtration and N=" ]
washing gave 2.10 (0.0103 g, 45%). MeO™

Crystals suitable for single crystal X-ray diffraction were grown by slow evaporation of
a methanol solution of the complex. Mp: 212-213 °C. *H NMR (400 MHz, CDCls, 298
K): 6 2.19 (s, 02CMe, 6H), 3.56 (s, OMe, 6H), 5.80 (d, Ju-x 7.9, 2H), 6.78 (app t, JH-H
8.4, 4H), 6.80 (m, 4H), 7.06 (d, Ju-H 7.3, 2H), 7.30 (t, JH-+ 7.9, 2H). BC{*H} NMR (100
MHz, CDCls, 298 K): 4 24.3 (0O2CMe), 55.5 (OMe), 102.8 (CH), 110 (CH), 122.5 (CH),
123.5 (CH), 127.1 (CH), 130.8 (C), 131.7 (CH), 140.1 (CH), 144.8 (C), 163.1 (C), 165.7
(C), 178.7 (O2CMe). IR (selected bands, cm™): 1594, 1571, 1485, 1399, 1281, 1054, 753.
TOFMS (ES): m/z 698.9662 [M]" (C2sH2sN206'"°Pd> requires 698.9881), 640.9784 [M-
OAc]* (C26H23N2041%Pd: requires 640.9732).

5.2.11 Synthesis of [Pd(x?-6-(4-methylphenyl)-2-methoxypyridine)(u-OAc)]. (2.11)

This was synthesised by combining 6-(4-methylphenyl)-2-methoxypyridine (2.6)
(0.022 g, 0.11 mmol, 1.4 eq.) and Pd(OAc)2 (0.018 g, 0.0788 mmol, 1 eq.) in MeOH (1.5
mL) and after filtration and washing gave 2.11 (0.025 g, 87%). Crystals suitable for single

crystal X-ray diffraction were grown by slow evaporation of a methanol solution of the
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complex. Mp: 216-217 °C. 'H NMR N OMe
(400 MHz, CDCls, 298 K): 8 2.20 (s, /
02CMe, 6H), 2.23 (s, Mg, 6H), 3.56 (s,
OMe, 6H), 5.80 (d, Ju-H 7.5, 2H), 6.59 \,"O’Pd
(d, Ju-n 7.4, 2H), 6.71 (d, In-H 7.8, 2H),
MeO \

6.73 (d, Jun 7.9, 2H), 6.84 (s, 2H), 7.29

(t, Jn-n 7.7, 2H). BC{*H} NMR (100 MHz, CDCl3, 298 K): & 21.8 (Me), 24.3 (O2CMe),
55.4 (OMe), 101.9 (CH), 109.8 (CH), 122.4 (CH), 124.5 (CH), 132.1 (CH), 136.9 (C),
140.1 (CH), 142.1 (C), 149.3 (C), 163.3 (C), 165.6 (C), 178.8 (02CMe). IR (selected
bands, cm™): 1570, 1486, 1404, 1279, 1110, 1053, 788. MS (ES): m/z 669 [M-OAc]".
TOFMS (ASAP): m/z 669.0058 [M-OACc]* (C2sH27N204%Pd; requires 669.0045).

5.2.12 Synthesis of [Pd(kx?-6-(4-trifluoromethylphenyl)-2-methoxypyridine)(u-
OAC0)]2 (2.12)

This was  synthesised by / N OMe
combining 6-(4-trifluoro methylphenyl)
-2-methoxypyridine (2.7) (0.07 g, 0.28
mmol, 1.4 eq.) and Pd(OAc):2 (0.045 g, \[\O’
0.2 mmol, 1 eq.) in MeOH (3 mL) and
MeO™ Xy

after the stirring was stopped, the F3C

solvent was removed in vacuo leaving behind a solid which was dissolved in DCM (7
mL) and passed through Celite. The filtrate was reduced in volume and hexane was added
slowly to induce precipitation. The precipitate was isolated, washed with hexane and
dried in vacuo to give 2.12 (0.018 g, 22%). Crystals suitable for single crystal X-ray
diffraction were grown by slow evaporation of a chloroform solution of the complex. Mp:
217-218 °C. *H NMR (400 MHz, CDCls, 298 K): § 2.22 (s, 02CMe, 6H), 3.69 (s, OMe,
6H), 6.04 (d, Jn-1 8.3, 2H), 6.83 (d, Ju-H 7.6, 2H), 6.96 (d, Ju-1 8.1, 2H), 7.02 (d, JH-1 8.0,
2H), 7.30 (s, 2H), 7.38 (t, JH-H 8.0, 2H). BC{*H} NMR (125 MHz, CDCl3, 298 K): § 24.1
(02CMe), 55.7 (OMe), 104.2 (CH), 110.7 (CH), 120.5 (q, 3Jcr 3.7, CH), 122.1 (CH),
125.5 (g, YJcr 270.1, CF3), 127.8 (q, *Jcr 3.7, CH), 128.1 (g, 2Jc-r 30.0, C), 140.8 (CH),
148.0 (C), 149.3 (C), 161.8 (C), 165.8 (C), 179.7 (O2CMe). *F NMR (376 MHz, CDCls,
298 K): § -62.1 (s, CFa3). IR (selected bands, cm™): 1575, 1490, 1404, 1282, 1316, 1107,
1071, 787, 679. TOFMS (ES): 777.9493 [M-OAc]" (C2sH21FsN204%°Pd2 requires
777.9508), 357.9688 [M/2-OAc]" (C13HsF3sNOX®Pd requires 357.9671).
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5.2.13 Synthesis of [Pd(x?-6-(4-fluorophenyl)-2-methoxypyridine)(u-OAc)]. (2.13)
This was  synthesised by

o / X—OMe F
combining 6-(4-fluorophenyl)-2- N ,J\
methoxypyridine (2.8) (0.019 g, 0.0935 \Pdio =0
mmol, 1.4 eq.) and Pd(OAc)2 (0.015 g, Oﬁ\ofd\
0.0668 mmol, 1 eqg.) in MeOH (1 mL) N=
and after filtration and washing gave F MeO™ X I

2.13 (0.0084 g, 35%). Crystals suitable for single crystal X-ray diffraction were grown
by slow evaporation of a methanol solution of the complex. Mp: 215-216 °C. *H{*°F}
NMR (400 MHz, CDCls, 298 K): § 2.21 (s, 02CMe, 6H), 3.69 (s, OMe, 6H), 5.90 (d, Jn-
W 7.4, 2H), 6.40 (t, Jn+ 8.5, 2H), 6.70 (d, Jr+ 8.6, 2H), 6.71 (s, 2H), 6.80 (d, Jn+ 8.3,
2H), 7.30 (t, Ju+ 7.9, 2H). BC{*H} NMR (100 MHz, CDCls, 298 K): & 24.3 (02CMe),
55.7 (OMe), 102.6 (CH), 109.9 (CH), 110.8 (d, 2Jc.r 23.0, CH), 117.9 (d, 2Jc.r 19.5, CH),
123.6 (d, 3Jcr 7.5, CH), 140.5 (CH), 140.9 (C), 151.7 (C), 160.1 (d, *Jc.r 248.3, C), 162.4
(C), 165.7 (C), 179.3 (02CMe). °F NMR (376 MHz, CDCls, 298 K): & -110.7 (s, F). IR
(selected bands, cm™): 1597, 1563, 1489, 1396, 1282, 1172, 1046, 794, 781, 685. TOFMS
(ES): m/z 734.9364 [M]* (CasH24F2N2061%Pd; requires 734.9692), 676.9556 [M-OAc]*
(C26H21F2N2041%Pd> requires 676.9543).

5.2.14 Synthesis of [Pd(x?-6-(2-methylphenyl)-2-methoxypyridine)(u-OAc)]. (2.14)
This was synthesised by

combining 6-(2-methylphenyl)-2- / NyoMme

- N
methoxypyridine (2.9) (0.018 g, \Pdio \O\
0.093 mmol, 1.4 eq) and Oﬁ\O’Pd\
Pd(OAc)2 (0.015 g, 0.066 mmol, 1 N=
eq.) in MeOH (1 mL) and after the MeO™ X I

stirring was stopped, the solvent was removed in vacuo leaving behind a solid which was
dissolved in DCM (5 mL) and passed through Celite. The filtrate was reduced in volume
and hexane was added slowly to induce precipitation. The precipitate was isolated,
washed with hexane and dried in vacuo to give 2.14 (0.007 g, 14%). Crystals suitable for
single crystal X-ray diffraction were grown by slow evaporation of a methanol solution
of the complex. Mp: 214-215 °C. *H NMR (400 MHz, CDCls, 298 K): § 2.17 (s, 02CMe,
6H), 2.34 (s, Me, 6H), 3.54 (br s, OMe, 6H), 5.82 (m, 2H), 6.65 (m, 2H), 6.73 (t, Ju-n 7.4,
2H), 7.02 (m, 4H), 7.32 (m, 2H). 3C{*H} NMR (125 MHz, CDCl3, 298 K): § 23.7 (Me),
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24.3 (02CMe), 55.5 (OMe), 102.6 (CH), 113.7 (CH), 126.1 (CH), 128.2 (CH), 129.5
(CH), 133.8 (C), 139.6 (CH), 142.7 (C), 151 (C), 163.4 (C), 165.7 (C), 178.2 (O2CMe).
IR (selected bands, cm™): 1591, 1570, 1480, 1392, 1320, 1275, 1122, 774, 738, 682.
TOFMS (ES): m/z 669.0058 [M-OAc]* (C2sH27N204'Pd> requires 669.0045).

Synthesis of Mononuclear Pd(I1) Complexes

5.2.15 Synthesis of [Pd(k?-6-(4-methylphenyl)-2-methoxypyridine)(OA c)(k -6-(4-
methylphenyl)-2-methoxypyridine)] (2.15)

To a round bottom flask equipped with a magnetic
stir  bar was added [Pd(x?-6-(4-methylphenyl)-2- / \ove )QO
methoxypyridine)(u-OAc)]2 (2.11) (30 mg, 0.041 mmol), \Pd/ © OMe
6-(4-methylphenyl)-2-methoxypyridine (2.6) (16.5 mg, \N N\
0.082 mmol) and CDCIs (3 mL). After stirring at room ,
temperature overnight, the product was obtained in > 99%
conversion. *H NMR (400 MHz, CDCls, 298 K): § 2.20 (s,
02CMeg, 3H), 2.23 (s, N*C-Me, 3H), 2.40 (s, N-Me, 3H), 3.57 (s, N*"C-OMe, 3H), 4.03
(s, N-OMe, 3H), 5.82 (app br s, 1H), 6.60 (d, Ju-+ 7.5, 1H), 6.65 (dd, Jn-1 8.2, 0.6, 1H),
6.73 (m, 2H), 6.84 (s, 1H), 7.25 (m, 3H), 7.31 (dd, Jx-+ 7.4, 0.6, 1H), 7.60 (t, Ju-H 7.6,
1H), 7.94 (d, Ju-n 8.2, 2H). BC{*H} NMR (100 MHz, CDCls, 298 K): § 21.3 (02CMe),
21.9 (N"C-Me), 24.4 (N-Me), 53.2 (N-OMe), 55.5 (N"C-OMe), 102.0 (CH), 108.8 (CH),
109.9 (CH), 112.4 (CH), 120.2 (C), 122.5 (CH), 124.5 (CH), 126.6 (CH), 129.3 (CH),
132.2 (CH), 136.4 (C), 138.8 (C), 139.1 (CH), 140.2 (CH), 140.4 (C), 142.2 (C), 154.8
(C), 163.4 (C), 163.7 (C), 165.7 (C), 178.9 (O2CMe). MS (ES): m/z 503 [M-OACc].

5.2.16 Synthesis of [Pd(x?-6-phenyl-2-methoxypyridine)(OAc)(3,5-lutidine)] (2.16)

This was obtained by combining [Pd(«?-6-phenyl-
2-methoxypyridine)(u-OAc)]2 (2.10) (30.3 mg, 0.043
mmol, 1 eq.), 3,5-lutidine (13.8 mg, 0.129 mmol, 3 eq.) \
and CDCls in a round bottom flask equipped with a

/\OMe

magnetic stir bar, and after 24 h 2.16 was obtained in
96.3% conversion. *H NMR (400 MHz, CDCls, 298 K):
3 1.93 (s, O2CMe, 3H), 2.34 (s, py-Me, 6H), 3.93 (s, OMe, 3H), 6.02 (d, Ju-+ 7.6, 1H),
6.55 (d, Ju-1 8.3, 1H), 6.82 (t, Ju-n 7.4, 1H), 7.01 (t, Ju-n 7.4, 1H), 7.29 (m, 1H), 7.39 (d,
JH-H 7.3, 1H), 7.44 (s, 1H), 7.76 (t, Ju-+ 7.8, 1H), 8.71 (s, 2H). *C{*H} NMR (100 MHz,

201



Chapter 5

CDCl3, 298 K): § 18.3 (py-Me), 24.8 (0.CMe), 56.3 (OMe), 104 (CH), 110.8 (CH), 123.5
(CH), 124.2 (CH), 128.8 (CH), 133.5 (CH), 134.6 (C), 139.2 (CH), 141.3 (CH), 146.1
(C), 150.4 (CH), 151.5 (C), 164.4 (C), 166.8 (C), 176.8 (02CMe). MS (ES): m/z 397 [M-
OAc]".

5.2.17 Synthesis of  [Pd(x?-6-(4-methylphenyl)-2-methoxypyridine)(OAc)(3,5-
lutidine)] (2.17)

This was obtained by combining [Pd(k?-6-(4- / N\_OMe )§

methylphenyl)-2-methoxypyridine)(u-OAc)]z (2.11) (32 N o (@)
mg, 0.044 mmol, 1 eq.), 3,5-lutidine (13.8 mg , 0.129 \Pd/
mmol, 3 eq.) and CDCls in a round bottom flask equipped \NI AN
with a magnetic stir bar, and after 24 h 2.17 was obtained q
in 98% conversion. *H NMR (400 MHz, CDCls, 298 K):
8 1.92 (s, 02CMe, 3H), 2.09 (s, p-Me, 3H), 2.34 (s, py-Me, 6H), 3.91 (s, OMe, 3H), 5.83
(s, 1H), 6.5 (d, Ju-n 8.3, 1H), 6.83 (d, Jn-n 7.8, 1H), 7.23 (d, Jn-n 7.7, 1H), 7.27 (m, 1H),
7.44 (s, 1H), 7.75 (t, Ju-n 8.1, 1H), 8.71 (s, 2H). *C{*H} NMR (100 MHz, CDCls, 298
K): 8 18.2 (py-Me), 21.7 (p-Me), 24.8 (O2CMe), 56.3 (OMe), 103.4 (CH), 110.5 (CH),
123.3 (CH), 125.1 (CH), 134.2 (CH), 134.5 (C), 138.8 (C), 139.2 (CH), 141.2 (CH), 143.4
(C), 150.4 (CH), 151.3 (C), 164.5 (C), 166.8 (C), 176.8 (O2CMe). MS (ES): m/z 411 [M-
OAc]".

5.2.18 Synthesis of  [Pd(x?-6-(4-fluorophenyl)-2-methoxypyridine)(OAc)(3,5-
lutidine)] (2.18)

This was obtained by combining [Pd(k?-6-(4- / X\—OMe )t
fluorophenyl)-2-methoxypyridine)(u-OAc)]2 (2.13) (35 ——N o

o N
mg, 0.047 mmol, 1 eq.), 3,5-lutidine (13.8 mg , 0.129 Pd\
mmol, 3 eq.) and CDCls in a round bottom flask equipped N| N
with a magnetic stir bar, and after 24 h 2.18 was obtained =
F

in 94% conversion. *H{**F} NMR (400 MHz, CDCls,
298 K): & 1.92 (s, 02CMe, 3H), 2.35 (s, py-Me, 6H), 3.92 (s, OMe, 3H), 5.68 (s, 1H),
6.54 (d, Jr+ 8.3, 1H), 6.70 (dd, Jun 8. 5, 2.1, 1H), 7.19 (d, Jnw 7.7, 1H), 7.37 (d, Jn+
8.6, 1H), 7.46 (s, 1H), 7.75 (t, Jn+ 8.0, 1H), 8.68 (s, 2H). ¥C{*H} NMR (100 MHz,
CDCls, 298 K): & 18.3 (py-Me), 24.6 (O:CMe), 56.3 (OMe), 103.8 (CH), 110.8 (CH),
111.3 (d, 2Jc-rF 23.1, CH), 119.8 (d, 2Jc-F 19.9, CH), 124.7 (d, 3Jcr 7.9, CH), 134.9 (C),
139.5 (CH), 141.5 (CH), 142.2 (C), 150.2 (CH), 153.8 (C), 161.3 (d, Wc.F 254.5, C), 163.6
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(C), 166.8 (C), 176.9 (O2CMe). 1°F NMR (376 MHz, CDCl3, 298 K): 5 -109.9 (s, F). MS
(ES): m/z 415 [M-OAc]".

General procedure for synthesis of [Pd(x?-6-aryl-2-methoxypyridine)(OAc)(PPhs)]

A small-sized oven-dried Schlenk flask equipped with a magnetic stir bar was
evacuated and backfilled with nitrogen. The flask was charged with the [Pd(«*-6-aryl-2-
methoxypyridine)(u-OAc)]2 (1 eq.), PPhs (2.1 eq.) and CDCls (N2 was bubbled through
the solvent for 2 h before being used). The reaction mixture was left to stir under N2 at
room temperature for 24 h. After this time the solvent was removed in vacuo leaving
behind a solid which was dissolved in DCM and hexane was added slowly to induce
precipitation. The precipitate was isolated, washed with Et2O and dried in vacuo. The

products were obtained as light yellow solid (51-74% yield).

5.2.19 Synthesis of [Pd(x?-6-phenyl-2-methoxypyridine)(OAc)(PPhs)] (2.19)
The title complex was synthesised by

combining [Pd(x?-6-phenyl-2-methoxypyridine) (u- / \—OMe \ﬁ\o

OAC)]2(2.10) (48.6 mg, 0.069 mmol, 1 eq.) and PPhs /N\ QO

(38 mg, 0.144 mmol, 2.1 eq.) in CHCI3 (4 mL). The I:)GI\P

mixture was left to stir at room temperature under N2 \Q
for 24 h and after work up afforded 2.19 as a grey

solid (63 mg, 71% yield). Mp: 128-129 °C. 'H{*'P}

NMR (400 MHz, CDCls, 298 K): 6 1.38 (s, O2CMe,

3H), 3.86 (s, OMe, 3H), 6.41 (td, Ju-H 7.2, 1.4, 1H), 6.52 (dd, Jn-n 7.8, 0.9, 1H), 6.60 (d,
Ju-+ 8.0, 1H), 6.86 (td, Jn-n 7.4, 1.1, 1H), 7.34 (app tt, Ju-x 7.2, 1.5, 6H), 7.41 (m, 4H),
7.45 (dd, Jn-H 7.8, 1.4, 1H), 7.79 (t, Ju+ 8.0, 1H), 7.85 (app d, Ju+ 7.0, 6H). BC{*H}
NMR (125 MHz, CDCls, 298 K): & 23.3 (02CMe), 56.2 (OMe), 104.1 (CH), 111.0 (CH),
123.9 (CH), 124.3 (CH), 128.0 (d, 3Jc-r 10.1, CH), 128.5 (CH), 130.4 (d, *Jcr 2.3, CH),
130.7 (d, YJcr 51.4, C), 135.7 (d, 2Jcr 11.3, CH), 139.5 (CH), 141.6 (CH), 147.3 (C),
150.8 (C), 163.7 (C), 166.4 (C), 176.5 (O2CMe). 3P NMR (162 MHz, CDCl3, 298 K): &
45.7 (s, PPhs). IR (selected bands, cm™): 1572, 1484, 1433, 1279, 1096, 752, 689. MS
(ES): m/z 552 [M-OAc]*. TOFMS (ASAP): m/z 552.0792 [M-OAc]* (CaoH2sNOPPd
requires 552.0709).
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5.2.20 Synthesis of [Pd(x?-6-(4-methylphenyl)-2-methoxypyridine)(OAc)(PPhs)]

(2.20)

The title complex was synthesised by X\—OMe
combining  [Pd(k3-6-(4-methylphenyl)-2-methoxy / /N\ /O% O
pyridine)(u-OAc)]2 (2.11) (34.2 mg, 0.047 mmol, 1 Pd

eq.) and PPhs (26 mg, 0.099 mmol, 2.1 eq.) in CHCIs \P

(3 mL). The mixture was left to stir at room

temperature under Nz for 24 h and after work up

afforded 2.20 as a grey solid (41 mg, 69% yield). Mp:

175-176 °C. *H{®'P} NMR (400 MHz, CDCls, 298 K): § 1.29 (s, 02CMe, 3H), 1.62 (s,
Me, 3H), 3.84 (s, 3H, OMe), 6.33 (s, 1H), 6.54 (d, Ju-1 7.9, 1H), 6.65 (dd, -+ 7.9, 0.7,
1H), 7.33 (m, 8H), 7.40 (tt, Ju-+ 7.3, 1.4, 3H), 7.74 (t, Ju-+ 8.0, 1H), 7.85 (dd, Jn-H 8.4,
1.5, 6H). BC{*H} NMR (100 MHz, CDCls, 298 K): § 20.9 (Me), 23.4 (O2CMe), 56.1
(OMe), 103.5 (CH), 110.7 (CH), 123.9 (CH), 124.3 (CH), 127.9 (d, ®Jc-r 11.3, CH), 130.4
(d, “2Jcr 3.1, CH), 130.7 (d, YJc-r 52.4, C), 135.7 (d, 2Jc-r 12.5, CH), 137.8 (C), 140.6
(CH), 141.5 (CH), 144.6 (C), 150.6 (C), 163.8 (C), 166.4 (C), 176.3 (O2CMe). 3P NMR
(162 MHz, CDCls, 298 K): & 45.2 (s, PPhs). IR (selected bands, cm™): 1572, 1485, 1433,
1382, 1336, 1285, 1181, 1093, 1053, 790, 688. MS (ES): m/z 566 [M-OAc]". TOFMS
(ASAP): m/z 566.0877 [M-OAc]* (C31H2sNOPPd requires 566.0865).

5.2.21 Synthesis of [Pd(x?-6-(4-trifluoromethylphenyl)-2-methoxypyridine)(OAc)
(PPh3)] (2.21)

The title complex was synthesised by / X _OMe )§
combining  [Pd(x?-6-(4-trifluoromethylphenyl)-2- _—N O
methoxypyridine)(u-OAc)]2 (2.12) (15 mg, 0.018 \Pd<
mmol, 1 eq.) and PPhs (9.38 mg , 0.037 mmol, 2.1 R
eg.) in CHCls (2 mL). The mixture was left to stir at \®

room temperature under N2 for 24 h and after work F3C

)

up afforded 2.21 as a pale yellow solid (19 mg, 75%

yield). Mp: 185-187 °C. 'H{>'P} NMR (400 MHz, CDCls, 298 K): & 1.36 (s, O2CMe,
3H), 3.91 (s, OMe, 3H), 6.71 (d, Ju-n 8.5, 1H), 6.82 (s, 1H), 7.11 (d, Jnn 8.1, 1H), 7.37
(t, Jun 7.7, 6H), 7.46 (m, 4H), 7.53 (d, Ju-n 8.1, 1H), 7.85 (m, 7H). Sample was
insufficiently soluble for $3C{*H}; therefore, selective *C data was acquired by a DEPT
135 experiment. DEPT 135 NMR (125 MHz, CDCls, 298 K): & 23.2 (O2CMe), 56.4
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(OMe), 105.4 (CH), 111.7 (CH), 120.6 (CH), 123.6 (CH), 128.1 (d, 3Jc-r 11.0, CH), 130.7
(CH), 135.0 (d, 2Jc-p 11.8, CH), 135.5 (CH), 142.0 (CH). 3P NMR (162 MHz, CDCls,
298 K): & 44.6 (s, PPhs). °F NMR (376 MHz, CDCls, 298 K): & -63.3 (s, CF3). IR
(selected bands, cm™): 1563, 1485, 1433, 1318, 1117, 1072, 1021, 800, 688. MS (ES):
m/z 620 [M-OAc]*. TOFMS (ASAP): m/z 620.0579 [M-OAc]* (CsiH24FsNOP¢pP(d
requires 620.0582).

5.2.22 Synthesis of [Pd(x?-6-(4-fluorophenyl)-2-methoxypyridine)(OAc)(PPhs)]
(2.22)

The title complex was synthesised by N\_OMe
combining  [Pd(x?-6-(4-fluorophenyl)-2-methoxy / >§O

/

N
pyridine)(u-OAc)]2 (2.13) (35.2 mg, 0.047 mmol, 1 \pd/

N
eq.) and PPhs (25 mg, 0.095 mmol, 2.1 eq.) in CHCIs R
(4 mL). The mixture was left to stir at room

temperature under N2 for 24 h and after work up F

)

afforded 2.22 as a pale yellow solid (44 mg, 74%

yield). Crystals suitable for a single crystal X-ray diffraction study were grown from a
dichloromethane solution of the complex layered with hexane. Mp: 176-177 °C. *H{*°F}
NMR (400 MHz, CDCls, 298 K): 6 1.27 (s, O2CMe, 3H), 3.85 (s, OMe, 3H), 6.20 (dd,
Jn-p 7.3, 2.5, 1H), 6.55 (dd, Ju-+ 8.61, 2.5, 1H), 6.58 (d, Ju-+ 8.8, 1H), 7.30 (d, Jn-H 7.9,
1H), 7.36 (m, 6H), 7.43 (m, 4H), 7.77 (t, Ju-H 8.1, 1H), 7.84 (m, 6H). 3C{*H} NMR (125
MHz, CDCls, 298 K): 6 23.3 (02CMe), 56.2 (OMe), 103.9 (CH), 110.9 (CH), 111.0 (CH),
125.3 (CH), 125.4 (CH), 128.1 (d, Jcr 11.2, CH), 130.1 (d, YJc-p 51.3, C), 130.6 (d, *Jc-
p 2.8, CH), 135.6 (d, 2Jcr 12.4, CH), 141.8 (CH), 143.6 (C), 153.6 (C), 161.0 (d, YJc-r
252.6, C), 162.8 (C), 166.4 (C), 176.5 (02CMe). *'P NMR (162 MHz, CDCl3, 298 K): §
45.2 (s, PPha). F NMR (376 MHz, CDCls, 298 K): § -111.5 (s, F). IR (selected bands,
cm™h): 1742, 1566, 1431, 1380, 1199, 1179, 1096, 1024, 786, 703. MS (ES): m/z 570 [M-
OAc]*. TOFMS (ASAP): m/z 570.0626 [M-OAc]* (CzoH2sFNOPPd requires
570.0614).

5.2.23 Synthesis of [Pd(x?-6-phenyl-2-methoxypyridine)(PPhs)Cl] (2.23)

A round bottom flask equipped with stirrer bar and open to the air was loaded with
[Pd(k2-6-phenyl-2-methoxypyridine)(OAc)(PPhs)] (2.18) (50 mg, 0.082 mmol),
chloroform (5 mL) and brine (6 mL). After stirring vigorously at room temperature for
12 h the yellow phase was separated and washed with water (2 x 10 ml). The solvent was
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reduced in volume and hexane added slowly to / X —OMe
induce precipitation. The product was then filtered —N

and washed with hexane to afford 2.23 as a yellow Pd
solid (46.5 mg, 96%). Mp: 170 °C (decomp.). R

'H{3P} NMR (400 MHz, CDCls, 298 K): & 4.00 (s,

OMe, 3H), 6.38 (t, Ju-+ 7.0, 1H), 6.51 (d, Jn-H 7.8,

1H), 6.67 (d, Ju-+ 8.2, 1H), 6.86 (t, Jn-1 7.4, 1H), 7.33

(app t, Ju-H 7.6, 6H), 7.41 (m, 4H), 7.70 (dd, Jn-+ 8.0, 1.1, 1H), 7.80 (d, I 7.4, 6H),
7.83 (t, Jn-H 8.1, 1H). Sample was insufficiently soluble for 3C{*H}. 3P NMR (162 MHz,
CDCls, 298 K): 6 45.1 (s, PPha). IR (selected bands, cm™): 1607, 1574, 1483, 1433, 1288,

1134, 1094, 1023, 752, 691. MS (ES): m/z 552 [M-CI]. TOFMS (ES): m/z 552.0719 [M-
CI]* (C30H2sNOPPd requires 552.0709).

5.2.24 Synthesis of [Pd(k?-6-(4-methylphenyl)-2-methoxypyridine)(PPhs)Cl] (2.24)
Based on the procedure described for 2.23,

. . / X\—OMe
using 2.19 (49 mg, 0.078 mmol) gave 2.24 as a light N ol
yellow solid (44 mg, 94%). Crystals suitable for a \Pd/
single crystal X-ray diffraction study were grown \P
from a solution of the complex 2.24 in \®
dichloromethane/MeCN (95/5 v/v) layered with
hexane. Mp: > 270 °C. H{®'P} NMR (400 MHz,
CDCls, 298 K): & 1.62 (s, Me, 3H), 4.00 (s, OMe, 3H), 6.28 (s, 1H), 6.62 (d, Jn-1 8.3,
1H), 6.67 (d, Jn-n 7.4, 1H), 7.33 (m, 7H), 7.39 (m, 4H), 7.76 (t, Jn-n 8.0, 1H), 7.79 (d, -
H 7.2, 6H). Sample was insufficiently soluble for *C{*H}. 3'P NMR (162 MHz, CDCls,
298 K): & 44.1 (s, PPhs). IR (selected bands, cm™): 1690, 1572, 1482, 1433, 1283, 1176,

1093, 1055, 781, 743, 690. MS (ES): m/z 566 [M-CI]. TOFMS (ES): m/z 566.0880 [M-
CI]* (Ca1H27NOPX®Pd requires 566.0865).

5.2.25 Synthesis of [Pd(x?-6-phenyl-2-methoxypyridine)(PPhs)(MeCN)]PFs (2.25)
A Schlenk flask equipped with a magnetic stir bar was evacuated and backfilled
with nitrogen and loaded with [Pd(k2-6-phenyl-2-methoxypyridine)(PPhs) Cl] (2.23) (47
mg, 0.08 mmol), AgPFs (20.2 mg, 0.08 mmol) and MeCN (10 mL). The reaction mixture
was stirred at room temperature for 12 h, at which point the suspension was allowed to
settle and the solution was transferred by cannula filtration into a round bottom flask. All
volatiles were removed under reduced pressure to afford 2.25 (55 mg, 93%) as a yellow
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solid. Crystals suitable for a single crystal X-ray / X OMe _| PFg
diffraction study were grown from a solution of

o —N_ _NCMe
the complex 2.25 in dichloromethane/MeCN Pd\

(95/5 v/v) layered with hexane. Mp: 184 °C R

(decomp.). *H{*'P} NMR (400 MHz, CDCls, \Q

298 K): 5 1.90 (s, MeCN, 3H), 3.98 (s, OMe,

3H), 6.42 (t, Jun 8.0, 1H), 6.48 (d, Jnn 7.7, 1H),

6.76 (d, Jun 8.3, 1H), 6.93 (t, Jnr 7.7, 1H), 7.42 (t, Jun 7.7, 6H), 7.50 (m, 4H), 7.67 (d,
Ju-n 8.3, 1H), 7.76 (d, Ju-w 7.1, 6H), 7.90 (t, Jn-n 8.1, 1H). Sample was insufficiently
soluble for 3C{*H}; therefore, selective *C data was acquired by an HMQC experiment.
HMQC NMR (100 MHz, CDCls, 298 K): & 1.8 (MeCN), 56.7 (OMe), 105.2 (CH), 111.5
(CH), 125.2 (CH), 128.5 (CH), 128.8 (CH), 131.2 (CH), 132.3 (CH), 135.3 (CH), 139.7
(CH), 142.5 (CH). 3P NMR (162 MHz, CDCls, 298 K): & 44.7 (s, PPhs), -144.3 (sept,
L3p-£ 705, PFe). °F NMR (376 MHz, CDCls, 298 K):  -73.1 (d, “Jr+ 711, PFe). IR
(selected bands, cm™): 1576, 1484, 1433, 1280, 1112, 829, 795, 693. MS (ES): m/z 552
[M-MeCN]*, 145 [PFe]. TOFMS (ES): m/z 552.0723 [M-MeCN]* (CsoHzsNOP%Pd
requires 552.0709).

5.2.26 Synthesis of [Pd(x?-6-phenyl-2-methoxypyridine)(PPhs)(MeCN)]BF4 (2.26)

Based on the procedure described for / N _OMe _| BF,
2.25, using 2.23 (52 mg, 0.088 mmol) and
—N  _NCMe
AgBF4 (17.2 mg, 0.088 mmol) gave 2.26 as a Pd

yellow solid (47 mg, 78%). Crystals suitable for R

a single crystal X-ray diffraction study were \©
grown from a solution of the complex 2.26 in

dichloromethane/MeCN (95/5 v/v) layered with

hexane. Mp: 109 °C (decomp.).*H{®P} NMR (400 MHz, CDCls, 298 K): & 1.91 (s,
MeCN, 3H), 3.98 (s, OMe, 3H), 6.40 (t, Jun 7.3, 1H), 6.50 (d, Ju-n 7.3, 1H), 6.71 (d, Ju-
1 8.3, 1H), 6.89 (t, Jn-n 7.3, 1H), 7.38 (m, 7H), 7.44 (m, 4H), 7.77 (app d, Jn-n 7.1, 6H),
7.84 (t, Ju-n 7.8, 1H). Sample was insufficiently soluble for *C{*H}; therefore, selective
13C data was acquired by an HMQC experiment. HMQC NMR (100 MHz, CDCls, 298
K): 5 1.7 (MeCN), 56.7 (OMe), 105.7 (CH), 111.2 (CH), 124.3 (CH), 125.1 (CH), 128.2
(CH), 128.4 (CH), 131.1 (CH), 135.3 (CH), 139.0 (CH), 142.5 (CH). 3'P NMR (162 MHz,
CDCls, 298 K): 5 45.1 (s, PPhs). °F NMR (376 MHz, CDCls, 298 K): & -153.4 (s, BFa).
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IR (selected bands, cm™): 1574, 1482, 1432, 1279, 1095, 1056, 1020, 995, 833, 751, 692.
MS (ES): m/z 552 [M-MeCN]*, 87 [BF4]. TOFMS (ES): m/z 552.0726 [M-MeCN]*
(C30H2sNOPPd requires 552.0709).

5.2.27 Synthesis of [Pd(x?>-phenyl-2-methoxypyridine)(PPhs)(MeCN)]OTf (2.27)
- Ij:is;]ed 2oggthe procedure described for / N\\_OMe ‘| OTf
25, g 2.23 (45 mg, 0.076 mmol) and /N\ _NCMe
AgOS02CFs (19.7 mg, 0.076 mmol) gave 2.27 Pd
as ayellow solid (55 mg, 97%). Crystals suitable \P
for a single crystal X-ray diffraction study were \®
grown from a solution of the complex 2.27 in
dichloromethane/MeCN (95/5 v/v) layered with
hexane. Mp: 115 °C (decomp.). *H{?'P} NMR (400 MHz, CDCls, 298 K): & 1.88 (s,
MeCN, 3H), 3.98 (s, OMe, 3H), 6.43 (t, Ju-x 7.2, 1H), 6.49 (d, Ju-n 7.9, 1H), 6.78 (d, In-
H 7.9, 1H), 6.94 (t, Ju-n 7.2, 1H), 7.42 (m, 7H), 7.49 (m, 4H), 7.75 (d, Ju-n 7.9, 6H), 7.91
(t, Ju+ 7.9, 1H). Sample was insufficiently soluble for *C{*H}; therefore, selective 3C
data was acquired by a DEPT 135 experiment. DEPT 135 NMR (100 MHz, CDCls, 298
K): 6 -1.9 (MeCN), 54.9 (OMe), 103.6 (CH), 109.9 (CH), 123.2 (CH), 123.5 (CH), 126.2
(CH), 126.8 (d, 3Jc-p 11.1, CH), 129.7 (CH), 133.3 (d, 2Jcr 12.7, CH), 137.4 (CH), 141.1
(CH). 3P NMR (162 MHz, CDCls, 298 K): & 45.0 (s, PPhs). 1°F NMR (376 MHz, CDCls,
298 K): § -78.1 (s, OTH). IR (selected bands, cm™): 1574, 1483, 1431, 1259, 1148, 1095,
1028, 800, 752, 691. MS (ES): m/z 552 [M-MeCN]*, 149 [OTf]. TOFMS (ES): m/z
552.0723 [M-MeCN]* (C30H2sNOP%Pd requires 552.0709).

Gold(I11) Chemistry

5.2.28 Synthesis of [6-(4-methylphenyl)-2-methoxypyridine(k!-H)]JAuCls (2.28)

The 6-(4-methylphenyl)-2-methoxy N —| AuCl,
pyridine (2.6) (15.3 mg, 0.077 mmol, 1.1 eq.), | P
dissolved in MeCN (1 mL), was added in one lil OMe
portion to H[AUCl4] (27.5 mg, 0.07 mmol) in H20 H

(1 mL). The reaction mixture was then stirred at room temperature for 2 h after which the
solvent was removed leaving behind a yellow solid which was then washed by Et2O and
water and dried under reduced pressure to give 37 mg (98%) of the title product (2.28) as

a yellow powder. Crystals suitable for a single crystal X-ray diffraction study were grown
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from a dichloromethane solution of the complex layered with hexane. Mp: 108-109 °C.
'H NMR (400 MHz, CDCls, 298 K): § 2.48 (s, Me, 3H), 4.36 (s, OMe, 3H), 7.20 (d, Jn-
1 8.7, 1H), 7.45 (d, Ju-1 7.8, 2H), 7.59 (dd, Jn-n 7.8, 0.7, 1H), 7.80 (dt, Jn-n 8.2, 1.8, 2H),
8.38 (t, Jn-+ 7.8, 1H). 'H NMR (400 MHz, CD3CN, 298 K): § 2.48 (s, Me, 3H), 4.24 (s,
OMe, 3H), 7.40 (dd, Ju-x 8.8, 0.8, 1H), 7.49 (dd, Jn-+ 8.5, 0.6, 2H), 7.70 (dd, Ju-+ 7.7,
0.7, 1H), 7.73 (dt, Ju-n 8.5, 1.9, 2H), 8.48 (t, Ju-n 8.3, 1H) 12.57 (br s, 1H, NH). 3C{'H}
NMR (125 MHz, CDCls, 298 K): 6 20.2 (Me), 58.5 (OMe), 107.7 (CH), 116.7 (CH),
127.2 (C), 127.9 (CH), 129.8 (CH), 143.1 (C), 149.2 (CH), 150.5 (C), 161.4 (C). IR
(selected bands, cm™): 3180, 1623, 1434, 1379, 1274, 1177, 1080, 1027, 822, 793. MS
(ES): m/z 200 [L+H]", 267 [AuCl2], 339 [AuCls]. TOFMS (ASAP): m/z 200.1080
[L+H]" (C13H14NO requires 200.1075).

5.2.29 Synthesis of [Au(k!-6-(4-methylphenyl)-2-methoxypyridine)Cls] (2.29)
A: In a small bottom flask, 6.1 mg (0.072 mmol,

X
1.5 eq.) of NaHCO3s were added under vigorous stirring |

S
to a solution of 2.28 of 26 mg (0.048 mmol) in 3 mL of lil OMe
THF and left 2 h to react at room temperature. The AuCls

corresponding solution was evaporated and the crude solid was washed with Et20O and
water to give 2.29 as a yellow solid (12 mg, 50%).

B: The 6-(4-methylphenyl)-2-methoxypyridine (2.6) (8.7 mg, 0.044 mmol, 1.1
eq.), dissolved in MeCN (1 mL), was added in one portion to K[AuCl4] (15 mg, 0.04
mmol) in H20 (1 mL). The reaction mixture was then stirred at room temperature for 24
h after which the yellow precipitate was filtered, washed with Et2O and water and dried
under reduced pressure to give 12 mg (60%) of 2.29 as a yellow powder. Crystals suitable
for a single crystal X-ray diffraction study were grown from a dichloromethane solution
of the complex layered with hexane. Mp: 176-178 °C. *H NMR (400 MHz, CDCls, 298
K): 8 2.45 (s, Me, 3H), 4.25 (s, OMe, 3H), 7.10 (dd, Jn-n 8.5, 1.1, 1H), 7.31 (dd, J1-H 7.6,
1.2, 1H), 7.39 (app d, Jn-n 7.9, 2H), 7.73 (dt, Ju-n 8.2, 1.7, 2H), 8.10 (t, Ju-+ 8.5, 1H).
B3C{*H} NMR (100 MHz, CDCls, 298 K): & 21.6 (Me), 58.2 (OMe), 107.4 (CH), 121.1
(CH), 129.1 (CH), 130.0 (CH), 134.0 (C), 141.5 (C), 144.6 (CH), 159.1 (C), 161.7 (C).
IR (selected bands, cm™): 1601, 1570, 1474, 1435, 1272, 1121, 1004, 822, 795. MS (ES):
m/z 267 [AuClz], 304 [AuCls]. TOFMS (ES): m/z 523.9623 [M+Na]
(C13H13** AuCIsNONa requires 523.9626), 1026.9327 [2M+Na]*
(C26H26" Au2ClsN202Na requires 1026. 9325).
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5.2.30 Synthesis of [Hg(k!-6-(4-methylphenyl)-2-methoxypyridine)ClI] (2.30)

The 6-(4-methylphenyl)-2-methoxypyridine (2.6) XN
(150 mg, 0.75 mmol, 1 eq.) in EtOH (5 mL) was added | _
slowly to a stirred solution of Hg(OAc)2 (240 g, 0.75 N OMe
mmol) in EtOH (5 mL). The mixture was heated at reflux HgCl

for 12 h and filtered (hot) into a solution of LiCl (32 mg, 0.75 mmol) in MeOH (5 mL).
This mixture was heated at reflux for 1 h and allowed to cool overnight. The precipitate
was filtered off, washed with H20 (10 mL) and EtOH (10 mL, 0 °C) to give an
organomercury intermediate (63 mg, 19%). Mp: 163-165 °C. 'H NMR (400 MHz,
CD2Clz2, 298 K): 6 2.30 (s, Me, 3H), 4.04 (s, OMe, 3H), 6.71 (dd, Ju-# 8.3, 0.7, 1H), 7.31
(app d, I+ 7.8, 1H), 7.25 (s and dd, 3J-Hg 202, 7.5, 1H), 7.27 (dd, Jn-+ 8.7, 0.5, 1H),
7.62 (dd, Ju-n 8.2, 7.5, 1H), 7.66 (d, Ju-+ 8.0, 1H). Sample was insufficiently soluble for
BC{H}; therefore, selective 13C data was acquired by an HMQC experiment. HMQC
NMR (125 MHz, CD2Clz, 298 K): 6 21.0 (Me), 55.0 (OMe), 109.6 (CH), 114.6 (CH),
128.5 (CH), 130.0 (CH), 137.8 (CH), 140.0 (CH). IR (selected bands, cm™): 1574, 1408,
1321, 1247, 1013, 789. MS (ES): m/z 439 [(M-Cl)+MeCN]. TOFMS (ASAP): m/z
436.0384 [M+H]* (Ci13H13CI?®®HgNO requires 436.0347), 400.0627 [M-CI]*
(C13H12?°HgNO requires 400.0625).

General Procedure for Alcohol Oxidation Using OMe-containing Complexes

Base (0.20 mmol), MS 3 A (500 mg) and naphthalene were added to a mixture of
palladium complex (5 mol% Pd, 0.025 mmol) and toluene (3 mL) in a dry 25-mL two-
neck flask equipped with cooler and drying tube. The mixture was heated at 80 °C for 15
min and then a solution of benzyl alcohol (108.2 mg, 1 mmol) in toluene (4 mL) was
added dropwise with a syringe. Additional toluene (2 mL) was added to rinse the syringe.
The reaction mixture was stirred at 80 °C for the time indicated (see Table 2.7). A sample
was taken, dissolved in CDCIls and analysed by *H NMR spectroscopy. The conversion
was determined by 'H NMR analysis of the reaction mixture based on the starting

material, benzyl alcohol.
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5.3 Experimental Procedures for Chapter 3

General Procedure for Synthesis of 6-aryl-2-pyridone Ligands

A 10-mL round bottom flask with a magnetic stir bar and reflux condenser, was
loaded with 6-aryl-2-methoxypyridine (0.557 mmol) and aqueous 48% HBr (2.5 mL, 22
mmol. 40 eq.). This solution was heated at reflux for 4 hours (set oil bath to 125 °C). The
solution was then allowed to cool to room temperature and neutralised with saturated
NaHCOs. The product was extracted with DCM (3 x 50 mL). The organic layers were
combined, dried over MgSO4 and the solvent was removed under reduced pressure to
yield a solid. This was taken up in minimum amount of methanol and heated to dissolve

all products. After cooling, crystals were afforded (64-90%).

5.3.1 Synthesis of 6-phenyl-2-pyridone (3.1)

This was prepared from 6-phenyl-2-methoxypyridine N
(2.5) (103 mg) and aqueous 48% HBr and after work up and |
recrystallisation gave 3.1 as white crystals (61.9 mg, 65%). Mp: H O

196-198 °C. *H NMR (400 MHz, CDCls, 298 K): § 6.47 (dd, Jn-

1 7.0,0.8, 1H), 6.53 (dd, Ju-+ 9.1, 0.8, 1H), 7.48 (m, 4H), 7.71 (m, 2H), 12.15 (br s, NH,
1H). ¥C{*H} NMR (100 MHz, CDCls, 298 K): § 104.7 (CH), 118.7 (CH), 126.5 (CH),
129.1 (CH), 130 (CH), 133.5 (C), 141.3 (CH), 146.8 (C), 165.0 (C). IR (selected bands,
cmh): 2793, 1641, 1610, 1492, 1442, 1152, 992, 794, 759, 692. MS (ES): m/z 172 [M]".
TOFMS (ES): m/z 172.0762 [M+H]" (C11H10NO requires 172.0718). Data are consistent

with those reported in the literature.®

5.3.2 Synthesis of 6-(4-methylphenyl)-2-pyridone (3.2)

This was prepared from 6-(4-methylphenyl)-2- N
methoxypyridine (2.6) (110.9 mg) and aqueous 48% HBr |
and after work up and recrystallisation gave 3.2 as white E 0

crystals (93.5 mg, 91%). Mp: 202-204 °C. 'H NMR (400

MHz, CDCls, 298 K): 6 2.31 (s, Me, 3H), 6.36 (d, Ju-+ 6.8, 1H), 6.43 (d, Jn-n 9.0, 1H),
7.20 (d, Ju-n 7.8, 2H), 7.37 (dd, Ju-1 8.8, 7.1, 1H), 7.54 (d, Ju-1 8.2, 2H), 12.34 (br s, NH,
1H). BC{*H} NMR (100 MHz, CDCls, 298 K): & 20.3 (Me), 103.4 (CH), 117.2 (CH),
125.5 (CH), 128.7 (CH), 129.6 (C), 139.2 (C), 140.3 (CH), 146.1 (C), 164.3 (C). IR
(selected bands, cm™): 2970, 1638, 1602, 1510, 1157, 989, 933, 816, 787, 715. MS (ES):
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m/z 186 [M]*. TOFMS (ES): m/z 186.0905 [M+H]" (C12H12NO requires 186.0874). Data

are consistent with those reported in the literature.

5.3.3 Synthesis of 6-(4-trifluoromethylphenyl)-2-pyridone (3.3)

This was prepared from 6-(4- N
trifluoromethylphenyl)-2-methoxypyridine (2.7) (141 |
mg) and aqueous 48% HBr and after work up and E 0

recrystallisation gave 3.3 as white crystals (100 mg, FsC
75%). Crystals suitable for single crystal X-ray

diffraction were grown by slow evaporation of a methanol solution of the ligand. Mp:
203-205 °C. *H NMR (400 MHz, CDCls, 298 K): & 6.4 (d, Jn-H 7.0, 1H), 6.52 (d, Jn-H 9.1,
1H), 7.44 (dd, Ju+ 9.1, 7.0, 1H), 7.66 (d, Ju-+ 8.2, 2H), 7.80 (d, Jn-H 8.2, 2H), 13.13 (br
s, NH, 1H). 3C{*H} NMR (100 MHz, CDCls, 298 K): § 106.0 (CH), 119.6 (CH), 123.8
(0, YJcr 271.6, CF3), 126.0 (g, 3Jc-r 3.0, CH), 127.3 (CH), 131.7 (g, 2Jcr 33.1, C), 136.8
(C), 141.3 (CH), 145.6 (C), 165.6 (C). °F NMR (376 MHz, CDCls, 298 K): 5 -62.8 (s,
CF3). IR (selected bands, cm™): 2912, 1642, 1604, 1574, 1334, 1158, 1110, 986, 828,
789. MS (ES): m/z 240 [M]*. TOFMS (ES): m/z 240.0628 [M+H]" (C12HsF3NO requires

240.0592). Data are consistent with those reported in the literature.®

5.3.4 Synthesis of 6-(4-fluorophenyl)-2-pyridone (3.4)
This was prepared from 6-(4-fluorophenyl)-2-

X
methoxypyridine (2.8) (113.1 mg) and aqueous 48% HBr
and after work up and recrystallisation gave 3.4 as white N @)
H

crystals (93.4 mg, 88%). Mp: 193-195 °C. H{**F} NMR
(400 MHz, CDCls, 298 K): & 6.36 (d, Ju-+ 6.9, 1H), 6.45 (d,
Ju-1 9.0, 1H), 7.11 (d, Jn-1 8.7, 2H), 7.4 (t, Ju-n 8.5, 1H), 7.67 (d, Ju-n 8.8, 2H), 12.68 (br
s, NH, 1H). 3C{*H} NMR (100 MHz, CDCls, 298 K): 8 104.9 (CH), 116.2 (d, 2Jcr 21.3,
CH), 118.5 (CH), 128.8 (d, 3Jcr 9.1, CH), 129.7 (C), 141.4 (CH), 146.1 (C), 163.8 (d,
Lcr 250.4, C), 165.4 (C). °F NMR (376 MHz, CDCls, 298 K): & -110.6 (s, F). IR
(selected bands, cm™): 2913, 1651, 1614, 1509, 1226, 1158, 986, 831, 788, 723. MS (ES):
m/z 190 [M]*. TOFMS (ES): m/z 190.0653 [M+H]* (C11HoFNO requires 190.0623).

5.3.5 Synthesis of 6-(2-methylphenyl)-2-pyridone (3.5)
This was prepared from 6-(2-methylphenyl)-2-methoxypyridine (2.9) (110.9 mg)

and aqueous 48% HBr and after work up and recrystallisation gave 3.5 as light brown
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crystals (82.3 mg, 74%). Mp: 159-161 °C. *H NMR (400 MHz, X
CDCls, 298 K): & 2.26 (s, Me, 3H), 6.06 (dd, Ju-n 6.7, 0.6, 1H),
6.33 (dd, Jun 9.0, 0.5, 1H), 7.21 (m, 4H), 7.33 (dd, Jr+ 9.1, 6.8, No°

1H), 12.17 (br s, NH, 1H). BC{*H} NMR (100 MHz, CDCls,

298 K): §20.0 (Me), 107.1 (CH), 118.5 (CH), 126.0 (CH), 129.2 (CH), 129.6 (CH), 130.9
(CH), 134.1.3 (C), 136 (C), 141.0 (CH), 147.3 (C), 164.9 (C). IR (selected bands, cm™):
2778, 1637, 1609, 1548, 1459, 1160, 984, 810, 765, 726. MS (ES): m/z 186 [M+H]".
TOFMS (ES): m/z 186.0870 [M+H]" (C12H12NO requires 186.0874). Data are consistent

with those reported in the literature.°

Synthesis of Novel Complexes Containing an OH-N/C Ligand

General Procedure for Synthesis of [Pd(x?-6-aryl-2-pyridinol)(u-OAc)]2

The 6-aryl-2-pyridone (1 eqg.) and Pd(OACc)2 (1 eq.) were combined in glacial acetic
acid in a 10-mL flask equipped with a magnetic stir bar and stirred at 90 °C for 12 h. The
precipitate was then filtered, washed with diethyl ether or hexane (5 mL), collected and
dried. The product was obtained as a solid (63-77% yield).

5.3.6  Synthesis of [Pd(kx?-6-phenyl-2-pyridinol)(u-OAc)]2 (3.6)

The flask was loaded with 3.1 / N0

H
(0.017 g, 0.104 mmol), Pd(OAc)2 (0.023 N O/I§
g, 0.104 mmol) and glacial acetic acid (3 pd/\ O\
mL) and after work up gave 3.6 as a dark Oﬁ*O\/Pd\
orange solid (0.026 g, 73%). Mp > 270 N

1 ) o I
°C. *H NMR (400 MHz, CDCls, 298 K):

8 2.27 (s, 02CMe, 6H), 5.95 (d, Jn-+ 8.3, 2H), 6.72 (m, 4H), 6.84 (m, 6H), 7.28 (t, JH-H
7.3, 2H), 9.63 (s, OH, 2H). C{*H} NMR (100 MHz, CDCls, 298 K): & 25.01 (02CMe),
109.2 (CH), 109.3 (CH), 122.6 (CH), 124.6 (CH), 128.2 (CH), 129.0 (CH), 140.1 (CH),
145.1 (C), 147.3 (C), 161.4 (C), 164.9 (C), 184.4 (O2CMe). IR (selected bands, cm™):
3057, 1620, 1548, 1408, 1341, 1222, 801, 677. MS (ES): m/z 317 [Pd(Ln)+MeCN]*, 358
[Pd(LK)+2MeCN]*, 635 [Pd2(HLH)2+2MeCN]*. TOFMS (ASAP): m/z 279.0935
[PA(LH)]* (C11HsNOWPd requires 278.9678). Anal Calcd for C2sH22N20O6Pd2: C, 46.52;
H, 3.30; N, 4.17; found: C, 46.61; H, 3.21; N, 4.23%.
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5.3.7 Synthesis of [Pd(x?-6-(4-methylphenyl)-2-pyridinol)(u-OAc)]2 (3.7)
The flask was loaded with 3.2 / N0

H
(0.029 g, 0.158 mmol), Pd(OAc)2 (0.036 —N 4 /l\
. . . N\, 07 =0
g, 0.155 mmol) and glacial acetic acid (3 Pd__ AN
mL) and after work up gave 3.7 as a dark Oﬁ\o’Pd\
Py N
yellow solid (0.036 g, 65%). Mp > 270 H

\O X I
°C. 'H NMR (400 MHz, CDCls, 298 K):

§2.20 (s, Me, 6H), 2.26 (s, 02CMe, 6H), 5.98 (dd, Jun 8.3, 0.9, 2H), 6.48 (s, 2H), 6.56
(d, Jn-n 8.0, 2H), 6.64 (dd, Jn-1 7.7, 0.9, 2H), 6.71 (d, Jn-1 7.9, 2H), 7.24 (t, JH-1 7.9, 2H),
9.62 (s, OH, 2H). BC{"H} NMR (125 MHz, CDCls, 298 K): § 21.7 (Me), 25.2 (O2CMe),
108.3 (CH), 108.8 (CH), 122.4 (CH), 125.5 (CH), 131.6 (CH), 138.3 (C), 140.1 (CH),
142.3 (C), 147.1 (C), 161.7 (C), 164.8 (C), 184.2 (O2CMe). IR (selected bands, cm™):
1547, 1405, 1340, 1162, 787, 674. MS (ES): m/z 331 [Pd(Lme)+MeCN]*, 372
[Pd(Lwe)+2MeCN]*, 663 [Pda(Lme)2+2MeCN]*. TOFMS (ASAP): m/z 1159.9000
[Pd(Lwme)]s" (CasHaoN2O4%Pds requires 1159.9189). Anal Calcd for C2sH26N206Pdz: C,
48.09; H, 3.75; N, 4.01; found: C, 47.93; H, 3.81; N, 4.11%.

5.3.8 Synthesis of [Pd(x?-6-(4-trifluoromethylphenyl)-2-pyridinol)(u-OAc)]. (3.8)
The flask was loaded with 3.3

(0.017 g, 0.071 mmol), Pd(OAc)2 (0.016 |/ N 0\11 /L s
g, 0.071 mmol) and glacial acetic acid (3 /N\Pd/\b \O\

mL) and after work up gave 3.8 as a Oﬁﬁo‘rpd\

yellow solid (0.022 g, 77%). Crystals \‘H N=

suitable for a single crystal X-ray FsC RSN I
diffraction study were grown from a dichloromethane solution of the complex layered
with hexane. Mp > 270 °C. *H NMR (400 MHz, CDCls, 298 K): § 2.30 (s, 02CMe, 6H),
6.09 (d, Ju-+H 8.4, 2H), 6.77 (dd, Ju-+ 7.6, 0.9, 2H), 6.93 (d, Jn-+ 8.0, 2H), 6.96 (s, 2H),
7.05 (dd, Ju-w 8.1, 0.9, 2H), 7.33 (t, Ju-n 7.9, 2H), 9.66 (s, OH, 2H). Sample was
insufficiently soluble for *C{*H}; therefore, selective *C data was acquired by an HSQC
experiment. HSQC NMR (125 MHz, CDCls, 298 K): 5 25.2 (0.CMe), 109.8 (CH), 110.9
(CH), 121.6 (CH), 122.1 (CH), 127.2 (CH), 140.9 (CH). *F NMR (376 MHz, CDCls,
298 K): § -63.2 (s, CFa3). IR (selected bands, cm™): 3050, 1545, 1412, 1317, 1240, 1118,
1073, 794, 722, 678. MS (ES): m/z 385 [Pd(Lcr3)+MeCN]", 426 [Pd(Lcrs)+2MeCN]",
771 [Pd2(Lcr3)2+2MeCN]*. TOFMS (ASAP): m/z 807.9313 [M]* (C2sH20FsN20s*®Pd2
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requires 807.9299). Anal Calcd for C2sH20FsN206Pd2: C, 41.66; H, 2.50; N, 3.47; found:
C,41.58; H, 2.43; N, 3.54%.

5.3.9 Synthesis of [Pd(x?-6-(4-fluorophenyl)-2-pyridinol)(u-OAc)]2 (3.9)
The flask was loaded with 3.4

/ X O\H F
(0.029 g, 0.155 mmol), Pd(OAc)2 (0.035 /N\ o/I%
g, 0.155 mmol) and glacial acetic acid (3 pd/\ O\
mL) and after work up gave 3.9 as a O§,—~Q‘/Pd\
yellow solid (0.042 g, 77%). Mp: > 270 \H N="

~ I
°C. 'H{'F} NMR (400 MHz, CDCls, F 7

298 K): 8 2.28 (s, 02CMe, 6H), 6.06 (dd, Jx-+ 8.3, 0.9, 2H), 6.38 (d, Jn-H 2.4, 2H), 6.53
(dd, Ju-+ 8.5, 2.2, 2H), 6.62 (dd, Ju-+ 7.6, 0.9, 2H), 6.83 (d, JH-+ 8.6, 2H), 7.3 (t, Jn-+ 7.9,
2H), 9.53 (s, OH, 2H). *C{*H} NMR (125 MHz, CDCls, 298 K): & 25.0 (02CMe), 109.1
(CH), 109.2 (CH), 111.9 (d, 2Jc-r 23.0, CH), 117.7 (d, 2Jc-r 20.5, CH), 123.7 (d, 3Jc-r 8.5,
CH), 140.5 (CH), 141.2 (d, 3Jc-F 2.0, C), 148.9 (C), 160.2 (d, YJc-r 255.6, C), 161.2 (C),
165.0 (C), 184.7 (02CMe). *F NMR (376 MHz, CDCls, 298 K): & -109.0 (s, F). IR
(selected bands, cm™): 1544, 1412, 1248, 1188, 1159, 855, 788, 679. MS (ES): m/z 335
[Pd(Lr)+MeCN]"*, 376 [Pd(LF)+2MeCN]*, 671 [Pd2(Lr)2+2MeCN]*. TOFMS (ASAP):
1173.8048 [Pd(Lr)]s" (CasH28FaN404%®Pd4 requires 1173.8218).

5.3.10 Synthesis of [Pd(x?-6-(2-methylphenyl)-2-pyridinol)(u-OAc)]2 (3.10)
The flask was loaded with 3.5

/ X O\H
(0.029 g, 0.158 mmol), Pd(OAc): N O/L
(0.036 g, 0.155 mmol) and glacial pd/\ \O\
acetic acid (3 mL) and after work up O%qud\
gave 3.10 as a dark yellow solid Y,ONT

. . o
(0.045 g, 68%). Mp: > 270 °C. 'H

NMR (400 MHz, CDCls, 298 K): § 2.24 (s, 02CMe, 6H), 2.29 (s, Me, 6H), 5.96 (dd, J-
1 8.3, 0.9, 2H), 6.67 (m, 4H), 6.74 (t, Jun 7.7, 2H), 6.92 (d, Jnn 6.6, 2H), 7.30 (¢, Jrm
8.0, 2H), 9.77 (s, OH, 2H). BC{*H} NMR (125 MHz, CDCls, 298 K): § 23.7 (Me), 25.0
(O2CMe), 109.2 (CH), 113.1 (CH), 126.9 (CH), 129.0 (CH), 129.3 (CH), 134.0 (C), 139.5
(CH), 142.8 (C), 149.4 (C), 161.7 (C), 164.8 (C), 184.0 (02CMe). IR (selected bands, cm
1Y: 1544, 1406, 1340, 1221, 1163, 1019, 798, 676. MS (ES): m/z 331 [Pd(Lwme)+MeCN]*,
372 [Pd(Lme)+2MeCN]*, 663 [Pda(Lme)2+2MeCN]*. TOFMS (ASAP): m/z 1159.9000
[Pd(Lme)]4* (CasHaoN4O4%Pds requires 1159.9189).
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Tetrameric Complexes with the General Formula [Pd(p:x?-6-aryl-2-pyridonate)]s

5.3.11 Synthesis of [Pd(u:x?-6-phenyl-2-pyridonate)]s (3.11)

A 5-mL round bottom flask, open to
the air, was loaded with 3.6 (9 mg, 0.013
mmol) and CDCls (0.5 mL). A stopper was

attached and the mixture left to stand at
room temperature for 24 h. The reaction

was monitored by *H NMR spectroscopy

revealing a mixture of 3.11 and unreacted
3.6. After 48 h, *H NMR spectrum showed

no further change. AIll volatiles were

removed under reduced pressure and the
remaining solid was re-dissolved in CDCls (0.5 mL) and left for 24 h. The process of
solvent removal and dissolving in CDCls was repeated three more times to afford pure
3.11 as a yellow solid (7 mg, 95%). Mp > 270 °C. *H NMR (400 MHz, CDCls, 298 K):
8 5.92 (dd, Ju-+ 8.6, 0.9, 1H), 6.74 (dd, Ju-n 7.4, 1.0, 1H), 6.93 (m, 2H), 7.01 (m, 1H),
7.17 (m, 1H), 7.37 (d, J+-n 7.7 Hz, 1H). BC{'*H} (125 MHz, CDCls, 298 K): § 105.6 (CH),
115.1 (CH), 123.4 (CH), 127.4 (CH), 128.6 (CH), 131.1, (CH), 138.3 (CH), 145.5 (C),
147.0 (C), 159.9 (C), 171.5 (C). IR (selected bands, cm™): 1609, 1543, 1479, 1435, 1028,
790. MS (ES): m/z 1130 [M]*. Anal Calcd for C4sH3sN4O4Pda: C, 48.79; H, 3.03; N, 4.95;
found: C, 48.01; H, 2.77; N, 4.98%.

5.3.12 Synthesis of [Pd(u:k?-6-(4-methylphenyl)-2-pyridonate)]s (3.12)

Based on the procedure
described for 3.11, using 3.7 (20
mg, 0.029 mmol) in CDCls (4 mL),
gave 3.12 as a yellow solid (15 mg,

87%). Crystals suitable for single
crystal X-ray diffraction were

grown by slow evaporation of a

chloroform  solution of the
complex. Mp > 270 °C. 'H NMR
(400 MHz, CDCl3, 298 K): & 2.17
(s, Me, 3H), 5.88 (dd, Ju-+ 8.6, 1.0,
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1H), 6.68 (dd, Ju-n 7.3, 1.0, 1H), 6.71 (dd, Ju-n 0.7, 1H), 6.96 (dd, I+ 7.8, 0.7, 1H), 6.99
(dd, Jnn 7.3, 8.5, 1H), 7.24 (d, Jun 7.8, 1H). BC{*H} (125 MHz, CDCls, 298 K): 5 21.8
(Me), 105.1 (CH), 114.5 (CH), 123.0 (CH), 128.2 (CH), 132.5 (CH), 138.3 (CH), 138.9
(C), 144.1 (C), 145.4 (C), 160.1 (C), 171.4 (C). IR (selected bands, cm™): 1609, 1542,
1481, 1455, 1031, 785. MS (ES): m/z 1159 [M]*. TOFMS (ASAP): m/z 1185.8998 [M]*
(Cs0H42N4041%Pd4 requires 1185.9345). Anal Calcd for CsoHa2NsO4Pds.1.6CHCls: C,
44.92; H, 3.19; N, 4.06; found: C, 44.86; H, 3.01; N, 4.92%.

5.3.13 Synthesis of [Pd(p:x?-6-(4-trifluoromethylphenyl)-2-pyridonate)]a (3.13)

Based on the
procedure described for
3.11, using 3.8 (22 mg,
0.027 mmol) in CDClsz (4
mL), gave 3.13 as a yellow
solid (13 mg, 69%). To

allow full conversion of 3.8

CF3

to 3.13 the process of
solvent removal and heating FsC
at 50 °C in CDCls was

repeated up to 15 times.

Crystals suitable for single crystal X-ray diffraction were grown by slow evaporation of
a chloroform solution of the complex. Mp > 270 °C. *H NMR (400 MHz, CDCls, 298
K): 8 6.03 (dd, Ju-+ 8.6, 0.9, 1H), 6.87 (dd, Ju-+ 7.3, 0.8, 1H), 7.12 (s, 1H), 7.13 (dd, JH-H
7.1, 8.6, 1H), 7.5 (m, 2H). Sample was insufficiently soluble for *C{*H}; therefore,
selective *C data was acquired by a DEPT 135 experiment. DEPT 135 NMR (125 MHz,
CDCls, 298 K): 6 107.3 (CH), 116.3 (CH), 123.4 (CH), 124.8 (CH), 128.2 (CH), 139.1
(CH). F NMR (376 MHz, CDClIs, 298 K): & -62.6 (s, CF3). IR (selected bands, cm™):
1613, 1544, 1484, 1461, 1314, 1121, 790. MS (ES): m/z 1374 [M]*. TOFMS (ASAP):
m/z 1374.7856 [M]" (CasH24F12Ns04'%Pds requires 1374.4048). Anal Calcd for
CasH24F12N404Pd4: C, 41.95; H, 1.76; N, 4.08; found: C, 41.94; H, 1.73; N, 4.16%.

5.3.14 Synthesis of [Pd(n:x?-6-(4-fluorophenyl)-2-pyridonate)]s (3.14)

Based on the procedure described for 3.11, using 3.9 (28 mg, 0.04 mmol) in CDCls
(4 mL), gave 3.14 as a yellow solid (13 mg, 56%). To allow full conversion of 3.9 to 3.14
the process of solvent removal and heating at 50 °C in CDCls was repeated up to 5 times.
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Mp > 270 °C. *H{**F} NMR (400
MHz, CDCls, 298 K): 6 5.84 (dd,
Ju-1 8.6, 0.9, 1H), 6.55 (d, JH-H
2.5, 1H), 6.61 (dd, Jn-+ 7.3, 0.9,
1H), 6.86 (dd, Jx-1 8.5, 2.5, 1H),
6.98 (t, Ju-n 7.3, 1H), 7.30 (d, Jn-
H 86, 1H). Sample was

insufficiently soluble for
BC{iH}; therefore, selective *C
data was acquired by an HSQC
experiment. HSQC NMR (125
MHz, CDCls, 298 K): & 105.3 (CH), 114.5 (CH), 124.7 (CH), 118.7 (CH), 124.0 (CH),
138.6 (CH). °F NMR (376 MHz, CDCls, 298 K): § -108.5 (s, F). IR (selected bands, cm
1): 1609, 1568, 1543, 1481, 1451, 1187, 1027, 854, 783, 720. TOFMS (ASAP): m/z
1174.8033 [M]" (CasH24F4N4041%°Pd4 requires 1174.7897).

Dimeric Complexes with the General Formula [Pd(u-6-aryl-2-pyridonate)(k?-6-
aryl-2-pyridinol)].

5.3.15 Synthesis of [Pd(u-6-phenyl-2-pyridonate)(k?-6-phenyl-2-pyridinol)]. (3.15)
A small-sized Schlenk flask,

equipped with a magnetic stir bar, y O\H /|

was evacuated and backfilled with 5N =N

nitrogen. The flask was loaded P4—0 o—FPd

with 3.1 (16 mg, 0.09 mmol), 3.6 \N_ \ \N 4
(30.2 mg, 0.045 mmol) and CDCla W o=

(3 mL). The mixture was stirred at

room temperature for 20 h. The solvent was then removed under reduced pressure. The
resulting residue was dissolved in dichloromethane (2 mL) and hexane added slowly to
induce precipitation. The precipitate was then collected, washed with hexane and dried
under reduced pressure to give 3.15 as a yellow solid (33 mg, 82%). Mp > 270 °C. 'H
NMR (400 MHz, CDCls, 298 K): 6 5.67 (d, Ju-+ 8.3, 2H), 5.85 (d, Jn-n 7.7, 2H), 6.46 (d,
JH-H 7.4, 2H), 6.66 (m, 10H), 7.08 (t, JH-H 7.8, 2H), 7.37 (t, Jn-1 7.1, 4H), 7.44 (t, IH-H 7.2,
2H) 7.49 (t, Jn-n 7.7, 2H), 7.97 (d, Ju-n 7.2, 4H), 12.35 (s, OH, 2H). BC{*H} NMR (125
MHz, CDCls, 298 K): & 108.2 (CH), 109.7 (CH), 113.8 (CH), 115.8 (CH), 122.6 (CH),
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123.3 (CH), 127.9 (CH), 128.0 (CH), 128.4 (CH), 129.3 (CH), 133.2 (CH), 139.0 (CH),
139.1 (CH), 141.8 (C), 145.6 (C), 149.1 (C), 158.9 (C), 161.0 (C), 166.5 (C), 169.8 (C).
IR (selected bands, cm™): 3051, 1682, 1593, 1568. TOFMS (ASAP): m/z 893.0577
[M+H]* (C44H32N4041°Pd> requires 893.0513). Anal Calcd for CasH32N4O4Pda: C, 59.14;
H, 3.61; N, 6.27; found: C, 58.84; H, 3.50; N, 6.18%.

5.3.16 Synthesis of [Pd(u-6-(4-methylphenyl)-2-pyridonate)(k?-6-(4-methylphenyl)-
2-pyridinol)]2 (3.16)
Based on the procedure

described for 3.15 using 3.2 (8 mg, S l\/l H /

\ =N
0.04 mmol) and 3.7 (15 mg, 0.02 O

Pd—
mmol) gave 3.16 as a yellow solid o—Pd
(11 mg, 58%). Crystals suitable for N=( \N S
. . . H 4

single crystal X-ray diffraction / \O —

were grown by slow evaporation of

a chloroform solution of the complex. Mp > 270 °C. *H NMR (400 MHz, CDCls, 298 K):
3 2.05 (s, NAC-Me, 6H), 2.32 (s, N*O-Me, 6H), 5.70 (s, 2H), 5.72 (d, Ju-1 8.4, 2H), 6.47
(d, JH-H 7.6, 2H), 6.55 (d, Ju-n 7.3, 2H), 6.63 (d, Jn-+ 8.5, 2H), 6.67 (m, 4H), 7.12 (t, J4-H
7.9,2H), 7.19 (d, Iu-n 7.6, 4H), 7.42 (t, In-n 7.6, 2H), 7.95 (d, Jn-n 7.7, 4H), 12.27 (s, OH,
2H). BC{*H} (125 MHz, CDCls, 298 K): § 21.4 (N*O-Me), 21.8 (N*C-Me), 107.7 (CH),
109.1 (CH), 113.6 (CH), 115.5 (CH), 122.3 (CH), 124.1 (CH), 128.6 (CH), 129.1 (CH),
133.9 (CH), 137.8 (C), 138.0 (C), 138.8 (CH), 138.9 (CH), 139.1 (C), 142.8 (C), 149.0
(C), 158.9 (C), 161.1 (C), 166.5 (C), 169.9 (C). IR (selected bands, cm™): 1596, 1571,
1435, 1313,786. MS (ES): m/z 949 [M]*. TOFMS (ASAP): m/z 951.1226 [M]*
(CagH20N4041%Pd requires 951.1157). Anal Calcd for CagHaoNsOsPd2-1.1CHCls: C
54.55; H, 3.83; N, 5.18; found: C, 54.48; H, 3.75; N, 5.80%.

5.3.17 Synthesis  of  [Pd(p-6-(4-trifluoromethylphenyl)-2-pyridonate)(x?-6-(4-

trifluoromethylphenyl)-2-pyridinol)]. (3.17)

Based on the procedure described for 3.15 using 3.3 (9 mg, 0.038 mmol) and 3.8
(15 mg, 0.019 mmol) gave 3.17 as a yellow solid (18 mg, 81%). Crystals suitable for
single crystal X-ray diffraction were grown by slow evaporation of a chloroform solution
of the complex. Mp > 270 °C. *H NMR (400 MHz, CDCls, 298 K): § 5.83 (dd, JH-H 8.4,
1.0, 2H), 6.03 (s, 2H), 6.60 (dd, Ju-1 7.7, 1.0, 2H), 6.80 (m, 6H), 7.00 (dd, Ju-+ 7.8, 1.0,
2H), 7.20 (t, Ju-1 7.9, 2H), 7.6 (dd, Ju-n 7.1, 8.4, 2H), 7.67 (d, Jn-n 8.2, 4H), 8.10 (d, In-
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W 8.0, 4H), 12.12 (s, OH, 2H). 5 \
Sample was insufficiently A" / CF3

x_—N =N CF;
soluble for C{'H}; therefore, \
—10
selective *C data was acquired Pd o—~Pd
by a DEPT 135 experiment. N= N\
FsC He 20 5
DEPT 135 (125 MHz, CDCls, F,C \ / \O —

298 K): & 109.2 (CH), 111.2

(CH), 114.3 (CH), 116.7 (CH), 120.3 (CH), 122.3 (CH), 124.9 (CH), 128.9 (CH), 129.5
(CH), 139.7 (CH), 139.9 (CH). **F NMR (376 MHz, CDCls, 298 K): § -62.5 (s, CF3), -
63.2 (s, CF3). IR (selected bands, cm™): 1601, 1570, 1437, 1314, 1115, 791. MS (ES):
m/z 1166 [M]*. TOFMS (ASAP): m/z 1167.0142 [M]" (CagH28F12N404'°°Pd> requires
1167.0026). Anal Calcd for CasH2sF12N4O4Pd2: C, 49.46; H, 2.42; N, 4.81; found: C,
49.28; H, 2.29; N, 4.94%.

5.3.18 Synthesis of [Pd(u-6-(4-fluorophenyl)-2-pyridonate)(x?-6-(4-fluorophenyl)-
2-pyridinol)]2 (3.18)
Based on the procedure

described for 3.15 using 3.4 (11 \/ r\/l O\|-‘! / \ F .
mg, 0.056 mmol) and 3.9 (20 mg, N\ v N

0.028 mmol) gave 3.18 as a dark Pd—0 o—Pd

yellow solid (27 mg, 97%). F N= \N S
Crystals suitable for single crystal F \ / H\O =

X-ray diffraction were grown by

slow evaporation of a chloroform solution of the complex. Mp > 270 °C. *H{**F} NMR
(400 MHz, CDCl3, 298 K): 6 5.52 (d, Ju-n 2.6, 2H), 5.82 (dd, Jn-+ 8.3, 1.0, 2H), 6.46 (dd,
Ju-+ 7.8, 0.9, 2H), 6.48 (dd, Jn-+ 8.6, 2.5, 2H), 6.71 (dd, Jn-n 8.4, 1.2, 2H), 6.73 (dd, Jn-n
7.2, 1.3, 2H), 6.77 (d, Jun 8.6, 2H), 7.10 (td, Jn-n 8.8, 2.1, 4H), 7.17 (t, Jn-n 7.9, 2H),
7.49 (dd, Jn-n 8.4, 7.2, 2H), 8.00 (td, Jn-+ 8.9, 2.1, 4H), 12.11 (s, OH, 2H). Sample was
insufficiently soluble for 3C{*H}; therefore, selective *3C data was acquired by HMQC
and HMBC experiments. HMQC (100 MHz, CDCls, 298 K): 6 108.2 (CH), 109.7 (CH),
110.4 (CH), 114.0 (CH), 114.8 (CH), 116.1 (CH), 119.2 (CH), 123.4 (CH), 131.0 (CH),
139.3 (CH), 139.4 (CH). HMBC (125 MHz, CDCls): § 137.4 (C), 141.7 (C), 150.4 (C),
157.8 (C), 160.1 (C), 161.4 (C), 164.1 (C), 166.5 (C), 169.5 (C). *°F NMR (376 MHz,
CDCls, 298 K): § -110.4 (s, F), -113.1 (s, 1F). IR (selected bands, cm™): 1566, 1508,
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1434, 1352, 1223, 1159, 1014, 914, 782, 727. MS (ES): m/z 965 [M]*. TOFMS (ASAP):
m/z 967.0218 [M]* (CaH28F4N404'%Pd> requires 967.0154).

Monomeric Complexes with the General Formula [Pd(k*-HLR)(x'-OAc)(3,5-
lutidine)]

5.3.19 Synthesis of [Pd(k?-6-phenyl-2-pyridinol)(k-OAc)(3,5-lutidine)] (3.19)

A 5-mL round bottom flask, equipped with a N O\H
magnetic stir bar and open to the air, was loaded with 3.6
(35 mg, 0.052 mmol), 3,5-lutidine (11 mg, 0.105 mmol)
and CDClIs (4 mL). A stopper was attached and the
mixture was left to stir at room temperature for 3 min. The
reaction was monitored by H NMR spectroscopy
revealing complete conversion. All volatiles were removed under reduced pressure
affording 3.19 as a dark brown solid (44 mg, 95%). Mp 98 °C (dec.). *H NMR (400 MHz,
CDCls, 298 K): 6 1.94 (s, 02CMe, 3H), 2.33 (s, py-Me, 6H), 5.98 (d, Ju-+H 6.5, 1H), 6.46
(d, Jn-n 6.6, 1H), 6.82 (t, Ju-+ 7.3, 1H), 7.03 (app t, 2H), 7.35 (d, Ju-n 7.5, 1H), 7.44 (s,
1H), 7.56 (t, J1-+ 7.5, 1H), 8.72 (s, 2H), OH is not observable. *C{*H} (125 MHz, CDCl;,
298 K): 6 18.3 (py-Me), 23.6 (O2CMe), 108.3 (CH), 111.6 (CH), 123.2 (CH), 124.8 (CH),
128.5 (CH), 132.9 (CH), 134.7 (C), 139.8 (CH), 140.5 (CH), 146.8 (C), 148.8 (C), 149.0
(C), 150.5 (CH), 161.7 (C), 176.3 (02CMe). IR (selected bands, cm™): 2921, 1600, 1574,
1542, 1472, 1435, 1355, 1277, 1155, 755, 698. MS (ES): m/z 381 [M-OAc], 424 [(M-
OAC)+MeCN]*. TOFMS (ES): m/z 443.0595 [M]* (C20H20N203'%Pd requires 443.0592).
FABMS: m/z 383 [M-OAc]". Anal Calcd for C20H20N203Pd.0.36CHClIs: C, 50.34; H,
4.22; N, 5.78; found: C, 50.23; H, 4.31; N, 6.18%.

5.3.20 Synthesis of [Pd(k?-6-(4-methylphenyl)-2-pyridinol)(k*-OAc)(3,5-lutidine)]
(3.20)

Based on the procedure described for 3.19, using N
3.7 (35 mg, 0.05 mmol) and 35-lutidine (11 mg, 010 [/ ~H )QO

. —N N /O
mmol), gave 3.20 as a dark brown solid (44 mg, 94%). b
N
Mp 103-104 °C. *H NMR (400 MHz, CDCls, 298 K): & NI XN
1.92 (s, O2CMe, 3H), 2.09 (s, p-Me, 3H), 2.35 (s, py-Me, —

6H), 5.79 (s, 1H), 6.43 (d, Jnn 7.4, 1H), 6.85 (d, Jr-n
7.40, 1H), 7.00 (d, Ju-n 6.7, 1H), 7.25 (d, Jr+ 8.9, 1H), 7.46 (s, 1H), 7.54 (t, Jn-n 8.2,
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1H), 8.72 (s, 2H) , OH is not observable. *C{*H} NMR (125 MHz, CDCls, 298 K): &
18.3 (py-Me), 21.8 (p-Me), 23.7 (02CMe), 107.8 (CH), 111.1 (CH), 122.9 (CH), 125.7
(CH), 133.5 (CH), 134.7 (C), 138.5 (C), 139.8 (CH), 140.4 (C), 144.1 (C), 148.9 (C),
150.5 (CH), 161.9 (C), 168.7 (C), 176.3 (O2CMe). IR (selected bands, cm™): 2918, 1584,
1542, 1435, 1318, 1250, 1154, 795, 696. MS (ES): m/z 397 [M-OAc]*, 438 [(M-
OAc)+MeCN]". FABMS: m/z 396 [M-OAc]. Anal Calcd for C2:H22N203Pd: C, 55.21; H,
4.85; N, 6.13; found: C, 54.97; H, 4.76; N, 6.15%.

5.3.21 Synthesis of [Pd(k?-6-(4-trifluoromethylphenyl)-2-pyridinol)(kx!-OAc)(3,5-
lutidine)] (3.21)

Based on the procedure described for 3.19, using -
3.8 (15 mg, 0.019 mmol) and 3,5-lutidine (4.2 mg, 0.038 / /\N 7 H“b>§o
mmol), gave 3.21 as a dark yellow solid (17 mg, 90%). \Pd<
Mp 108-109 °C. 'H NMR (400 MHz, CDCls, 298 K): & NN
1.96 (s, O2CMe, 3H), 2.34 (s, py-Me, 6H), 6.22 (s, 1H), q
6.51 (br s, 1H), 7.06 (br s, 1H), 7.27 (d, Jusi 8.5, 1H), ' 3C
7.43 (d, Ju-n 8.2, 1H), 7.47 (s, 1H), 7.59 (br s, 1H), 8.71 (s, 2H) , OH is not observable.
Sample was insufficiently soluble for $3C{*H}; therefore, selective *C data was acquired
by an HMQC experiment. HMQC NMR (100 MHz, CDCls, 298 K, 298 K): 6 18.1 (py-
Me), 23.5 (02CMe), 109.1 (CH), 112.7 (CH), 121.6 (CH). 122.5 (CH), 128.9 (CH), 140.0
(CH), 140.3 (CH), 150.3 (CH). °F NMR (376 MHz, CDClIs, 298 K): § -62.9 (s, CF3). IR
(selected bands, cm™): 2926, 1599, 1544, 1455, 1365, 1315, 1253, 1158, 1109, 1070, 795,
698. MS (ES): m/z 451 [M-OAc]*, 492 [(M-OAc)+MeCN]*. TOFMS (ES): m/z 451.0257
[M-OACc]* (C1sH16F3N20'Pd requires 451.0250). FABMS: m/z 450 [M-OAc]. Anal

Calcd for C21H19F3N203Pd.0.41CHCl3: C, 45.94; H, 3.50; N, 5.00; found: C, 45.93; H,
3.36: N, 5.31%.

5.3.22 Synthesis of [Pd(k?-6-(4-fluorophenyl)-2-pyridinol)(x-OAc)(3,5-lutidine)]
(3.22)
Based on the procedure described for 3.19, using
3.9 (22 mg, 0.031 mmol) and 3,5-lutidine (6.65 mg, 0.062 |/ N0~y %O

\
Y

mmol), gave 3.22 as a dark yellow solid (27 mg, 93%). /N\Pd/o

Mp 76 °C (dec.). "H{'*F} NMR (400 MHz, CDCls, 298 SN
K): 8 1.93 (s, 02CMe, 3H), 2.32 (s, py-Me, 6H), 5.67 (d, Q/
Ju-n 2.1, 1H), 6.41 (d, Ju-n 7.4, 1H), 6.73 (dd, JH-+ 8.6, F
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2.6, 1H), 6.90 (d, Jr-n 6.4, 1H), 7.32 (d, Jn-+ 8.5, 1H), 7.44 (s, 1H), 7.52 (t, In-n 7.7, 1H),
8.72 (s, 2H) , OH is not observable. *C{*H} NMR (100 MHz, CDCls, 298 K): § 18.3
(py-Me), 23.5 (0.CMe), 107.7 (CH), 111.7 (CH), 111.7 (d, ?Jcr 22.8, CH), 119.3 (d, ZJc-
F19.5, CH), 124.2 (d, 3Jc- 8.4, CH), 135.0 (C), 140.0 (CH), 140.4 (CH), 143.0 (C), 150.4
(CH), 151.1(C), 160.9 (C), 161.1 (d, "Jc-r 253.2, C), 168.9 (C), 176.3 (O.CMe). 1°F NMR
(376 MHz, CDCls, 298 K): § -110.3 (s, F). IR (selected bands, cm™): 2920, 1714, 1601,
1583, 1567, 1451, 1251, 1191, 792, 698. MS (ES): m/z 401 [M-OAc]". FABMS: m/z 400
[M-OACc]".

Dimeric Complexes with the General Formula [Pd(x?-Lg)(3,5-lutidine)]2(n-OHy)

5.3.23 Synthesis of [Pd(x?-6-phenyl-2-pyridone)(3,5-lutidine)]2(u-OHy) (3.23)

A small vial open to the air was

loaded with 3.19 (10 mg, 0.023 \
mmol), dissolved in dichloromethane —=~=0-__ \ Y
. =~ N "H N
(0.7 mL) and layered with hexane (3 \O \
R&— \ —~—
mL). A cap was attached and the \ H Pd
mixture left to stand at room N~ \‘O \
\ "
temperature for one day. The cap was 4 /
then pierced and the solvent mixture N

allowed to slowly evaporate over several days. The resulting solid was placed under
reduced pressure to give 3.23 as light brown crystals (8 mg, 81%). Mp > 270 °C.'H NMR
(400 MHz, CDCls, 298 K): § 2.12 (s, py-Me, 12H), 6.04 (br s, 2H), 6.18 (d, Jn-n 7.5, 2H),
6.61 (br s, 2H), 6.78 (dt, Ju-n 7.7, 0.1, 2H), 6.99 (t, Jn-n 7.4, 2H), 7.19 (s, 2H), 7.24 (m,
2H), 7.28 (d, Ju-1 7.6, 2H), 8.95 (s, 4H), 13.39 (br s, H20, 2H). Sample was insufficiently
soluble for C{*H}; therefore, selective 3C data was acquired by an HMQC experiment.
HMQC NMR (100 MHz, CDCls, 298 K): & 17.97 (py-Me), 103.2 (CH), 114.3 (CH),
122.3 (CH), 124.2 (CH), 127.5 (CH), 132.6 (CH), 137.8 (CH), 139.5 (CH), 150.3 (CH).
IR (selected bands, cm™): 2983, 1569, 1480, 1271, 791. MS (ES): m/z 319
[PA(LH)+MeCN)]*, 424 [Pd(L+)(3,5-lutidine)+MeCN)]*, 869 [Pds(LH)s+MeCN]*, 935
[Pds(Ln)3(3,5-lutidine)]*. FABMS: m/z 382 [Pd(L~)(3,5-lutidine)]*, 767 [M-OHz]". Anal
Calcd for CssH3sN4O3Pd2.0.3CH2Cl2: C, 53.89; H, 4.32; N, 6.92; found: C, 53.79; H,
4.67; N, 6.79%.
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5.3.24 Synthesis of [Pd(kx?-6-(4-methylphenyl)-2-pyridone)(3,5-lutidine)]>(u-OH2)
(3.24)

Based on the procedure

described for 3.23, using 3.20 (10 \
O.
mg, 0.022 mmol) gave 3.24 as \/ . = ey N/
N
9 \
yellow crystals (7 mg, 72%). Mp > b d/o\\F\’d

270 °C. 'H NMR (400 MHz, \N H\ \
CDCls, 298 K): & 2.08 (s, p-Me, Q\ Oy _N
6H), 2.11 (s, py-Me, 12H), 5.95 (br /
s, 2H), 5.99 (s, 2H), 6.52 (br s, 2H),

6.80 (d, Ju-n 7.6, 2H), 7.17 (m, 6H), 8.98 (s, 4H) 13.36 (br s, H20, 2H). Sample was
insufficiently soluble for *C{*H}; therefore, selective *3C data was acquired by a DEPT
135 experiment. DEPT 135 NMR (100 MHz, CDCls, 298 K): 6 21.6 (p-Me), 18.2 (py-
Me), 102.5 (CH), 113.9 (CH), 122.0 (CH), 125.0 (CH), 133.3 (CH), 137.7 (CH), 139.6
(CH), 150.5 (CH). IR (selected bands, cm™): 2917, 1586, 1482, 1448, 795. MS (ES): m/z
397 [Pd(Lwme)(3,5-1utidine)]", 795 [M-OH]*, 1085 [Pds(Lwme)3(3,5-lutidine)z]*. FABMS:
m/z 795 [M-OH2]*. Anal Calcd for C3sH3sN4O3Pd2.0.5CH2Cl.: C, 54.14; H, 4.60; N, 6.56;
found: C, 54.04; H, 5.11; N, 6.47%.

5.3.25 Synthesis of [Pd(x?-6-(4-trifluoromethylphenyl)-2-pyridone)(3,5-lutidine)]:
(u-OHz2) (3.25)

Based on the procedure

described for 3.23, using 3.21 —

(15 mg, 0.029 mmol) gave =~ __0._ \ V4

3.25 as yellow crystals (8 mg, X N\ H\O N\

67%). Mp > 270 °C. 'H NMR P\d/ \H\Pd oF

(400 MHz, CDCls, 298 K): & N \ >
F4C \ Oy N

2.16 (s, py-Me, 12H), 6.13 (br "3 7

s, 2H), 6.38 (br s, 2H), 6.69 (br N

s, 2H), 7.36 (m, 8H), 8.92 (s, 4H), 14.28 (br s, H20, 2H). BC{*H} NMR (100 MHz,
CDCls, 298 K): 5 18.12 (py-Me), 104.8 (CH), 115.8 (CH), 121.3 (g, 3Jc-r 3.2, CH), 122.1
(CH), 123.9 (q, YJc-r 274.5, CF3), 128.5 (q, 2Jc-F 34.2, C), 128.9 (q, 3Jc¢ 3.2, CH), 134.9
(C), 138.5 (CH), 139.9 (CH), 147.3 (C), 149.3 (C), 150.3 (CH), 151.4 (C), 159.7 (C). *°F
NMR (376 MHz, CDCls, 298 K): & -62.6 (s, CF3). IR (selected bands, cm™): 2925, 1592,
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1455, 1315, 1122, 1069, 783. MS (ES): m/z 451 [Pd(Lcrs)(3,5-lutidine)]*, 492
[Pd(Lcr3)(3,5-Iutidine)+MeCN]*, 903 [M-H20]", 1246 [Pds(Lcrs)s3(3,5-lutidine)z2]".
TOFMS (ES): m/z 903.0804 [M-OH2]" (CssH3a0FsN402'%Pd> requires 903.0347). Anal
Calcd for CasH32FsN4OsPd2: C, 49.64; H, 3.51; N, 6.09; found: C, 49.59; H, 3.63; N,
6.07%.

5.3.26 Synthesis of [Pd(k?-6-(4-fluorophenyl)-2-pyridone)(3,5-lutidine)]2(u-OHy)
(3.26)
Based on the procedure

described for 3.23, using 3.22 (13 —
mg, 0.028 mmol) gave 3.26 as —=~_=0-__ \ VY
~ N H N
yellow crystals (9 mg, 78%). Mp \Pd/\o\\
> 270 °C. 'H{F} NMR (400 \ \, TPd

MHz, CDCls, 298 K): & 2.11 (s, ; j\b\ \'b\ ,\\l
py-Me, 12H), 5.88 (d, Ju+ 1.8, Y% /
2H), 6.00 (d, Ju-+ 8.2, 2H), 6.46 N

(d, Jnw 6.7, 2H), 6.70 (dd, Jun 8.6, 2.5, 2H), 7.20 (m, 4H), 7.25 (s, 4H), 8.95 (br s, 4H),
14.18 (br s, H20, 2H). Sample was insufficiently soluble for 3C{*H}; therefore, selective
13C data was acquired by a DEPT 135 experiment. DEPT 135 NMR (100 MHz, CDCls,
298 K): & 18.15 (py-Me), 102.7 (CH), 111.3 (d, 2Jc-r 22.0, CH), 114.6 (CH), 119.1 (d,
2)c 18.9, CH), 123.5 (CH), 138.3 (CH), 139.8 (CH), 150.3 (CH). 1°F NMR (376 MHz,
CDCls, 298 K): § -112.2 (s, F). IR (selected bands, cm™): 2923, 1568, 1543, 1442, 1249,
1189, 1008, 854, 792, 696. MS (ES): m/z 442 [Pd(LF)(3,5-lutidine)+MeCN]*, 737
[Pd2(Lr)2(3,5-lutidine)]*, 803 [M-OH2]*, 1096 [Pds(Lr)s(3,5-lutidine)z]*. FABMS: m/z
400 [Pd(LF)(3,5-lutidine)]*, 801 [M-OH:]*.

Monomeric Complexes with the General Formula [Pd(k>-HLRg)(k!-X)(PPh3)] (X =
OAc or H20)

5.3.27 Synthesis of [Pd(x?-6-phenyl-2-pyridinol)(k!-OAc)(PPhs)] (3.27)

Complex 3.6 (23.6 mg, 0.035 mmol, 1 eq.) and PPhs (18.9 mg, 0.072 mmol, 2.1
eq.) were combined in CDCls (2 mL) in a 5-mL flask equipped with a magnetic stir bar
and stirred at room temperature for 3 min. The reaction was monitored by *H NMR
spectroscopy revealing complete conversion. The solvent was then removed under

reduced pressure to give the acetate-containing complex (3.27) as a brown solid (40 mg,
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96% yield). Mp 105 (dec.) °C. *H{3'P} NMR (400 / N0 ><

MHz, CDCls, 298 K): & 1.29 (s, 02CMe, 3H), 6.36 N O

(dt, Ju-n 8.1, 7.0, 1H), 6.41 (dd, Ju-H 7.9, 0.9, 1H), Pd

6.47 (d, Ju-n 8.2, 1H), 6.81 (t, Jn-n 7.1, 1H), 7.12 (d, R

Jun 7.1, 1H), 7.29 (t, Jn-n 7.7, 6H), 7.36 (app t, 1H, \®
3H), 7.55 (t, Jn+ 8.0, 3H), 7.73 (d, Ju-H 7.7, 6H),

13.19 (br s, OH, 1H). ®C{*H} NMR (100 MHz,

CDCl3, 298 K): § 22.9 (02CMe), 109.1 (CH), 111.2 (CH), 123.9 (CH), 124.5 (CH), 128.2
(CH), 128.3 (d, 3Jp-c 10.2, CH), 130.6 (CH), 130.7(d, “Jp-c 50.4, C), 135.6 (d, 2Jpc 11.7,
CH), 139.4 (CH), 141.1 (CH), 148.0 (C), 148.5 (C), 161.1 (C), 167.6 (C), 176.9 (OCMe).
3P NMR (162 MHz, CDCls, 298 K): & 43.1 (s, PPhs). IR (selected bands, cm™): 1610,
1567, 1480, 1433, 1354, 1269, 1235, 1094, 800, 689. MS (ES): m/z 538 [M-OAc]", 1076
[Pd(LK)(PPh3)]2*. FABMS: m/z 537 [M-OAc]*. Anal Calcd for

Cs1H26NO3sPPd.0.9CH2Cl2: C, 56.82; H, 4.16; N, 2.08; found: C, 56.91; H, 4.18; N,
2.14%.

5.3.28 Synthesis of [Pd(x?-6-(4-methylphenyl)-2-pyridinol)(x!-OAc)(PPhs)] (3.28)
Based on the procedure described for 3.27,

using 3.7 (53.2 mg, 0.076 mmol, 1 eq.) and PPhs (42

mg, 0.160 mmol, 2.1 eq.), gave 3.28 as a pale yellow \ O

solid (42 mg, 91%). Mp 116-117 °C. 'H{®!P} NMR

(400 MHz, CDCls, 298 K): 3 1.35 (s, O2CMe, 3H),

1.64 (s, p-Me, 3H), 6.28 (s, 1H), 6.50 (dd, Ju-+ 8.25,

0.7, 1H), 6.68 (dd, Ju-n 7.9, 0.6, 1H), 7.13 (d, Jn-H

7.6, 1H), 7.30 (d, Ju-n 7.9, 1H), 7.36 (tt, Jn-H 7.6, 1.4, 6H), 7.42 (tt, Ju-n 7.2, 2.2, 3H),

7.59 (t, Ju+ 8.1, 1H), 7.79 (d, Jn-H 6.6, 6H), 13.10 (br s, OH, 1H). *C{*H} NMR (100

MHz, CDCls, 298 K): 6 20.9 (p-Me), 22.9 (O2CMe), 108.7 (CH), 110.7 (CH), 123.5 (CH),

125.2 (CH), 128.2 (d, 3Jr-c 11.1, CH), 130.5 (d, 1Jr-c 49.5, C), 130.6 (CH), 135.6 (d, 2Jp-

c 12.3, CH), 138.0 (C), 140.2 (CH), 141.0 (CH), 145.2 (C), 148.2 (C), 161.1 (C), 167.4

(C), 176.8 (02CMe). 3P NMR (162 MHz, CDCls, 298 K): § 42.7 (s, PPhs). IR (selected

bands, cm™): 1567, 1481, 1434, 1352, 1282, 1234, 1096, 794, 692. MS (ES): m/z 552 [M-

OAc]?, 1105 [Pd(Lwme)(PPhs)]2", 1349 [Pds(Lme)s(PPhs)2]*. MS (ASAP): m/z 553.0755

[M-OAc]*  (C3oH2sNOP%Pd  requires  553.0742).  Anal  Caled  for

/ X O\H
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C32H2sNO3PPd.0.35CH2Cl2: C, 60.55; H, 4.51; N, 2.20; found: C, 60.52; H, 3.94; N,
2.48%.

5.3.29 Synthesis of [Pd(k?-6-(4-trifluoromethylphenyl)-2-pyridinol) (k-
OACc)(PPha3)] (3.29)

Based on the procedure described for 3.27, / N0~ %
using 3.8 (15 mg, 0.019 mmol, 1 eq.) and PPhs (10.2 N O O
mg, 0.04 mmol, 2.1 eq.), gave 3.29 as a pale yellow \pd/
solid (19 mg, 73%). Crystals suitable for single \P
crystal X-ray diffraction were grown by slow \Q
evaporation of a chloroform solution of the complex. F3C
Mp 128-129 °C. *H{*'P} NMR (400 MHz, CDCl;,
298 K): 6 1.40 (s, 02CMe, 3H), 6.61 (d, Ju-+ 8.3, 1H), 6.74 (s, 1H), 7.10 (d, Jn-n 8.1, 1H),
7.24 (d, Ju-n 7.5, 1H), 7.38 (app t, 6H), 7.45 (tt, Ju-+ 7.4, 2.4, 3H), 7.48 (d, Jn-+ 8.1, 1H),
7.67 (t, Jnn 7.9, 1H), 7.80 (d, Jn-1 7.2, 6H), 13.16 (s, OH, 1H). *C{*H} NMR (100 MHz,
CDCls, 298 K): 6 22.8 (O2CMe), 109.9 (CH), 112.6 (CH), 121.1 (CH), 123.3 (CH), 123.5
(d, Lc.F 274.0, CF3), 128.3 (d, *Jcr4.2, CH), 128.7 (d, 2Jcr 32.3, C), 129.5 (d, 1Jc-p 51.2,
C), 130.9 (CH), 135.4 (CH), 135.5 (d, 2Jc-p 11.1, CH), 141.3 (CH), 148.2 (C), 151.3 (C),
159.5 (C), 167.8 (C), 179.9 (02CMe). 3P NMR (162 MHz, CDCls, 298 K): & 41.7 (s,
PPhs). °F NMR (376 MHz, CDCls, 298 K): § -63.2 (s, CF3). IR (selected bands, cm™):
1610, 1571, 1480, 1453, 1434, 1364, 1316, 1163, 1117, 1096, 1070, 796, 721, 688. MS
(ES): m/z 606 [M-OAc]*, 647 [(M-OAc)+MeCN]", 1213 [2M-20Ac]*. FABMS: m/z 605
[M-OAc]". Anal Calcd for Cs2H2sF3sNOsPPd.0.46CHCIls: C, 54.09; H, 3.56; N, 1.94;
found: C, 54.07; H, 3.39; N, 2.15%.

—

5.3.30 Synthesis of [Pd(k?-6-(4-fluorophenyl)-2-pyridinol)(kx'-OAc)(PPhs)] (3.30)
Based on the procedure described for 3.27, / N0~ %

using 3.9 (20.2 mg, 0.029 mmol, 1 eq.) and PPhs (15 0

mg, 0.058 mmol, 2 eq.), gave 3.30 as a pale yellow Pd

solid (42 mg, 91%). Crystals suitable for single R

crystal X-ray diffraction were grown by slow \®

evaporation of a chloroform solution of the complex. F

Mp 120-121 °C. *H{*'P} NMR (400 MHz, CDCl;,

298 K): & 1.39 (s, 02CMe, 3H), 6.15 (dd, Ju-r 10.5, 2.6, 1H), 6.54 (d, Jr-+ 8.23, 1H), 6.60
(dt, Jn-n 8.3, Jur 2.5, 1H), 7.09 (d, Jnn 7.4, 1H), 7.39 (m, 7H), 7.46 (tt, Jn+ 7.22, 1.2,
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3H), 7.62 (t, Jn-+ 7.9, 1H), 7.79 (d, Jn-n 7.2, 6H), 13.03 (s, OH, 1H). 3C{*H} NMR (100
MHz, CDCls, 298 K): § 22.8 (02CMe), 109.0 (CH), 111.1 (CH), 111.5 (d, 2Jcr 22.4,
CH), 124.8 (d, ®Jcr 8.1, CH), 125.1 (d, 2Jc-F 20.3, CH), 128.4 (d, ®Jcr 11.2, CH), 130.1
(d, Wcp 49.5, C), 130.8 (CH), 135.5 (d, 2Jcp 12.7, CH), 141.2 (CH), 144.2(C), 150.5(C),
160.2(C), 160.8 (d, YJc-r 252.4, C), 167.5(C), 176.9 (O2CMe). 3P NMR (162 MHz,
CDCls, 298 K): & 41.0 (s, PPhs). °F NMR (376 MHz, CDCls, 298 K): § -111.2 (s, F). IR
(selected bands, cm™): 1613, 1563, 1481, 1450, 1435, 1285, 1094, 906, 793, 691. MS
(ES): m/z 558 [M-OAc]*, 1113 [2M-20Ac]*, 1407 [Pds(L)3(PPhs)2]*. TOFMS (ES): m/z
556.0469 [M-OACc]" (C20H22FNOP%Pd requires 556.0458).

5.3.31 Synthesis of [Pd(k?-6-(4-trifluoromethylphenyl)-2-pyridone)(k*-OH2)(PPhs)]
(3.31)

A small vial open to the air was loaded with 3.29

. . _ = N\=0--H
(20 mg, 0.03 mmol), dissolved in wet dichloromethane N |
O—H
(1 mL) and layered with hexane (3 mL). A cap was \pd<
attached and the mixture left to stand at room R
temperature for two days forming a yellow powder on

the base of the vial. The remaining solution was FaC

decanted and yellow microcrystalline was dried under

reduced pressure. The process of solvent removal and dissolving in wet DCM/hexane was
repeated three more times to afford 3.31 as a yellow solid (9 mg, 48%; 92% conversion).
Crystals suitable for single crystal X-ray diffraction were grown from a dichloromethane
solution of the complex layered with hexane. Mp: 198-200 °C. *H{®*'P} NMR (400 MHz,
CDCls, 298 K): 6 5.45 (d, Ju-+ 8.4, 1H), 6.53 (d, Ju-+ 6.6, 1H), 6.66 (dd, Jn-n 7.0, 8.5,
1H), 6.75 (s, 1H), 6.95 (t, Ju-n 7.6, 6H), 7.20 (m, 4H), 7.41 (d, Ju-n 7.1, 6H), 7.74 (d, k-
n 7.2, 1H), H20 protons are not observable. Sample was insufficiently soluble for
3C{'H}; therefore, selective C data was acquired by HMQC and DEPT 135
experiments. HMQC and DEPT 135 NMR (100 MHz, CDCls, 298 K): & 102.3 (CH),
115.7 (CH), 122.4 (CH), 127.9 (CH), 130.2 (CH), 133.6 (CH), 134.7(CH), 134.8 (CH),
138.0 (CH). 3P NMR (162 MHz, CDCls, 298 K): § 40.1 (PPhs). °F NMR (376 MHz,
CDCls, 298 K): § -62.9 (s, CF3). IR (selected bands, cm™): 1640, 1439, 1322, 1276, 1163,
1121, 1101, 1070, 1012, 807, 741, 694. MS (ES): m/z 606 [M-OH]*, 1213 [2M-2(OH2)]".
TOFMS (ES): m/z 606.0438 [M-OH]* (CsoH22FsNOP®Pd requires 606.0381),
1213.0853 [2M-20H]* (CeoH44FsN202P2'%Pd> requires 1213.8019).
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Mono- and Dimeric Complexes Derived from Saturated Aqueous NaCl Solution

5.3.32 Synthesis of [Pd(k?-6-phenyl-2-pyridinol)(3,5-lutidine)CI] (3.32a) and
[Pd(n:x?-6-phenyl-2-pyridonate)(3,5-lutidine)(k?-6-phenyl-2-pyridinol)(n-

CD] (3.32b)

A round bottom flask equipped with stirrer bar and open to the air was loaded with
complex 3.19 (30 mg, 0.068 mmol), chloroform (3 mL) and brine (4 mL). After stirring
vigorously at room temperature for 12 h the yellow phase was separated, washed with
water (2 x 10 ml) and filtered through a Celite plug and washed with chloroform. Hexane
(20 mL) was added to precipitate the product which was then filtered and washed with
hexane to afford a mixture of 3.32a (95%) and 3.32b (5%) as a brown solid (0.022 g,
87%). Crystals suitable for a single crystal X-ray diffraction study were grown from a

dichloromethane solution of the complex 3.32b layered with hexane.

3.32a: 'H NMR (400 MHz, CDCls, 298 K): § 2.37

N0~y
(s, py-Me, 6H), 5.91 (dd, Jn-+ 7.8, 1.0, 1H), 6.60 (dd, Jn- N Y
1 8.3, 1.1, 1H), 6.84 (td, Jnn 7.8, 1.5, 1H), 7.06 (td, Jr-n g
7.5, 1.5, 1H), 7.17 (dd, Jn-+ 7.6, 1.0, 1H), 7.39 (dd, 7.8, \NI N
1.4, 1H), 7.49 (s, 1H), 7.64 (t, Jn-+ 7.9, 1H), 8.59 (s, 2H), =

11.98 (s, OH, 1H). *C{'*H} NMR (100 MHz, CDCls, 298

K): & 18.37 (py-Me), 109.7 (CH), 111.0 (CH), 123.5 (CH), 125,1 (CH), 129.0 (CH), 132.4
(CH), 135.3 (C), 139.8 (CH), 141.1 (CH), 146.5 (C), 150.2 (CH), 151.0 (C), 162.2 (C),
166.9 (C). MS (ES): m/z 424 [(M-CI)+MeCN]*. TOFMS (ASAP): m/z 383.0426 [M-CI]*
(C18H17N20®Pd requires 383.0376).

3.32b: *H NMR (400 MHz, CDCls, 298 0
K): 2.21 (s, py-Me, 6H), 5.88 (dd, Ju-+7.9, 1.1, 7 \ O/'H / A
1H), 6.49 (dd, Jrn 8.3, 1.1, 1H), 6.51 (dd, Jrn \/N \Pd/N =
9.4, 1.1, 1H), 6.64 (dd, Just 7.9, 1.6, 1H), 6.73 ol
(dt, Jn1 7.8, 1.4, 1H), 6.90 (dd, Jrn 7.5, 1.2, 1H), /

N
6.93 (dd, Jn-+ 8.1, 1.2, 1H), 7.00 (m, 2H), 7.09 z /
(dd, Ju-n 7.7, 0.9, 1H), 7.32 (dd, Jn-n 7.7, 1.5, A
1H), 7.34 (dd, Jun 7.7, 1.4, 1H), 7.44 (s, 1H), 7.47 (dd, Jun 8.5, 1.2, 1H), 7.60 (t, Jrn

8.2, 1H), 8.45 (s, 2H), 13.44 (s, OH, 1H). Sample was insufficiently soluble for *C{*H};
therefore, selective 3C data was acquired by a DEPT 135 experiment. DEPT 135 NMR
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(100 MHz, CDCls, 298 K): 5 18.28 (py-Me), 106.6 (CH), 108.9 (CH), 110.8 (CH), 115.6
(CH), 123.0 (CH), 123.1 (CH), 124.5 (CH), 124.9 (CH), 127.7 (CH), 127.9 (CH), 131.9
(CH), 135.0 (CH), 135.4 (CH), 139.5 (CH), 140.5 (CH), 150.6 (CH). MS (ES): m/z 699
[(M-CI)+MeCN]*. TOFMS (ES): m/z 552.9218 [Pd(Ln)+H]2* (C22H1aN202'%Pd>
requires 552.9129), 593.9490 [(Pd(Ln))2+MeCN]* (C24H18N3021%Pd2 requires
593.9473).

5.3.33 Synthesis of [Pd(k?-6-(4-methylphenyl)-2-pyridinol)(3,5-lutidine)Cl] (3.33a)
and [Pd(p:x?-6-(4-methylphenyl)-2-pyridonate)(3,5-lutidine)(x?-6-(4-methyl
phenyl)-2-pyridinol)(pn-Cl)] (3.33b)

Based on the procedure described for 3.32, using 3.20 (25 mg, 0.054 mmol) gave

a mixture of 3.33a (80%) and 3.33b (20%) as a yellow solid (19 mg, 91%). Crystals

suitable for a single crystal X-ray diffraction study were grown slow evaporation of a

solution of 3.33a and 3.33b in MeOH.

3.33a: 'H NMR (400 MHz, CDCls, 298 K): § 2.10

1 N—O0—y
(s, p-Me, 3H), 2.38 (s, py-Me, 6H), 5.72 (s, 1H), 6.57 /N\ /CI
(dd, Jn-+ 8.1, 1.1, 1H), 6.88 (dd, Jn-+ 7.9, 0.9, 1H), 7.12 Pd
(dd, Ju-1 7.6, 1.1, 1H), 7.28 (d, Jn-n 7.8, 1H), 7.50 (s, 1H), NI N
7.62 (t, Jn+ 7.9, 1H), 8.60 (s, 2H), 11.94 (s, OH, 1H). _—

13C{H} NMR (100 MHz, CDCls, 298 K): 5 18.36 (py-
Me), 21.79 (p-Me), 109.3 (CH), 110.4 (CH), 123.3 (CH), 126.0 (CH), 133.0 (CH), 135.3
(C), 139.1 (C), 139.7 (CH), 141.0 (CH), 143.8 (C), 150.2 (CH), 150.8 (C), 162.3 (C),
166.9 (C). MS (ES): m/z 396 [M-CIJ*, 438 [(M-CI)+MeCN]*. TOFMS (ES): m/z
397.0540 [M-CI]* (C1sH19N20%Pd requires 397.0532).

3.33b: 'H NMR (400 MHz, CDCls, 298

K): 8 1.97 (s, p-Me, 3H), 2.05 (s, p-Me, 3H), 7 /,H/O / N\
221 (s, py-Me, 6H), 5.66 (s, 1H), 6.45 (dd, Jn. <" N N
H 8.0, 0.9, 1H), 6.47 (dd, Jn+ 8.1, 1.1, 1H), / Pd

6.65 (s, 1H), 6.82 (m, 3H), 7.04 (dd, Jun 7.5, 7d_C'

0.9, 1H), 7.19 (d, Jun 7.9, 1H), 7.22 (d, Jn-+ N
7.8, 1H), 7.43 (m, 2H), 7.57 (t, Ju-n 7.8, 1H), /QJ\
8.50 (s, 2H), 13.36 (s, OH, 1H). Sample was

insufficiently soluble for $3C{*H}; therefore, selective *C data was acquired by a DEPT
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135 experiment. DEPT 135 NMR (100 MHz, CDCls, 298 K): 6 18.2 (py-Me), 21.6 (p-
Me), 21.7 (p-Me), 106.2 (CH), 108.5 (CH), 110.2 (CH), 115.0 (CH), 122.8 (CH), 122.9
(CH), 125.4 (CH), 125.8 (CH), 132.4 (CH), 132.5 (CH), 135.7 (CH), 139.2 (CH), 140.4
(CH), 150.8 (CH). MS (ES): m/z 729 [(M-CI)+MeCN]*. TOFMS (ES): m/z 688.0269 [M-
CI]* (C31H28N3021%Pd: requires 688.0255).

5.3.34 Synthesis of [Pd(k?-6-(4-trifluoromethylphenyl)-2-pyridinol)(3,5-lutidine)
Cl] (3.34a) and [Pd(u:k?-6-(4-trifluoromethylphenyl)-2-pyridonate)(3,5-
lutidine) (k?-6-(4-trifluoromethylphenyl)-2-pyridinol)(n-Cl)] (3.34b)

Based on the procedure described for 3.32, using 3.21 (19 mg, 0.037 mmol) gave

a mixture of 3.34a (52%) and 3.34b (48%) as a yellow solid (13 mg, 80%). Crystals

suitable for a single crystal X-ray diffraction study were grown from a dichloromethane

solution of the complexes 3.34a and 3.34b layered with hexane.

3.34a: 'H NMR (400 MHz, CDCls, 298 K): § 2.39

1 N—0—y
(s, py-Me, 6H), 6.12 (s,1H), 6.70 (dd, J1-+ 8.4, 1.2, 1H), o \‘b|
7.24 (dd, Jn-H 8.6, 0.9, 1H), 7.32 (d, Ju-H 8.0, 1H), 7.48 \pd/
(d, Jn+ 8.2, 1H), 7.54 (s, 1H), 7.71 (t, Jn-H 8.2, 1H), 8.56 \NI N
(s, 2H), 12.09 (s, OH, 1H). Sample was insufficiently _—

soluble for 3C{'H}; therefore, selective *C data was F3C

acquired by an HMQC experiment. HMQC NMR (100 MHz, CDCls, 298 K): 6 18.3 (py-
Me), 109.9 (CH), 112.2 (CH), 121.6 (CH), 123.0 (CH), 128.5 (CH), 140.1 (CH), 140.9
(CH), 149.6 (CH). 1%F NMR (376 MHz, CDCls, 298 K): & -63.01 (s, CFs). MS (ES): m/z
451 [M-CIJ*, 492 [(M-CI)+MeCN]*. TOFMS (ES): miz 451.0257 [M-CIJ*
(C19H16F3N20%Pd requires 451.0250).

3.34b: 'H NMR (400 MHz, CDCls, J |_|/O
298 K): 6 2.20 (s, py-Me, 6H), 6.06 (s,1H), _ \ O / N
6.59 (dd, Jn-+ 8.4, 0.9, 1H), 6.60 (dd, Jn-H / bq
8.4, 0.9, 1H), 6.97 (dd, Ju+ 7.4, 1.0, 1H), Pd—Ci
7.16 (s, 1H), 7.25 (m, 3H), 7.48 (m, 4H), FsC /

N
7.67 (t, Jn-+ 8.1, 1H), 8.47 (s, 2H), 13.35 (s, Z ]
OH, 1H). Sample was insufficiently soluble X FaC

for 3C{*H}; therefore, selective 3C data was acquired by an HMQC experiment. HMQC
NMR (100 MHz, CDCls, 298 K): 5 18.1 (py-Me), 107.6 (CH), 110.3 (CH), 112.3 (CH),
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116.6 (CH), 121.8 (CH), 121.9 (CH), 122.6 (CH), 122.7 (CH), 127.8 (CH), 131.0 (CH),
139.9 (CH), 140.2 (CH), 141.2 (CH), 149.7 (CH). **F NMR (376 MHz, CDCls, 298 K):
8 -62.5 (s, CF3), -62.9 (s, CF3). MS (ES): m/z 836 [(M-Cl)+MeCN]*. TOFMS (ES): m/z
795.9704 [M-CI]* (C31H22FsN3021%Pd> requires 795.9690).

5.3.35 Synthesis of [Pd(k?-6-phenyl-2-pyridinol)(PPh3)Cl] (3.35)

A round bottom flask equipped with stirrer bar

_ _ ] N—0— |
and open to the air was loaded with 3.27 (50 mg, gy ‘CI
0.084 mmol), chloroform (3 mL) and brine (4 mL). \pd/
After stirring vigorously at room temperature for 12 \P
h the yellow phase was separated, washed with water \©

(2 x 10 ml) and filtered through a Celite plug and

washed with extra chloroform. Hexane (20 mL) was

added to precipitate the product which was then filtered and washed with hexane to afford
3.35 (46 mg, 95%) as a dark brown solid. Crystals suitable for a single crystal X-ray
diffraction study were grown from a dichloromethane solution of the complex layered
with hexane. Mp: 190 °C. *H{*'P} NMR (400 MHz, CDCls, 298 K): § 6.42 (td, Jn-+ 7.2,
1.6, 1H), 6.51 (dd, Jn-n 8.0, 1.1, 1H), 6.64 (dd, Jn-n 8.2, 1.1, 1H), 6.90 (td, Jn-n 7.3, 1.1,
1H), 7.27 (dd, Ju-n 7.7, 0.9, 1H), 7.37 (app t, Ju-1 7.8, 6H), 7.45 (app tt, Ju-n 7.2, 1.8,
4H), 7.67 (t, Ju-n 7.8, 1H), 7.79 (d, Jn-+H 7.7, 6H), 12.29 (s, OH, 1H). BC{*H} NMR (100
MHz, CDCls, 298 K): & 109.7 (CH), 111.4 (CH), 124.2 (CH), 124.6 (CH), 128.1 (CH),
128.2 (d, 3Jc-r 10.6, CH), 130.9 (d, “Jcr 3.1, CH), 130.8 (d, YJc-r 50.9, C), 135.5 (d, 2Jc-p
11.3, CH), 139.0 (CH), 141.2 (CH), 148.0 (C), 151.6 (C), 161.5 (C), 167.0 (C). 3P NMR
(162 MHz, CDCls, 298 K): & 44.9 (s, PPhs). IR (selected bands, cm™): 1567, 1432, 1219,
1157, 1092, 1023, 998, 806, 746, 690. MS (ES): m/z 579 [(M-Cl)+MeCN]*, 1077 [2(M-
Cl]*. TOFMS (ES): m/z 538.0569 [M-CI]* (C2oH23NOPPd requires 538.0552),
1077.1091 [2(M-CI)+H]* (CssH4sN202P2'%Pd; requires 1077.1124).

5.3.36 Synthesis of [Pd(k?-6-(4-methylphenyl)-2-pyridinol)(PPhs3)Cl] (3.36)

Based on the procedure described for 3.35, using 3.28 (60 mg, 0.1 mmol) gave 3.36
as a yellow solid (54 mg, 92%). Crystals suitable for a single crystal X-ray diffraction
study were grown from a dichloromethane solution of the complex layered with hexane.
Mp: 194 °C. *H{*'P} NMR (400 MHz, CDCls, 298 K): § 1.63 (s, Me, 3H), 6.29 (s, 1H),
6.60 (dd, Ju-+ 8.2, 0.8, 1H), 6.70 (d, Jn-n 7.8, 1H), 7.21 (dd, Ju-+ 7.7, 0.8, 1H), 7.32 (d,
Ju-H 7.9, 1H), 7.38 (app t, Jn-H 7.7, 6H), 7.45 (tt, In-n 7.3, 2.2, 3H), 7.65 (t, Ju-n 7.7, 1H),
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7.80 (app d, Ju-n 7.1, 6H), 12.22 (s, OH, 1H). / N0y
BC{'H} NMR (100 MHz, CDCls, 298 K): & 21.0 N }
(Me), 109.3 (CH), 110.8 (CH), 123.8 (CH), 125.3 \Pd<
(CH), 128.1 (d, 3Jcr 10.3, CH), 130.7 (d, “Jc-r 3.1, R

CH), 130.8 (d, Yc-r 50.0, C), 135.5 (d, 2Jc-p 11.0, \®
CH), 138.1 (C), 139.9 (CH), 141.1 (CH), 145.2 (C),

151.4 (C), 161.6 (C), 166.9 (C). 3P NMR (162 MHz,

CDCl3, 298 K): & 44.8 (s, PPha). IR (selected bands, cm™): 1563, 1434, 1215, 1168, 1090,
1030, 792, 742, 701, 687. MS (ES): m/z 1103 [2(M-CI)]*. TOFMS (ES): m/z 552.0727
[M-CI]*  (CsoH2sNOPX®Pd  requires  552.0709), 1105.1411  [2(M-Cl)+H]*

(CeoHs0N202P21%°Pd> requires 1105.1437). Anal Calcd for C3oH2sCINOPPd.0.3CH2Clo:
C,59.29; H, 4.20; N, 2.28; found: C, 59.55; H, 4.02; N, 2.60%.

Cl

5.3.37 Synthesis of [Pd(k?-6-(4-trifluoromethylphenyl)-2-pyridinol)(PPhs)Cl] (3.37)
Based on the procedure described for 3.35,

/ X O\|_!

/

using 3.29 (43 mg, 0.065 mmol) gave 3.37 as a

: . N\ /Cl
yellow solid (33 mg, 79%). Crystals suitable for a Pd

single crystal X-ray diffraction study were grown \P

from a dichloromethane solution of the complex \Q
layered with hexane. Mp: 208 °C. *H{®'P} NMR FsC

(400 MHz, CDCls, 298 K): & 6.72 (dd, Ju-n 8.3, 0.9,

1H), 6.80 (s, 1H), 7.13 (dd, Jn-n 8.1, 0.9, 1H), 7.32 (dd, Ju-n 7.6, 0.8, 1H), 7.39 (app tt,
JH-n 7.2, 1.3, 6H), 7.47 (tt, Jn-n 7.3, 1.1, 3H), 7.52 (d, Jn-n 8.2, 1H), 7.72 (t, Jnn 7.9, 1H),
7.78 (d, Ju-n 7.3, 6H), 12.36 (s, OH, 1H). 3C{'*H} NMR (100 MHz, CDCls, 298 K): &
110.6 (CH), 112.8 (CH), 121.2 (CH), 123.5 (q, YJc-r 274.2, C), 123.6 (CH), 128.3 (d, 3Jc-
p11.2, CH), 128.9 (g, {c-r 32, C), 130.0 (d, Wc-r 52.0, C), 131.1 (CH), 135.2 (CH), 135.3
(d, 2Jc-p 11.9, CH), 141.4 (CH), 151.2 (C), 151.3 (C), 160.1 (C), 167.2 (C). *'P NMR (162
MHz, CDCls, 298 K): & 44.9 (s, PPhs). °F NMR (376 MHz, CDCls, 298 K): & -63.3 (s,
CF3). IR (selected bands, cm™): 1435, 1314, 1290, 1157, 1114, 1092, 1069, 798, 688,
655. MS (ES): m/z 1211 [2(M-CI)]*. TOFMS (ES): m/z 606.0472 [M-CI]*
(C30H22FsNOP%Pd requires 606.0426), 1213.0975 [2(M-CD)+H]*
(CeoH4FsN202P2'%Pd> requires 1213.0872). Anal Calcd for CsoH22CIFsNOPPd: C,
56.10; H, 3.45; N, 2.18; found: C, 55.93; H, 3.45; N, 2.24%.
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Silver Salts Reactions

5.3.38 Synthesis of [Pd(kx?-6-phenyl-2-pyridinol)(3,5-lutidine)(PO2F2)] (3.38)
A small-sized Schlenk flask equipped with a

magnetic stir bar was evacuated and backfilled with / N O\H\ (lf
nitrogen and loaded with 3.32a (~95% pure) (0.039 g, /N\P ~ /F/ e
0.093 mmol), AgPFs (0.024 g, 0.093 mmol) and MeCN SN
(10 mL). The reaction mixture was stirred at room | o

temperature for 12 h, at which point the suspension was

allowed to settle and the solution was transferred by cannula filtration into a round bottom
flask. All volatiles were removed under reduced pressure to afford 40 mg as a crude
product which was then dissolved in chloroform and left for 3 days to give a yellow
solution with a black solid. The yellow solution was separated and the solvent was
removed to afford 3.38 as a yellow solid (33 mg, 73%). Mp: 77 °C (decomp.). *H NMR
(400 MHz, CDCls, 298 K): 6 2.40 (s, py-Me, 6H), 5.94 (d, Ju-n 7.9, 1H), 6.61 (d, Jn-H 8.4,
1H), 6.83 (td, Ju-n 7.4, 1.2, 1H), 7.15 (d, Jn+ 7.5, 1H), 7.37 (dd, Ju-n 7.8, 1.2, 1H), 7.57
(s, 1H), 7.67 (t, Ju-1 8.0, 1H), 8.62 (s, 2H), 11.70 (br s, OH, 1H). BC{*H} NMR (100
MHz, CDCls, 298 K): 6 18.35 (py-Me), 109.6 (CH), 111.2 (CH), 123.6 (CH), 125.5 (CH),
129.1 (CH), 132.9 (CH), 135.8 (C), 140.6 (CH), 141.4 (CH), 146.2 (C), 148.3 (C), 150.0
(CH), 160.9 (C), 166.7 (C). 3P NMR (162 MHz, CDCls, 298 K): & -15.3 (t, Jr-r 973.2,
PO2F2). °F NMR (376 MHz, CDCls, 298 K): & -80.0 (d, Jr-p 976.2, PO2F2). IR (selected
bands, cm™): 1623, 1570, 1427, 1292, 1231, 1102, 1034, 841, 756, 966. MS (ES): m/z
383 [M-PO2F2]", 767 [2(M-PO2F2)]*, 101 [PO2F2]. TOFMS (ES): m/z 383.0445 [M-
PO2F2]* (C18H17N202'%Pd requires 383.0376).

5.3.39 Synthesis of [Pd(k?-6-phenyl-2-pyridinol)(3,5-lutidine)(MeCN)]OTf (3.39)
Based on the procedure described for 3.38,

X - OTf
using 3.32a (~95% pure) (0.048 g, 0.11 mmol) and / © H

/N A
AgOSO2CF3 (30 mg, 0.11 mmol) gave 3.39 as a \Pd/NCMe
yellow solid (45 mg, 71%). Mp: 151 °C (decomp.). N N
'H NMR (400 MHz, CDCls, 298 K): § 2.02 (s, | __

MeCN, 3H), 2.37 (s, py-Me, 6H), 5.90 (d, Jr.+ 8.3,

1H), 6.67 (d, Ju-n 8.2, 1H), 6.83 (t, Jrt 7.3, 1H), 7.07 (t, Jnn 7.2, 1H), 7.16 (d, Jen 7.3,
1H), 7.35 (dd, Ju+ 7.7, 1.1, 1H), 7.53 (s, 1H), 7.68 (t, Ju-n 7.4, 1H), 8.57 (s, 2H), 10.39
(br s, OH, 1H). Sample was insufficiently soluble for > C{*H}; therefore, selective 3C
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data was acquired by an HMQC experiment. HMQC NMR (100 MHz, CDCls, 298 K): 6
MeCN is not observable, 18.5 (py-Me), 110.1 (CH), 111.1 (CH), 123.9 (CH), 125.9 (CH),
129.1 (CH), 133.0 (CH), 140.7 (CH), 141.5 (CH), 150.0 (CH). *F NMR (376 MHz,
CDCls, 298 K): 6 -78.1 (s, OTT). IR (selected bands, cm™): 2035, 1621, 1569, 1425, 1222,
1154, 1026, 802, 756, 699. MS (ES): m/z 383 [M-MeCN]*, 767 [2(M-MeCN)]", 149
[OSO2CFs]. TOFMS (ES): m/z 383.0461 [M-MeCN]" (CisH17N202'Pd requires
383.0376), 767.0651 [2(M-MeCN)]" (C3sH24N404°°Pd> requires 767.0772).

5.3.40 Synthesis of [Pd(k?-6-phenyl-2-pyridinol)(PPhs)(MeCN)]PFs (3.40)

A small-sized Schlenk flask equipped PF
with a magnetic stir bar was evacuated and / \N O\H ‘| 6
backfilled with nitrogen and loaded with 3.35 \pd/
(59.5 mg, 0.1 mmol), AgPFs (26.2 mg, 0.1 R
mmol) and MeCN (10 mL). The reaction \®

mixture was stirred at room temperature for 12

\

— NCMe

h, at which point the suspension was allowed to

settle and the solution was transferred by cannula filtration into a round bottom flask. All
volatiles were removed under reduced pressure to afford 3.40 (60 mg, 82%) as a dark
yellow solid. Mp: 95 °C (decomp.). *H{?!P} NMR (400 MHz, CDCls, 298 K): 5 1.88 (s,
MeCN, 3H), 6.42 (d, Jn-n 7.8, 1H), 6.45 (t, Ju-n 7.9, 1H), 6.85 (d, Ju-H 7.9, 1H), 6.95 (t,
JH-H 7.6, 1H), 7.29 (d, In-n 7.6, 1H), 7.36 (d, In-H 7.3, 1H), 7.44 (t, Ju-n 7.6, 6H), 7.52 (t,
JH-H 7.3, 3H), 7.71 (t, Jun 8.1, 1H), 7.73 (d, Jn+ 7.5, 6H), 9.44 (br s, OH, 1H). BC{*H}
NMR (100 MHz, CDCls, 298 K): 6 0.0 (MeCN), 108.7 (CH), 116.9 (MeCN), 123.0 (CH),
123.9 (CH), 126.7 (CH), 126.8 (CH), 127.1 (d, 3Jc-r 10.6, CH), 127.6 (d, 1Jcr 50.2, C),
130.0 (CH), 133.4 (d, 2Jc-p 12.8, CH), 137.5 (d, Jc-r 14.7, CH), 140.6 (CH), 145.9 (C),
146.2 (C), 159.5 (C), 163.5 (C). %P NMR (162 MHz, CDCls, 298 K): § 44.4 (s, PPha), -
144.1 (sept, 1Jpr 711, PFs). F NMR (376 MHz, CDCls, 298 K): & -72.6 (d, 1Jrr 714,
PFe). IR (selected bands, cm™): 1608, 1572, 1480, 1435, 1275, 1095, 830, 745, 691. MS
(ES): m/z 538 [M-MeCN]*, 1076 [2(M-MeCN)]", 145 [PFs]". TOFMS (ES): m/z 538.0563
[M-MeCN]* (C29H23NOP%Pd requires 538.0552).

5.3.41 Synthesis of [Pd(k?-6-phenyl-2-pyridinol)(PPhs)(PO2F2)] (3.41)
The product 3.40 (40 mg, 0.055 mmol) was dissolved in chloroform and left for
three days in an NMR tube. The solvent was then removed to afford 3.41 (34 mg, 97%)
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as a yellow solid. *H{?'P} NMR (400 MHz, CDCls, N0 0
~H
298 K): 6 6.44 (app d, Ju-H 3.8, 1H, 1H), 6.68 (d, Jn- [ N Y /||:|>
N T
H 8.3, 1H), 6.93 (sept, Jn-+ 3.7, 1H), 7.26 (d, Jn-H 7.2, Pd F
N

1H), 7.40 (t, Jn-H 7.6, 6H), 7.47 (app t, Ju-H 6, 3H, R

1H), 7.71 (t, Jn-n 7.9, 1H), 7.78 (app d, Jn-H 7.1, 6H), \®
11.54 (br s, OH, 1H). BC{*H} NMR (100 MHz,

CDCls, 298 K): & 110.0 (CH), 111.4 (CH), 124.5

(CH), 125.3 (CH), 128.4 (CH), 128.6 (d, 3Jc-r 10.8, CH), 129.2 (d, YJc-r 49.8, C), 131.3
(CH), 135.5 (d, 2Jcp 11.4, CH), 138.8 (d, Jcr 14.8, CH), 141.8 (CH), 144.5 (C), 147.4
(C), 159.9 (C), 156.8 (C). 3P NMR (162 MHz, CDCls, 298 K): & 42.6 (s, PPhs), -15.2 (t,
13p.F 970, PO2F2). 1°F NMR (376 MHz, CDCls, 298 K): & -81.0 (d, 1Jr-p 978, PO2F2). IR
(selected bands, cm™): 1620, 1571, 1435, 1290, 1094, 844, 745, 691. MS (ES): m/z 538
[M-PO2F2]*, 101 [PO2F2]. TOFMS (ES): m/z 538.0663 [M-PO2F2]* (C29H23NOPPd
requires 538.0552).

5.3.42 Synthesis of [Pd(x?-6-phenyl-2-pyridinol)(PPhs)(MeCN)]BF; (3.42)

Based on the procedure described for
_ p / N0 ‘| BF,
3.40, using 3.35 (60 mg, 0.1 mmol) and AgBF4
. —N _NCMe
(20 mg, 0.1 mmol) gave 3.42 as a yellow solid Pd

(55 mg, 83%). Mp: 133 °C (decomp.). *H{*'P} \P

NMR (400 MHz, CDCls, 298 K): & 1.82 (s, \Q
MeCN, 3H), 6.42 (t, Ju-+ 7.6, 1H), 6.47 (d, In-H

7.8, 1H), 6.86 (br s, 1H), 6.93 (t, Jk-n 7.2, 1H),

7.27 (d, Ju-n 7.6, 1H), 7.43 (m, 6H), 7.49 (m, 4H), 7.69 (t, Jn-+ 7.6, 1H), 7.74 (d, In-n 7.3,
6H), 12.31 (br s, OH, 1H). Sample was insufficiently soluble for *C{*H}; therefore,
selective 3C data was acquired by an HMQC experiment. HMQC NMR (100 MHz,
CDCls, 298 K): 4 110.0 (CH), 124.3 (CH), 125.3 (CH), 128.2 (CH), 128.9 (CH), 131.5
(CH), 134.5 (CH), 135.2 (CH), 139.3 (CH), 142.1 (CH). 3P NMR (162 MHz, CDClIs,
298 K): & 44.6 (s, PPh3). F NMR (376 MHz, CDCls, 298 K): & -151.6 (s, BF4). IR
(selected bands, cm™): 1607, 1570, 1480, 1434, 1289, 1090, 1025, 996, 804, 745, 690.
MS (ES): m/z 538 [M-MeCN]*, 87 [BF4]. TOFMS (ES): m/z 538.0573 [M-MeCN]*
(C29H2sNOP%®Pd requires 538.0552), 1077.0858 [2(M-MeCN)]* (CssHasN202P21%Pd;
requires 1077.0824).
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5.3.43 Synthesis of [Pd(x?-6-phenyl-2-pyridinol)(PPhs)(MeCN)]OTf (3.43)
Ba-sed on the procedure described for / N 04 —IOTf
3.40, using 3.35 (60 mg, 0.1 mmol) and \

AgOS02CFs3 (26 mg, 0.1 mmol) gave 3.43 as a Pd

yellow solid (61 mg, 84%). Mp: 91 °C R

(decomp.). *H{®'P} NMR (400 MHz, CDCls, \Q

298 K): 6 1.81 (s, MeCN, 3H), 6.42 (t, Ju-n 7.5,

1H), 6.46 (d, Ju-n 7.1, 1H), 6.94 (t, Jun 7.4, 1H),

6.97 (d, Jun 8.3, 1H), 7.25 (d, Jnn 7.6, 1H), 7.44 (app t, Ju-n 7.5, 6H, 1H), 7.52 (app t,
Jnn 7.3, 3H), 7.68 (t, I+ 7.9, 1H), 7.75 (d, Jnn 7.5, 6H), 11.03 (br s, OH, 1H). BC{*H}
NMR (100 MHz, CDCls, 298 K): 5 0.0 (MeCN), 108.2 (CH), 109.5 (CH), 117.6 (MeCN),
122.7 (CH), 123.7 (CH), 126.5 (CH), 126.9 (d, 3Jc» 11.3, CH), 127.7 (d, “Jc» 50.4, C),
129.9 (CH), 133.3 (d, ZJcr 13.7, CH), 137.5 (d, Jcr 15.2, CH), 140.2 (CH), 146.3 (C),
146.4 (C), 159.4 (C), 163.5 (C). 3P NMR (162 MHz, CDCls, 298 K): 5 44.5 (s, PPhs).
F NMR (376 MHz, CDCls, 298 K): § -78.2 (s, OTf) IR (selected bands, cm™): 1604,
1570, 1434, 1024, 1092, 994, 802, 743, 691. MS (ES): m/z 538 [M-MeCN]*, 149 [OTf]".

TOFMS (ES): m/z 538.0577 [M-MeCN]* (C2eH23NOP®Pd requires 538.0552),
1077.0862 [2(M-MeCN)]* (CssHasN202P2%Pd2 requires 1077.0824).

5.3.44 Synthesis of [Pd(kx?-6-(4-methylphenyl)-2-pyridinol)(PPhs)(MeCN)]PFs
(3.44)
Based th d described f
ased on the procedure described for / N0 —IPFG
3.40, using 3.36 (45 mg, 0.08 mmol) and AgPFs
—N_ _NCMe
P

(13.3 mg, 0.08 mmol) gave 3.44 as a yellow d/

solid (55 mg, 93%). Mp: 129 °C (decomp.). \P

IH{3P} NMR (400 MHz, CDCls, 298 K): & \©

1.62 (s, p-Me, 3H), 1.83 (s, MeCN, 3H), 6.23

(s, 1H), 6.75 (d, Jr+ 7.3, 1H), 6.82 (d, I+ 8.3,

1H), 7.24 (d, Ju-n 7.6, 1H), 7.33 (d, Jr+ 8.1, 1H), 7.44 (t, Ju-n 7.3, 6H), 7.52 (app t, Jr-+
7.5, 3H), 7.69 (t, Ju-n 8.1, 1H), 7.73 (d, Jn-n 8.3, 6H), 9.11 (br s, OH, 1H). Sample was
insufficiently soluble for *C{*H}; therefore, selective $3C data was acquired by a DEPT
135 experiment. DEPT 135 NMR (100 MHz, CDCl3, 298 K): § 0.0 (MeCN), 19.2 (p-

Me), 108.4 (CH), 108.6 (CH), 122.6 (CH), 124.5 (CH), 127.0 (d, 3Jc.r 11.2, CH), 129.9
(CH), 133.5 (d, 2Jc.r 12.6, CH), 138.5 (d, Jcp 14.7, CH), 140.5 (CH). 3P NMR (162
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MHz, CDCls, 298 K):  43.9 (s, PPhs), -144.1 (sept, 1Jp-r 711, PFe). °F NMR (376 MHz,
CDCls, 298 K): § -72.5 (d, Jr-p 714, PF6). IR (selected bands, cm™): 1606, 1570, 1482,
1435, 1290, 1095, 831, 794, 744, 691. MS (ES): m/z 552 [M-MeCN]*, 145 [PFq]"
TOFMS (ES): m/z 552.0720 [M-MeCN]* (C3oH2sNOP®Pd requires 552.0709),
1105.1368 [2(M-MeCN)]* (CsoHsoN202P21%Pd2 requires 1105.1437).

5.3.45 Synthesis of [Pd(k?-6-(4-methylphenyl)-2-pyridinol)(PPhs)(PO2F2)] (3.45)

The product 3.44 (40 mg, 0.054 mmol) was N0 o
~H
dissolved in chloroform and left for one day in an _—N ‘\O/||:|>\
NMR tube. The solvent was then removed to afford \pd/ F/ F

3.45 (32 mg, 91%) as a yellow solid. Crystals \P

suitable for a single crystal X-ray diffraction study \®
were grown from a solution of the complex 3.45 in

dichloromethane/MeCN (95/5 v/v) layered with

hexane. Mp: 160 °C (decomp.). *H{P} NMR (400 MHz, CDCls, 298 K): § 1.65 (s, Me,
3H), 6.23 (s, 1H), 6.64 (d, Ju-+ 8.7, 1H), 6.74 (d, Jn-n 7.8, 1H), 7.20 (d, Ju-H 7.6, 1H),
7.31(d, Ju-n 7.9, 1H), 7.40 (app t, In-n 7.6, 6H), 7.48 (tt, Jn-n 7.4, 1.2, 3H), 7.68 (t, In-H
7.9, 1H), 7.77 (d, Jn-n 7.1, 6H), 11.51 (br s, OH, 1H). Sample was insufficiently soluble
for *C{*H}; therefore, selective *C data was acquired by a DEPT 135 experiment. DEPT
135 NMR (100 MHz, CDCls, 298 K): 5 20.9 (Me), 109.6 (CH), 110.8 (CH), 124.1 (CH),
126.0 (CH), 128.5 (d, 3Jc-r 11.1, CH), 131.2 (CH), 135.5 (d, 2Jc-p 11.8, CH), 139.6 (d, Jc-
p 14.7, CH), 141.6 (CH). 3P NMR (162 MHz, CDCls, 298 K): § 42.2 (s, PPhs), -15.0 (t,
13p.F 975, PO2F2). 1°F NMR (376 MHz, CDCls, 298 K): & -81.1 (d, 1Jr-p 984, PO2F2). IR
(selected bands, cm™): 1569, 1435, 1292, 1232, 1091, 1087, 842, 793, 748, 690. MS (ES):
m/z 552 [M-PO2zF2]*, 1105 [2(M-PO2F2)]*, 101 [PO2F2]". TOFMS (ES): m/z 552.0720
[M-PO2F2]*  (C30H2sNOP%®Pd  requires 552.0709), 1105.1415 [2(M-PO2F2)]"
(CeoHs0N202P21%Pd; requires 1105.1437).

5.3.46 Synthesis of [Pd(k?-6-(4-methylphenyl)-2-pyridinol)(PPhs)(MeCN)]BF
(3.46)

Based on the procedure described for 3.40, using 3.36 (36 mg, 0.065 mmol) and
AgBF4 (12.6 mg, 0.065 mmol) gave 3.46 as a yellow solid (41 mg, 93%). Mp: 91 °C
(decomp.). tH{*'P} NMR (400 MHz, CDCls, 298 K): § 1.62 (s, p-Me, 3H), 2.00 (s,
MeCN, 3H), 6.24 (s, 1H), 6.75 (d, Ju-+ 7.9, 1H), 6.87 (br s, 1H), 7.22 (d, Ju-n 7.8, 1H),
7.33 (d, Ju-+ 7.8, 1H), 7.45 (app t, Iu-H 7.9, 6H), 7.50 (m, 3H), 7.70 (t, Jv-+ 8.1, 1H), 7.75
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(app d, Ju-n 7.7, 6H), 9.78 (br s, OH, 1H). / N0~ _| BF,
Sample was insufficiently soluble for 3C{*H}; N

) 13 ) N\ /NCMe
therefore, selective ~°C data was acquired by an Pd

HMQC experiment. HMQC NMR (100 MHz, \P

CDCls, 298 K): 6 1.0 (MeCN), 20.8 (p-Me), \Q
109.7 (CH), 110.3 (CH), 126.2 (CH), 128.8

(CH), 131.5 (CH), 133.9 (CH), 135.1 (CH),

140.2 (CH), 141.6 (CH). 3P NMR (162 MHz, CDCls, 298 K): & 44.1 (s, PPhs). °F NMR
(376 MHz, CDCls, 298 K): § -151.6 (s, BF4). IR (selected bands, cm™): 1608, 1572, 1482,
1436, 1293, 1095, 1054, 995, 798, 764, 692. MS (ES): m/z 552 [M-MeCN]*, 1104 [2(M-
MeCN)]*, 87 [BF4]. TOFMS (ES): m/z 552.0731 [M-MeCN]* (Ca0H2sNOP%Pd requires

552.0709), 1105.1407 [2(M-MeCN)]" (CeoHs0N202P2'%Pd> requires 1105.1437).

5.3.47 Synthesis of [Pd(k?-6-(4-methylphenyl)-2-pyridonate)(PPhs)(BF2OH)] (3.47)
The product 3.46 (30 mg, 0.044 mmol) was E
dissolved in chloroform and left for one day in an / X O~|_:;‘i-|:
NMR tube. The solvent was then removed to afford — N\ /O\H
3.47 (26 mg, 96%) as a yellow solid. Crystals Pd\P
suitable for a single crystal X-ray diffraction study
were grown from a solution of the complex in \®
dichloromethane/MeCN (95/5 v/v) layered with
hexane. 'H{*!P} NMR (400 MHz, CDCls, 298 K): &
1.67 (s, Me, 3H), 3.48 (br s, OH, 1H), 6.23 (s, 1H), 6.70 (dd, Ju-+ 8.2, 0.9, 1H), 6.75 (d,
Ju-n 7.9, 1H), 7.17 (d, Iu-n 7.6, 1H), 7.34 (d, Jn-n 7.8, 1H), 7.46 (app tt, In-n 7.2, 1.2, 6H),
7.54 (tt, Ju-n 7.6, 1.4, 3H), 7.64 (t, Ju-n 7.9, 1H), 7.77 (app d, Ju-+ 7.2, 6H). Sample was
insufficiently soluble for $3C{*H}; therefore, selective *C data was acquired by a DEPT
135 experiment. DEPT 135 NMR (100 MHz, CDCls, 298 K): 6 20.0 (Me), 108.2 (CH),
113.8 (CH), 122.8 (CH), 124.7 (CH), 128.1 (d, 3Jc 9.9, CH), 130.3 (CH), 133.9 (d, 2Jc-
p12.7, CH), 139.1 (d, Jc-p 14.2, CH), 140.2 (CH). 3P NMR (162 MHz, CDClz, 298 K):
8 42.6 (s, PPha). 1%F NMR (376 MHz, CDCls, 298 K): § -149.4 (d, 2Jr.r 13.7, BF20H), -
149.5 (d, 2Jrr 13.7, BF20H). IR (selected bands, cm™): 1563, 1481, 1454, 1435, 1260,
1094, 1017, 997, 799, 744, 691. MS (ES): m/z 552 [M-BF20H]", 1104 [2(M-BF20H)],
65 [BF20H]. TOFMS (ES): m/z 552.0768 [M-BF20H]* (CaoH2sNOPPd requires
552.0709).
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5.3.48 Synthesis of [Pd(k?-6-(4-methylphenyl)-2-pyridinol)(PPhs)(MeCN)]OTf

(3.48)
Based on the procedure described for / N0~ _IOTf
3.40, using 3.36 (37 mg, 0.067 mmol) and
g (37 mg ) =N _NcMe
AgOSO2CFs3 (17.2 mg, 0.067 mmol) gave 3.48 Pd

as a yellow solid (45 mg, 90%). Crystals \P

suitable for a single crystal X-ray diffraction \©
study were grown from a solution of the

complex in DCM/MeCN (95/5 v/v) layered

with hexane. Mp: 110 °C (decomp.). *H{*'P} NMR (400 MHz, CDCls, 298 K): 5 1.62 (s,
p-Me, 3H), 1.80 (s, MeCN, 3H), 6.23 (s, 1H), 6.75 (d, Ju-x 8.6, 1H), 6.92 (d, Ju-H 7.5,
1H), 7.21 (d, Jun 7.7, 1H), 7.32 (d, Jn-n 7.9, 1H), 7.45 (t, Inn 7.4, 6H), 7.52 (t, Jn-+ 7.4,
3H), 7.67 (t, Ju-n 7.8, 1H), 7.74 (d, Ju-n 7.4, 6H), 10.61 (br s, OH, 1H). Sample was
insufficiently soluble for $3C{*H}; therefore, selective *C data was acquired by a DEPT
135 experiment. DEPT 135 NMR (100 MHz, CDCls, 298 K): 6 -1.9 (MeCN), 19.1 (p-
Me), 108.1 (CH), 109.0 (CH), 122.4 (CH), 124.3 (CH), 126.9 (d, 3Jc-r 11.2, CH), 129.8
(CH), 133.3 (d, 2Jc-p 12.5, CH), 138.5 (d, Jc-p 14.8, CH), 140.2 (CH). *'P NMR (162
MHz, CDCls, 298 K): & 44.0 (s, PPh3). 1F NMR (376 MHz, CDCls, 298 K): § -78.2 (s,
OTf). IR (selected bands, cm™): 1607, 1572, 1481, 1435, 1287, 1221, 1158, 1095, 1025,
795, 744, 691. MS (ES): m/z 552 [M-MeCN]*, 1104 [2(M-MeCN)]*, 149 [OTf]. TOFMS
(ES): m/z 552.0691 [M-MeCN]* (C30H2sNOPPd requires 552.0709), 1105.1326 [2(M-
MeCN)]* (CeoHs0N202P21%Pd: requires 1105.1437).

5.3.49 Synthesis of [Pd(k?-6-(4-trifluoromethylphenyl)-2-pyridinol)(PPhs)(MeCN)]

PFs (3.49)
Based on the procedure described for / ) N ‘| PFq
3.40, using 3.37 (40 mg, 0.062 mmol) and
—N _NCMe
AgPFs (15.7 mg, 0.062 mmol) gave 3.49 as a Pd

yellow solid (48 mg, 98%). Mp: 125 °C \P

(decomp.). H{®'P} NMR (400 MHz, CDCls, \®
298 K): & 1.77 (s, MeCN, 3H), 6.72 (s, 1H), FaC

6.92 (d, Ju-n 7.2, 1H), 7.19 (d, Ju-+ 8.0, 1H),

7.37 (d, Ju-n 7.5, 1H), 7.46 (t, Ju-n 7.2, 6H), 7.53 (d, Jn-+ 8.1, 1H), 7.54 (t, JH-H 7.5, 3H),
7.74 (d, Jun 7.7, 6H), 7.79 (t, Jun 8.4, 1H), 9.74 (br s, OH, 1H). Sample was
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insufficiently soluble for $3C{*H}; therefore, selective *C data was acquired by a DEPT
135 experiment. DEPT 135 NMR (100 MHz, CDCls, 298 K): 3 0.0 (MeCN), 109.2 (CH),
110.8 (CH), 120.3 (CH), 122.2 (CH), 127.1 (d, 3Jc» 11.1, CH), 130.0 (CH), 133.4 (CH),
1335 (d, 2Jc.p 12.4, CH), 140.4 (CH). 3P NMR (162 MHz, CDCls, 298 K): & 43.4 (s,
PPhs), -144.1 (sept, 1Jr-r 712, PFe). °F NMR (376 MHz, CDCls, 298 K): § -63.4 (s, CF3),
-72.3 (d, YJr-p 714, PFs). IR (selected bands, cm™): 1436, 1319, 1164, 1119, 1095, 1072,
834, 740, 691. MS (ES): m/z 606 [M-MeCN]*, 1213 [2(M-MeCN)T*, 145 [PFs]". TOFMS
(ES): m/z 606.0444 [M-MeCN]* (Ca0H2:FsNOP%Pd requires 606.0426), 1213.0739
[2(M-MeCN)]* (CeoHaaFsN202P21%°Pd> requires 1213.0872).

5.3.50 Synthesis of [Pd(x?-6-(4-trifluoromethylphenyl)-2-pyridinol)(PPhs)(PO2F>)]
(3.50)

The product 3.49 (40 mg, 0.05 mmol) was / X O—p ﬁ

N b/P\
N / F
NMR tube. The solvent was then removed to afford Pd\ F

3.50 (33 mg, 93%) as a yellow solid. Crystals R

suitable for a single crystal X-ray diffraction study

were grown from a solution of the complex 3.50 in FsC

dichloromethane/MeCN (95/5 v/v) layered with

hexane. Mp: 115 °C (decomp.). *H{*'P} NMR (400 MHz, CDCls, 298 K): § 6.72 (s, 1H),
6.77 (d, Jn-n 8.3, 1H), 7.18 (d, Jn-n 8.1, 1H), 7.32 (d, Jn-1 7.3, 1H), 7.42 (t, Ju-n 8.1, 6H),
7.50 (m, 4H), 7.76 (m, 7H), 11.63 (br s, OH, 1H). Sample was insufficiently soluble for
13C{'H}; therefore, selective 13C data was acquired by an HMQC experiment. HMQC
NMR (100 MHz, CDCls, 298 K): & 110.6 (CH), 112.9 (CH), 122.1 (CH), 123.3 (CH),
128.8 (CH), 131.5 (CH), 135.0 (CH), 135.1 (CH), 142.1 (CH). *'P NMR (162 MHz,
CDCls, 298 K): 6 42.0 (s, PPhs), -15.3 (t, 1Jr-F 974, PO2F2). F NMR (376 MHz, CDCls,
298 K): § -63.3 (s, CF3), -80.8 (d, 1Jr-p 984, PO2F2). IR (selected bands, cm™): 1625, 1578,
1439, 1306, 1116, 1090, 1069, 1030, 740, 688. MS (ES): m/z 606 [M-PO2F2]*, 1212
[2(M-PO2F2)]%, 101 [PO2F2]", 444 [M-(PPh3)]". TOFMS (ES): m/z 606.0453 [M-PO2zF2]*
(C3oH22FsNOP%pPd requires 606.0426), 1213.0837 [2(M-PO2F2)+H]*
(CeoH44FsN202P21%Pd; requires 1213.0872), 443.9045 [M-(PPhs)] (requires 443.9135).

dissolved in chloroform and left for three hours in an e
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5.3.51 Synthesis of [Pd(k?-6-(4-trifluoromethylphenyl)-2-pyridinol)(PPhs)(MeCN)]

BF4 (3.51)
Based on the procedure described for
( ’ yana U o _IBF4
3.40, using 3.37 (40 mg, 0.062 mmol) an \
N _NCMe
AgBFs (12.1 mg, 0.062 mmol) gave 3.51 as a Pd

yellow solid (44 mg, 97%). Mp: 139 °C R

(decomp.). *H{3*'P} NMR (400 MHz, CDClIs, \Q

298 K): & 1.81 (s, MeCN, 3H), 6.71 (s, 1H), TsC

6.98 (d, Ju-n 7.3, 1H), 7.17 (d, Ju-+ 8.0, 1H),

7.32 (d, Jun 7.3, 1H), 7.45 (t, Jun 8.2, 6H), 7.53 (m, 4H), 7.73 (m, 7H), 15.30 (br s, OH,
1H). Sample was insufficiently soluble for *C{*H}; therefore, selective *C data was
acquired by an HMQC experiment. HMQC NMR (100 MHz, CDCls, 298 K): & 110.6
(CH), 112.5 (CH), 121.9 (CH), 123.6 (CH), 129.0 (CH), 131.7 (CH), 134.8 (CH), 135.5
(CH), 142.7 (CH). *'P NMR (162 MHz, CDCls, 298 K): § 43.5 (s, PPhs). °F NMR (376
MHz, CDCls, 298 K): & -63.4 (s, CF3), -151.3 (s, BFa4). IR (selected bands, cm™): 1608,
1436, 1318, 1116, 1094, 1070, 997, 801, 742, 691. MS (ES): m/z 606 [M-MeCN]*, 1213
[2(M-MeCN)]*, 87 [BF4]". TOFMS (ES): m/z 606.0444 [M-MeCN]* (CaoH22FsNOPX¢Pd
requires 606.0426), 1213.0803 [2(M-MeCN)]* (CesoH4sFsN202P21%Pd2 requires
1213.0872).

5.3.52 Synthesis of [Pd(x?-6-(4-trifluoromethylphenyl)-pyridonate)(PPhs)(BF2OH)]
(3.52)

The product 3.51 (35 mg, 0.048 mmol) was F
dissolved in chloroform and left for eight hours in an / X o\E{:—F
NMR tube. The solvent was then removed to afford /N\ _O—y
3.52 (29 mg, 89%) as a yellow solid. Crystals Pd\P
suitable for a single crystal X-ray diffraction study \Q
were grown from a solution of the complex 3.52 in e
dichloromethane/MeCN (95/5 v/v) layered with
hexane. Mp: 211 °C (decomp.). *H{?P} NMR (400
MHz, CDCls, 298 K): & 3.54 (br s, OH, 1H), 6.68 (s, 1H), 6.82 (dd, Jx-+ 8.3, 0.9, 1H),
7.18 (dd, Ju-+ 8.1, 0.8, 1H), 7.28 (dd, Ju-+ 7.6, 0.9, 1H), 7.47 (app t, Ju-H 8.1, 6H), 7.54
(m, 4H), 7.72 (t, IJu-+ 8.3, 1H), 7.74 (d, Ju-n 7.1, 6H). Sample was insufficiently soluble
for B3C{*H}; therefore, selective *C data was acquired by an HMQC experiment. HMQC
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NMR (100 MHz, CDCls, 298 K): 8 110.3 (CH), 116.8 (CH), 121.9 (CH), 123.4 (CH),
129.1 (CH), 132.0 (CH), 134.5 (CH), 135.6 (CH), 141.9 (CH). P NMR (162 MHz,
CDCls, 298 K): & 41.9 (s, PPhs). 1°F NMR (376 MHz, CDCls, 298 K): & -62.9 (s, CF3), -
149.5 (d, 2JrF 13.7, BF20H) , -149.6 (d, 2Jrr 13.7, BF20H). IR (selected bands, cm™):
1567, 1481, 1435, 1318, 1156, 1118, 1096, 1070, 1040, 882, 800, 741, 690. MS (ES): m/z
605 [M-BF20H]*, 1213 [2(M-BF20H)]*, 65 [BF20H]". TOFMS (ASAP): m/z 606.0445
[M-BF20H]*" (CaoH22FsNOP%Pd requires 606.0426). TOFMS (ES): m/z 1213.1398
[2(M-BF20H)]*  (CeoHa4FsN202P21%%Pd,  requires 1213.0872). Anal Calcd for
C3oH22BFsNO2PPd: C, 53.64; H, 3.30; N, 2.09; found: C, 53.72; H, 3.31; N, 2.11%.

5.3.53 Synthesis of [Pd(k?-6-(4-trifluoromethylphenyl)-2-pyridinol)(PPhs)(MeCN)]

OTf (3.53)

Based on the procedure described for / N O\"! _|0Tf
3.40, using 3.37 (40 mg, 0.062 mmol) and ——N \
AgOSO2CFs3 (15.9 mg, 0.062 mmol) gave 3.53 Pd

as a yellow solid (49 mg, 99%). Crystals \P

suitable for a single crystal X-ray diffraction \®
study were grown from a solution of the FsC

complex 3.53 in dichloromethane/MeCN (95/5

v/v) layered with hexane. Mp: 96 °C (decomp.). *H{*'P} NMR (400 MHz, CDCls, 298
K): & 1.88 (s, MeCN, 3H), 6.71 (s, 1H), 7.06 (d, Ju-n 8.4, 1H), 7.19 (dd, Ju-+ 8.1, 0.9,
1H), 7.33 (d, Ju-n 7.5, 1H), 7.41 (app d, Ju-n 8.1, 1H), 7.46 (t, Jn-n 7.8, 6H), 7.54 (app tt,
Jun 7.7, 1.2, 3H), 7.74 (d, Jn-n 8.1, 6H), 7.78 (t, Jnu-n 7.8, 6H), 11.19 (br s, OH, 1H).
Sample was insufficiently soluble for 33C{*H}; therefore, selective 13C data was acquired
by a DEPT 135 experiment. DEPT 135 NMR (100 MHz, CDCls, 298 K): & 0.0 (MeCN),
109.0 (CH), 110.7 (CH), 120.2 (CH), 122.0 (CH), 127.0 (d, 3Jc-r 11.1, CH), 130.0 (CH),
133.1 (d, 2Jcp 11.7, CH), 133.7 (d, Jc-p 14.6, CH), 140.4 (CH). 3P NMR (162 MHz,
CDCls, 298 K): & 43.4 (s, PPhs). '°F NMR (376 MHz, CDCls, 298 K): & -63.5 (s, CF3), -
77.9 (s, OTT). IR (selected bands, cm™): 1607, 1572, 1481, 1436, 1319, 1224, 1160, 1096,
1025, 799, 742, 691. MS (ES): m/z 605 [M-MeCN]*, 1212 [2(M-MeCN)]*, 149 [OTf].
TOFMS (ES): m/z 606.0453 [M-MeCN]* (CaoH22FsNOPPd requires 606.0426),
1213.0800 [2(M-MeCN)]* (CsoHasFsN202P2'%Pd> requires 1213.0872). Anal Calcd for
Ca3H2sFsN204PSPd.1.2CH2Cl2: C, 45.70; H, 3.07; N, 3.12; found: C, 45.56; H, 3.38; N,
2.65%.
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5.4 Experimental Procedures for Chapter 4

5.4.1 Synthesis of 2-methoxy-6-(tributylstannyl)pyridine (4.1)

A solution containing 6-bromo-2-
methoxypyridine (2.1) (1.22 mL, 1.88 g, 10 mmol) in
diethyl ether (25 mL) at -78 °C was treated with n-
butyllithium (11.86 mmol, 755 mL, 1.6 M in o N Sn/\/\
hexanes) dropwise, stirred for 0.5 h, warmed to 0 °C - U \/\/
for 10 minutes, re-cooled to -78 °C, treated with F
tributyltin chloride (4.22 mL, 15.6 mmol), stirred at -78 °C for 0.5 h, and then at 0 °C for
0.5 h. The mixture was allowed to stir at room temperature for 3 h and then treated with
brine and extracted with ethyl acetate. The organic layer was dried over MgSOa.
Evaporation of the solvent gave a residue, which was subjected to column
chromatography on silica gel. Elution with hexane: AcOEt (100:1, v/v) gave 2-methoxy-
6-(tributylstannyl)pyridine (4.1) (3.2 g, 81%) as a colourless oil. *H NMR (400 MHz,
CDCls, 298 K): 8 0.88 (t, Ju-H 7.2, 9H), 1.08, (t, Ju-n 8.2, 6H), 1.33 (sext, Ju-n 7.3, 6H),
1.58 (m, 6H), 3.92 (s, OMe, 3H), 6.55 (dd, Ju-+ 8.3, 0.96, 1H), 6.97 (dd, Jn-1 6.8, 0.92,
1H), 7.38 (dd, Ju-+ 8.4, 6.8, 1H). *C{*H} NMR (100 MHz, CDClI3, 298 K): § 9.9 (CH>),
13.7 (CHg), 27.3 (CH2), 29.0 (CH2), 53.0 (OMe), 108.9 (CH), 125.9 (CH), 135.9 (CH),
163.1 (C), 170.6 (C). Data are consistent with those reported in the literature.!!

5.4.2 Synthesis of 1,5-dibromo-2,4-dimethylbenzene (4.2)

A 250-mL round bottom flask wrapped in aluminium foil was
charged with m-xylene (19.6 mL, 160 mmol) and iodine (0.2 g, 0.79 Df
mmol). The mixture was stirred for about an hour while cooling in  Br Br
an ice bath. Bromine (17.4 mL, 340 mmol) was added via a dropping funnel over a period
of one hour. After overnight reaction, potassium hydroxide (KOH) (20 percent aq., 100
mL) was added and the resulting mixture was heated gently using an oil bath. The solid
was melted and the biphasic mixture was stirred for about one hour as the yellow colour
slowly faded. After cooling, the liquid was decanted and the white solid was collected by
filtration and washed with water (4 x 50 mL), then recrystallised from absolute ethanol
(80 mL) to give 4.2 as white crystals (17.13 g, 41%). *H NMR (400 MHz, CDCls, 298
K): § 2.28 (s, Me, 6H), 7.06 (s, 1H), 7.65 (s, 1H). ¥C{*H} NMR (100 MHz, CDCls, 298
K): 8 22.3 (Me), 122.0 (C), 132.6 (CH), 134.8 (CH), 136.8 (C). Data are consistent with
those reported in the literature.

244



Chapter 5

5.4.3 Synthesis of 1,3-bis(2-(6-methoxypyridyl)benzene) (4.3)
A 250 mL, 3-necked, dry, nitrogen flushed flask
was charged with n-BuLi (1.6 M in hexanes, 8.5 mL, 13.5

mmol) and the solution was cooled to —78 °C. To the | N | N
flask, a solution of 6-bromo-2-methoxypyridine (2.1) N N A
(1.69 g, 1.1 mL, 9 mmol) in dry diethyl ether (10 mL) OMe OMe

was added dropwise. After stirring for 30 min, the reaction mixture was warmed to 0 °C,
and zinc chloride solution (1.0 M in diethyl ether, 13.5 mL, 13.5 mmol) was added
dropwise. The mixture was then warmed to room temperature. 1,3-Dibromobenzene
(0.707 g, 0.354 mL, 3 mmol), Pd(PPhs)4 (350 mg, 0.3 mmol, 10%) and 45 mL of THF
(tetrahydrofuran) were added and the reaction mixture was heated to reflux for 72 h. After
cooling, the reaction mixture was quenched with a saturated aqueous solution of sodium
hydrogen carbonate (50 mL), washed with a saturated aqueous solution of EDTA (50 mL)
and extracted with ethyl acetate (3 x 75 mL). The combined organic phases were washed
with water (100 mL), brine (100 mL), dried over MgSQsu, filtered and evaporated. The
crude product was purified by column chromatography with hexane and ethyl acetate
(9:1) as eluting solvents. The product (4.3) was obtained as a white solid (270 mg, 31%).
Crystals suitable for single crystal X-ray diffraction were grown by slow evaporation of
a methanol solution of the ligand. Mp: 82-83 °C. *H NMR (400 MHz, CDCls, 298 K): &
4.06 (s, OMe, 6H), 6.71 (dd, Jn-+ 8.2, 0.5, 2H), 7.42 (dd, Jn-+ 7.4, 0.6, 2H), 7.54 (t, JH-H
7.8, 1H), 7.65 (t, Ju-+ 8.1, 2H), 8.07 (dd, Ju-+ 7.8, 1.8, 2H), 8.75 (app t, Ju-n 1.6, 1H).
B3C{*H} NMR (100 MHz, CDCls, 298 K): § 53.2 (OMe), 109.4 (CH), 112.9 (CH), 125.1
(CH), 127.1 (CH), 128.9 (CH), 139.2 (CH), 139.4 (C), 154.5 (C), 163.7 (C). IR (selected
bands, cm™): 1575, 1463, 1419, 1303, 1255, 1237, 1019, 778, 684. MS (ES): m/z 293
[M]*. TOFMS (ES): m/z 293.1262 [M]* (CisH1sN202 requires 293.1245). Data are

consistent with those reported in the literature.*3

It should be noted that this ligand was also obtained by the following procedure
(Stille Coupling Reaction) and gave the product in 79% yield.

5.4.4 Synthesis of 4,6-bis(2-(6-methoxypyridonyl)m-xylene (4.4)

A mixture of 2-methoxy-6-(tributylstannyl)-pyridine (4.1) (2.00 g, 4.79 mmol, 2.3
eq.), 1,5-dibromo-2,4-dimethylbenzene  (4.2) (055 g, 2.08 mmol),
bis(triphenylphosphine)-palladium(ll) chloride (54.8 mg, 0.076 mmol) and lithium
chloride (0.659 g, 15.18 mmol, 7.3 eq.) were combined in a mixture of EtOH (5 mL) and
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dry toluene (20 mL) (N2 was also bubbled through the

mixture for 2 h) and the mixture was then heated at 90 °C

. . X X
under a nitrogen atmosphere for 48 h. After the reaction |
mixture had cooled to room temperature, saturated KF N NF
solution (10 mL) was added and the solution stirred for OMe OMe

30 min. The precipitated solid was removed by filtration and washed with water (25 mL).
NaHCOs solution (10%, 50 mL) was then added to the combined filtrates, which were
extracted with dichloromethane (2 x 100 mL), separated and dried over MgSQO4. Removal
of solvent under reduced pressure and purification of the residue by column
chromatography (silica, DCM/petroleum ether, 90:10) gave the desired product (4.4) as
a white solid (360 g, 54%). Crystals suitable for single crystal X-ray diffraction were
grown by slow evaporation of a methanol solution of the ligand. Mp: 55-56 °C. *H NMR
(400 MHz, CDCls, 298 K): 4 2.39 (s, Me, 6H), 3.87 (s, OMe, 6H), 6.59 (dd, Jx-+ 8.2, 0.6,
2H), 6.94 (dd, Ju-+ 7.2, 0.6, 2H), 7.12 (s, 1H), 7.46 (s, 1H), 7.52 (dd, Jn-H 8.2, 7.5, 2H).
B3C{*H} NMR (100 MHz, CDCls, 298 K): § 19.4 (Me), 52.3 (OMe), 107.5 (CH), 115.5
(CH), 130 (CH), 132.6 (CH), 135.1 (C), 136.6 (C), 137.6 (CH), 156.3 (C), 162.1 (C). IR
(selected bands, cm™): 2945, 1576, 1458, 1429, 1406, 1305, 1252, 1153, 1026, 861, 793,
740. MS (ES): m/z 321 [M]*. TOFMS (ASAP): 321.1603 [M]* (C20H20N202 requires
321.1525).

5.4.5 Synthesis of 1,3-bis(2-pyridon-6-yl)benzene (4.5)
A 10-mL round bottom flask with a magnetic stir
bar and reflux condenser, was loaded with 1,3-bis(2-(6-
methoxypyridyl)benzene (4.3) (100 mg, 0.342 mmol) and
aqueous 48% HBr (3.1 mL, 27.4 mmol. 80 eq). The

mixture was heated at reflux for 4 hours (set oil bath to

125 °C). The solution was then allowed to cool to room temperature and neutralised with
saturated NaHCOs solution. The resultant mixture was then filtered, and the precipitate
was washed with water (10 mL), collected and dried. The product 4.5 was obtained as a
light brown solid (79.4 mg, 88% yield). Mp: > 300 °C. *H NMR (400 MHz, MeOD, 298
K): 6 6.46 (d, Ju-+9.0, 2H), 6.68 (d, Jn-1 6.6, 2H), 7.50 (m, 3H), 7.72 (dd, 7.7, 1.6, 1H),
7.91 (s, 1H), NH is not observable. Sample was insufficiently soluble for *C{H}. IR
(selected bands, cm™): 1643, 1554, 1159, 988, 775, 697. MS (ES): m/z 265 [M]*. TOFMS
(ASAP): 265.0981 [M]" (C16H12N202 requires 265.0932).

246



Chapter 5

5.4.6 Synthesis of 4,6-bis(2-pyridon-6-yl)m-xylene (4.6)

A 10-mL round bottom flask with a magnetic stir
bar and reflux condenser, was loaded with 1,3-bis(2-(6-
pyridonyl)m-xylene (4.4) (153 mg, 0.476 mmol) and
aqueous 48% HBr (4.33 mL, 38.1 mmol. 80 eq). This
solution was heated at reflux for 4 hours (set oil bath to

125 °C). The solution was then allowed to cool to room temperature and neutralised with
saturated NaHCOs solution. The product was extracted with DCM (3 x 50 mL). Drying
with MgSOa and placed under pressure to remove any volatiles, a white solid (4.6) was
afforded. This was taken up in the minimum amount of methanol and heated to dissolve
all products. After cooling, crystals suitable for single crystal X-ray diffraction were
obtained (55 mg, 40 %). Mp: > 270 °C. *H NMR (400 MHz, CDClIs, 298 K): § 2.37 (s,
Me, 6H), 6.26 (dd, Ju-+ 6.8, 0.8, 2H), 6.70 (dd, Ju-x 9.1, 0.6, 2H), 7.17 (s, 1H), 7.42 (dd,
Jn-H 11.2, 8.9, 2H) 7.60 (s, 1H), 12.20 (br s, 2H). BC{*H} NMR (100 MHz, CDClIs, 298
K): 8 20.3 (Me), 107.7 (CH), 119.5 (CH), 130.7 (CH), 131.3 (C), 134.3 (CH), 136.9 (C),
140.3 (CH), 145 (C), 165.4 (C). IR (selected bands, cm™): 3063, 1637, 1594, 1543, 1286,
1154, 974, 801, 720. MS (ES): m/z 293 [M]". TOFMS (ASAP): 293.1301 [M]*
(C18H16N202 requires 293.1245).

5.4.7 Synthesis of [Pd2(x?-1,3-bis(2-(6-methoxypyridyl)benzene),(u-OAc)2]2 (4.7)

A mixture of 1,3-bis(2-(6-
methoxypyridyl)benzene (4.3) (6.4 mg,
0.022 mmol), Pd(OAc)2 (10 mg, 0.044
mmol) and MeOH (1.7 mL) was stirred at
room temperature for 48 h. The reaction
mixture was then filtered, and the
precipitate was washed with diethyl ether
(4 mL), collected and dried. The product
4.7 was obtained as a yellow solid (13 mg,

95% vyield). A single crystal suitable for

X-ray diffraction analysis was obtained
from a diffusion process using a DMSO solution of 4.7 and EtOH as a precipitant. Mp:
229-231 °C (dec.). *H NMR (400 MHz, DMSO-ds, 298 K): § 1.9 (s, 02CMe, 6H), 2.14
(s, O2CMe, 6H), 3.76 (s, OMe, 12H), 6.18 (s, 2H), 6.51 (d, Ju-+ 8.04, 4H), 7.09 (s, 2H),
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7.24 (d, Ju-n 7.5, 4H), 7.70 (t, Jn-n 8.0, 4H). Sample was insufficiently soluble for
13C{*H}; therefore, selective C data was acquired by HSQC and HMBC experiments.
HSQC NMR (125 MHz, DMSO-ds, 298 K): § 24.6 (02CMe), 24.9 (02CMe), 56.4 (OMe),
103.0 (CH), 110.2 (CH), 118.1 (CH), 137.6 (CH), 141.3 (CH). HMBC NMR (125 MHz,
DMSO-ds, 298 K): 140.1 (C), 152.8 (C), 163.0 (C), 165.1 (C), 174.6 (O2CMe), 179.3
(O2CMe). IR (selected bands, cm™): 1567, 1483, 1406, 1269, 1056, 787, 685. TOFMS
(ES): m/z 1241.8824 [M]" (Ca4H10N4O12'%Pds requires 1241.8796), 1182.8633 [M-
OAC]* (C42H37N4010'%Pds requires 1182.8663).

5.4.8 Synthesis of [Pd(k?-1,3-bis(2-(6-methoxypyridyl)benzene))(u-OAc)]. (4.8)

/ X—OMe & l
X

Pd AN
SO o-Fd

MeO N\ \,§ \N/

I
N
_ MeO

A mixture of 1,3-bis(2-(6-methoxypyridyl)benzene) (4.3) (29.2 mg, 0.1 mmol),
Pd(OAc)2 (22.5 mg, 0.1 mmol) and MeOH (4 mL) was stirred at room temperature for
24 h. After this time the solvent was removed in vacuo leaving behind a solid which was
dissolved in DCM and then hexane was slowly added to induce precipitation. The
precipitate was isolated, washed with Et2O and dried in vacuo to give 4.8 as a yellow
solid (13 mg, 29% yield). Crystals suitable for a single crystal X-ray diffraction study
were grown from a dichloromethane solution of the complex layered with hexane. Mp >
270 °C. 'H NMR (400 MHz, CDCls, 298 K): § 2.23 (s, 02CMe, 6H), 3,64 (s, OMe, 6H),
4.06 (s, OMe, 6H), 5.78 (d, Jn-n 8.0, 2H), 6.69 (d, Ju-n 8.0, 2H), 6.91 (d, Ju-+ 7.5, 2H),
7.16 (d, Jn-w 8.1, 2H), 7.21 (d, Ju-H 7.4, 2H), 7.25 (t, Jn-H 7.6, 2H), 7.49 (d, Ju-+ 8.1, 2H),
7.52 (s, 2H), 7.62 (t, Ju-n 7.5, 2H). BC{*H} NMR (125 MHz, CDCls, 298 K): § 24.4
(O2CMe), 53.2 (OMe), 55.7 (OMe), 103.3 (CH), 108.4 (CH), 110.3 (CH), 112.0 (CH),
120.9 (CH), 125.4 (CH), 131.8 (CH), 134.8 (C), 139.2 (CH), 140.1 (CH), 145.0 (C), 151.3
(C), 155.4 (C), 162.9 (C), 163.8 (C), 165.8 (O2CMe). IR (selected bands, cm™): 1593,
1559, 1484, 1405, 1267, 1055, 784, 686. MS (ES): m/z 855 [M-OAc]". FABMS: m/z 397
[L+Pd]*. TOFMS (ES): m/z 397.0457 [L+Pd]* (C1seH15N202%®Pd requires 397.0168).

248



Chapter 5

5.4.9 Synthesis of [Pd2(4,6-bis(2-(6-methoxypyridonyl)m-xylene)(u-OAc)(k*-
OAC)2(u-OH)] (4.9)
A small-sized oven-dried Schlenk o
flask equipped with a magnetic stir bar was
evacuated and backfilled with nitrogen. The
flask was charged with the 4,6-bis(2-(6-
methoxypyridonyl)m-xylene (4.4) (14.3
mg, 0.044 mmol, 1 eq.), Pd(OAc)2 (20 mg,
0.089 mmol, 2 eq.) and freshly distilled
MeOH (5 mL) (N2 was also bubbled through the solvent for 2 h). The reaction mixture

was left to stir under N2 at room temperature for 24 h. After this time the solvent was
removed in vacuo leaving behind a solid which was dissolved in DCM (7 mL) and passed
through Celite. The filtrate was reduced in volume and hexane was added slowly to induce
precipitation. The precipitate was isolated, washed with hexane and dried in vacuo. The
title product (4.9) was obtained as a light orange solid (27 mg, 84% yield). Crystals
suitable for a single crystal X-ray diffraction study were grown from a dichloromethane
solution of the complex layered with hexane. Mp: 245-247 °C. 'H NMR (400 MHz,
CDCls, 298 K): 3 1.61 (s, 02CMe, 6H), 1.70 (s, O2CMe, 3H), 2.25 (s, Me, 6H), 4.27 (s,
OMe, 6H), 5.64 (s, OH, 1H), 6.82 (dd, Ju-x 8.5, 0.9, 2H), 7.15 (dd, Ju-+ 7.4, 0.9, 2H), 7.35
(s, 1H), 7.86 (dd, Ju-H 8.4, 7.4, 2H), 9.30 (s, 1H). *C{*H} NMR (100 MHz, CDCls, 298
K): 6 20.3 (Ar-Me), 22.4 (O2CMe), 22.7 (O2CMe), 57.3 (OMe), 105.7 (CH), 119.3 (CH),
131.8 (CH), 132.3 (CH), 135.7 (C), 138.2 (C), 140.9 (CH), 160.4 (C), 165.7 (C), 179.4
(02CMe), 183.1 (O2CMe). IR (selected bands, cm™): 1574, 1543, 1474, 1380, 1322,
1075, 1013, 798, 690. TOFMS (ES): m/z 669.0067 [M-OAc]* (C24H27N2071%Pd> requires
668.9892), 650.9943 [(M-OAC)-OH]" (C2aH26N206'Pd> requires 650.9881), 425.0552
[L+Pd]* (C20H20N2021°°Pd requires 425.0576).

5.4.10 Synthesis of [Pda(1,3-bis(2-pyridon-6-yl)benzene)(OAC)4] (4.10)

A mixture of 1,3-bis(2-pyridon-6-yl)benzene (4.5) (6.5 mg, 0.025 mmol),
Pd(OACc)2 (11.2 mg, 0.05 mmol) and acetic acid (1.5 mL) was stirred and heated at 80 °C
for 24 h. After being cooled to room temperature the orange precipitate was filtered and
washed with HOAc and Et20 to give the complex 4.10 as an orange solid (6.5 mg, 44%).
Crystals suitable for single crystal X-ray diffraction were grown by slow evaporation of
a chloroform solution of the complex. Mp: > 270 °C. *H NMR (400 MHz, CDCls, 298
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K): § 2.10 (s, 02CMe, 6H), 2.23 (s, 02CMe,
6H), 6.18 (dd, Ju-n 8.2, 0.8, 4H), 6.42 (s, 2H),
6.54 (s, 2H), 6.64 (dd, Ju+ 7.6, 0.7, 4H), 7.31
(t, Jn-H 7.6, 4H), 9.20 (s, OH, 4H). Sample was
insufficiently soluble for 3C{*H}; therefore,
selective 13C data was acquired by an HSQC
experiment. HSQC NMR (125 MHz, CDCls,
298 K): & 24.6 (02CMe), 24.9 (02CMe), 108.1
(CH), 108.6 (CH), 115.9 (CH), 136.8 (CH),
140.6 (CH). IR (selected bands, cm™): 1723,
1622, 1558, 1490, 1407, 1256, 1221, 1016,
790, 725. TOFMS (ES): m/z 1186.8275 [M]" (Ca0H32N4012'%Pd requires 1186.8180).

5.4.11 Synthesis of [Hg(1,3-bis(2-(6-methoxypyridyl)benzene))CI] (4.11)
A mixture of 1,3-bis(2-(6-methoxypyridyl)
benzene) (4.3) (63 mg, 0.215 mmol) and mercury(Il)
acetate (66.6 mg, 0.209 mmol) in absolute ethanol (4.2 |
mL) was heated under reflux for 24 h. Afterward a 2N Hg N A

X | X

solution of lithium chloride (19.7 mg) in methanol (3.1 OMe (|3| OMe
mL) was added and the mixture was heated for 15 min. The solution was poured into
distilled water (20 mL): the white precipitate formed was filtered off, washed with water
and ice-cold methanol, and dried to give the product 4.11 as a white solid (30.1 mg, 27%).
Mp: 217-219 °C. *H NMR (400 MHz, CDCls, 298 K): 5 4.18 (s, OMe, 6H), 6.82 (dd, Jn-
1 8.2, 0.65, 2H), 7.30 (dd, Ju-n 7.4, 0.64, 2H), 7.50 (t, Ju-n 7.7, 1H), 7.68 (t, In-n 7.4, 2H),
7.82 (d, Ju+ 7.6 and dd, *Jn-Hg 68, 7.4, 2H). BC{*H} NMR (125 MHz, CDCls, 298 K): &
54.3 (OMe), 110.5 (CH), 115.6 (CH), 129.1 (CH), 129.3 (CH), 139.7 (CH), 145.3 (C),
148.3 (C), 157.7 (C), 164.7 (C). IR (selected bands, cm™): 2955, 1574, 1456, 1318, 1247,
1019, 775, 725. TOFMS (ASAP): m/z 529.0629 [M]* (C1sH1sCI?°*HgN202 requires
529.0528), 493.0843 [M-CI]* (C18H15?**HgN202 requires 493.0840).

5.4.12 Synthesis of [Hg(4,6-bis(2-(6-methoxypyridonyl)m-xylene))Cl] (4.12)

A mixture of 4,6-bis(2-(6-methoxypyridonyl)m-xylene) (4.4) (120 mg, 0.374
mmol) and mercury(Il) acetate (119.4 mg, 0.374 mmol) in absolute ethanol (7.5 mL) was
heated under reflux for 24 h. Afterward a solution of lithium chloride (34 mg) in methanol

(5.5 mL) was added and the mixture was heated for 15 min. The solution was then poured
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into distilled water (40 mL): the white and grey
precipitate formed was filtered off, washed with water
X | X
N Hg N A

ray diffraction were grown by slow diffusion of isopropyl OMe Cl OMe
ether into a solution of the complex in dichloromethane. Mp: 215-217 °C. *H NMR (500
MHz, CDCls, 298 K): 6 2.39 (s, Me, 6H), 4.07 (s, OMe, 6H), 6.76 (d, Ju-x 8.3, 2H), 7.03
(d, Jv-H 7.2, 2H), 7.19 (s, 1H), 7.63 (t, Jr-+ 7.8, 2H). BC{*H} NMR (125 MHz, CDCls,
298 K): § 21.5 (Me), 53.8 (OMe), 110.0 (CH), 118.2 (CH), 134.4 (CH), 136.1 (C), 138.7
(CH), 142.8 (C), 155.3 (C), 158.0 (C), 164.6 (C). IR (selected bands, cm™): 2955, 1573,
1463, 1389, 1268, 1252, 1012, 984, 801, 781, 724. TOFMS (ASAP): m/z 557.0953 [M]*
(C20H19CI®*HgN202 requires 557.0841), 521.1274 [M-CI]* (C20H19?**HgN202 requires
521.1153).

and Et20, and dried to give the product 4.12 as a grey
solid (84 mg, 40%). Crystals suitable for single crystal X-

5.4.13 Synthesis of [Pd(1,3-bis(2-(6-methoxypyridyl)benzene))CI] (4.13)

By Transmetallation: A suspension of compound
[Ho(1,3-bis(2-(6-methoxypyridyl)benzene))Cl]  (4.11)
(50 mg, 0.095 mmol) in ethanol (10 mL) was added to a
solution of palladium(ll) acetate (21.3 mg, 0.095 mmol)

in dry dichloromethane (5 mL), and the mixture was left OMe Cl OMe
to stir at room temperature for 20 h under nitrogen. The black solution was filtered
through Celite, and the resulting solution was evaporated to dryness. The solid residue

was washed with diethyl ether (2 x 7 mL) and dried in vacuo to yield a yellow solid (56
mQ).

Typically, to a suspension of the yellow solid in methanol (21 mL) was added, with
stirring, an excess of lithium chloride (8.2 mg). The mixture was stirred for 1 h at room
temperature. The solvent was removed and the product was washed with methanol and
diethyl ether, and finally dried in vacuo to give 4.13 (11 mg, 27%) as a greenish yellow
solid. Mp: > 270 °C. *H NMR (500 MHz, DMSO-d, 298 K): § 3.96 (s, OMe, 6H), 7.07
(d, JH-H 9.5, 2H), 7.23 (t, Jv-1 8.2, 1H), 7.62 (app d, 2H, 2H), 8.11 (t, JH-+ 8.2, 2H). Sample
was insufficiently soluble for **C{*H}; therefore, selective *C data was acquired by an
HSQC experiment. HSQC NMR (125 MHz, DMSO-d, 298 K): 4 56.1 (OMe), 106.4
(CH), 111.7 (CH), 124.5 (CH), 124.7 (CH), 142.9 (CH). IR (selected bands, cm™): 1601,

251



Chapter 5

1568, 1480, 1271, 1105, 1026, 791, 746. MS (ES): m/z 397 [M-CI]*. TOFMS (ASAP):
m/z 397.0176 [M-CI]* (C18H15N2021%Pd requires 397.0168).

By Direct Synthesis with Naz[PdCls]: To a solution of 1,3-bis(2-(6-
methoxypyridyl)benzene) (4.3) (32 mg, 0.11 mmol) in acetic acid (4 mL) was added
Naz[PdCl4] (32 mg, 0.11 mmol), and a white precipitate immediately appeared. The
mixture was heated at 118 °C (reflux) for 24 h. After being cooled to room temperature,
the brown precipitate was filtered and washed with MeOH, H20, EtOH, and Et20 to yield
30.2 mg (69%) of 4.13. The *H and *C{*H} NMR spectra showed identical peaks to

those for the complex previously obtained by the transmetalation reaction.

5.4.14 Synthesis of [Pd(4,6-bis(2-(6-methoxypyridonyl)m-xylene))Cl] (4.14)

By Transmetallation: A suspension of compound
[Hg(1,3-bis(2-(6-methoxypyridyl)benzene))Cl]  (4.12)
(70 mg, 0.126 mmol) in ethanol (13 mL) was added to a
solution of palladium(ll) acetate (28.3 mg, 0.126 mmol)

in dry dichloromethane (7 mL), and the mixture was left OMe Cl OMe
to stir at room temperature for 20 hours under nitrogen. The black solution was filtered
through Celite, and the resulting solution was evaporated to dryness. The solid residue
was washed with diethyl ether (2 x 10 mL) and dried in vacuo to yield 4.14 as a yellow
solid (15 mg, 26%). Mp: 245-247 °C. *H NMR (400 MHz, DMSO-d, 298 K): § 2.34 (s,
Me, 6H), 3.79 (s, OMe, 6H), 6.55 (s, 1H), 6.65 (d, Ju-+ 8.4, 2H), 7.08 (d, Ju-n 7.9, 2H),
7.74 (t, Jnn 8.2, 2H). BC{*H} NMR (125 MHz, DMSO-d, 298 K): § 22.6 (Me), 56.1
(OMe), 104.6 (CH), 114.6 (CH), 132.7 (CH), 134.8 (C), 138.8 (C), 141.9 (CH), 162.6
(C), 165.7 (C), 169.0 (C). IR (selected bands, cm™): 3394, 1600, 1570, 1480, 1313, 1271,
1105, 1027, 792, 747. MS (ES): m/z 425 [M-CI]*. TOFMS (ES): m/z 425.0498 [M-CI]*
(C20H19N202'%Pd requires 425.0481).

By Direct Synthesis with Nay[PdCls: To a solution of 4,6-bis(2-(6-
methoxypyridonyl)m-xylene) (4.4) (23 mg, 0.072 mmol) in acetic acid (4 mL) was added
Naz[PdCl4] (21 mg, 0.072 mmol), and a white precipitate immediately appeared. The
mixture was heated at 118 °C (reflux) for 24 h. After being cooled to room temperature,
the brown precipitate was filtered and washed with MeOH, H20, EtOH, and Et20 to yield
12.8 mg (72%) of 4.14. *H NMR spectrum showed identical peaks to those for the

complex previously obtained by the transmetallation reaction.
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5.4.15 Synthesis of [Pd(1,3-bis(2-pyridon-6-yl)benzene))Cl] (4.15)

1,3-bis(2-(6-methoxypyridyl)benzene) (4.3) (29.23
mg, 0.1 mmol) or 1,3-bis(2-pyridon-6-yl)benzene (4.5)
(30 mg, 0.113 mmol) and Naz[PdCl4] (1 eq.) were placed

in a microwave vial along with a mixture of AcCOH/H20

(9:1; 3 mL). Nitrogen was bubbled through the solution OH Cl OH
for 2 min and the vial was then sealed with a septum cap. The vial was placed in the
microwave reactor and heated under microwave irradiation at 170 °C (for 4.3) or 150 °C
(for 4.5) for 45 min, at a maximum pressure of 150 psi. After cooling to room temperature,
the reaction mixture was filtered. The grey precipitate was washed with methanol, water,
ethanol, and diethyl ether to give 4.15 as a grey solid (30 mg, 74%) and (38 mg, 83%),
respectively. Crystals suitable for a single crystal X-ray diffraction study were grown
from a chloroform solution of the complex. Mp > 270 °C. *H NMR (500 MHz, CDCls,
323K): 6 6.69 (dd, Jn-n 8.2, 1.1, 2H), 7.14 (d, Ju-n 8.3, 2H),, 7.15 (t, Ju-H 6.8, 1H), 7.26
(d, Ju-n 7.8, 2H), 7.7 (t, Ju-n 7.5, 2H), 10.82 (s, OH, 2H). Sample was insufficiently
soluble for 3C{*H}; therefore, selective *C data was acquired by an HSQC experiment.
HSQC (125 MHz, CDCls, 298 K): 6 110.5 (CH), 112.9 (CH), 123.7 (CH), 124.7 (CH),
1401.3 (CH). IR (selected bands, cm™): 3024, 1616, 1572, 1484, 1426, 1272, 1205, 1163,
1003, 795, 743. TOFMS (ASAP): m/z 368.9868 [M-CI]* (C1sH1:N2021Pd requires
368.9855).

5.4.16 Synthesis of [Pd(4,6-bis(2-pyridon-6-yl)m-xylene))CI] (4.16)
4,6-bis(2-(6-methoxypyridonyl)m-xylene)  (4.4)
(30 mg, 0.093 mmol) or 4,6-bis(2-pyridon-6-yl)m-xylene
(4.6) (29.23 mg, 0.1 mmol) and Naz[PdCls] (1 eq.) were
placed in a microwave vial along with a mixture of
AcOH/H20 (9:1; 3 mL). Nitrogen was bubbled through OH Cl OH
the solution for 2 min and the vial was then sealed with a septum cap. The vial was placed

in the microwave reactor and heated under microwave irradiation at 170 °C (for 4.4) or
150 °C (for 4.6) for 45 min, at a maximum pressure of 150 psi. After cooling to room
temperature, the reaction mixture was filtered. The grey precipitate was washed with
methanol, water, ethanol, and diethyl ether to give 4.16 as a grey solid (27 mg, 66%) and
(34 mg, 78%), respectively. Mp > 270 °C. *H NMR (500 MHz, CDCls, 298 K): & 2.55 (s,
Me, 6H), 6.66 (d, Ju-+ 8.8, 2H), 6.79 (s, 1H), 7.29 (d, Ju-1 7.9, 2H), 7.68 (t, Iu-+ 8.2, 2H),
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11.04 (s, OH, 2H). Sample was insufficiently soluble for *C{*H}; therefore, selective 1*C
data was acquired by an HSQC experiment. HSQC (125 MHz, CDCls, 298 K): 6 22.8
(Me), 110.9 (CH), 113.4 (CH), 133.7 (CH), 140.7 (CH). IR (selected bands, cm™): 3013,
1619, 1571, 1488, 1407, 1216, 1157, 770. TOFMS (ASAP): m/z 397.0187 [M-CI]*
(C18H15N2021%°Pd requires 397.0168).

5.4.17 Synthesis of [Pd(1,3-bis(2-(6-methoxypyridyl)benzene))CI] (4.17)

A small-sized Schlenk flask equipped with a
magnetic stir bar was evacuated and backfilled with
nitrogen and loaded with [Pd(1,3-bis(2-(6-
methoxypyridyl)benzene))Cl] (4.13) (30 mg, 0.1
mmol), AgPFs (25.3 mg, 0.1 mmol) and MeCN (10

mL). The reaction mixture was stirred at room

temperature for 12 h, at which point the suspension was allowed to settle and the solution
was transferred by cannula filtration into a round bottom flask. All volatiles were removed
under reduced pressure to afford 4.17 (42 mg, 72%) as a dark brown solid. Mp: 135 °C
(decomp.). *H NMR (400 MHz, DMSO-d, 298 K): § 1.98, (s, MeCN, 3H), 3.92 (s, OMe,
3H), 7.05 (d, Ju-H 8.5, 2H), 7.19 (t, In-n 7.6, 1H), 7.57 (d, Jn-1 7.7, 2H), 7.62 (d, JH-H 7.6,
2H), 8.07 (t, Ju+ 7.9, 2H). Sample was insufficiently soluble for *C{*H}; therefore,
selective °C data was acquired by an HMQC experiment. HMQC NMR (100 MHz,
DMSO-d, 298 K): & -0.3 (MeCN), 57.0 (OMe), 107.9 (CH), 112.8 (CH), 125.3 (CH),
126.2 (CH), 144.0 (CH). 3P NMR (162 MHz, DMSO-d, 298 K): & -144.1 (sept, 1Jp-F 712,
PFs). F NMR (376 MHz, DMSO-d, 298 K): & -70.14 (d, Jrp 710, PFe). IR (selected
bands, cm™): 1610, 1571, 1485, 1471, 1282, 1179, 1094, 1050, 998, 833, 775, 722. MS
(ES): m/z 397 [M-MeCN)]*, 145 [PFe]. TOFMS (ES): m/z 397.0181 [M-MeCN]*
(C18H15N2021%°Pd requires 397.0168).

5.4.18 Synthesis of [Pd(4,6-bis(2-(6-methoxypyridonyl)m-xylene))Cl] (4.18)

Based on the procedure described for 4.17,
using [Pd(4,6-bis(2-(6-methoxypyridonyl)m-
xylene))Cl] (4.14) (45 mg, 0.065 mmol) and AgPFs
(16.5 mg, 0.065 mmol) gave 4.18 as a brown solid
(34 mg, 86%). Mp: 223-225 °C. 'H NMR (400 MHz,
DMSO-d, 298 K): § 2.08, (s, MeCN, 3H), 2.60 (Me,
3H), 4.01 (s, OMe, 3H), 6.99 (s, 1H), 7.16 (d, Ju-+ 9.1, 2H), 7.60 (d, Ju-H 7.9, 2H), 8.14

OMe NCMe OMe
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(t, Ju-+ 8.5, 2H). Sample was insufficiently soluble for *C{*H}; therefore, selective 3C
data was acquired by an HMQC experiment. HMQC NMR (100 MHz, DMSO-d, 298 K):
5-0.6 (MeCN), 22.5 (Me), 57.3 (OMe), 107.0 (CH), 116.3 (CH), 133.8 (CH), 143.7 (CH).
3P NMR (162 MHz, DMSO-d, 298 K): & -144.1 (sept, 1Jp-r 713, PFe). 1°F NMR (376
MHz, DMSO-d, 298 K): § -70.12 (d, YJr-p 714, PFe). IR (selected bands, cm™): 1481,
1460, 1274, 1106, 1029, 997, 829, 792, 721. MS (ES): m/z 425 [M-MeCN)]", 145 [PFs]
. TOFMS (ES): m/z 425.0490 [M-MeCN]* (C20H19N2021%Pd requires 425.0481).

5.4.19 Synthesis of [Pt(1,3-bis(2-(6-methoxypyridyl)benzene))ClI] (4.19)

1,3-bis(2-(6-methoxypyridyl)benzene) (4.3) (25
mg, 0.085 mmol) and Kz[PtCl4] (35.5 mg, 0.085, 1 eq.)
were placed in a microwave vial along with a mixture of
AcOH/H20 (9:1; 3 mL). Nitrogen was bubbled through
the solution for 2 min and the vial was then sealed with a OMe Cl OMe

septum cap. The vial was placed in the microwave reactor and heated under microwave
irradiation at 95 °C for 45 min, at a maximum pressure of 150 psi. After cooling to room
temperature, the reaction mixture was filtered. The brown precipitate was washed with
methanol, water, ethanol, and diethyl ether to give 4.19 as a dark brown solid (11.5 mg,
26%). Mp: > 270 °C. 'H NMR (400 MHz, DMSO-d, 298 K): § 4.00 (s, OMe, 6H), 7.12
(d, Iu-n 8.4, 2H), 7.25 (t, In-n 7.8, 1H), 7.64 (d, Jn-n 7.7, 2H), 7.70 (d, Iu-w 7.1, 2H), 8.14
(t, Ju-+ 8.0, 2H). Sample was insufficiently soluble for *C{*H}; therefore, selective 3C
data was acquired by HSQC and HMBC experiments. HSQC (125 MHz, DMSO-d, 298
K): 8 57.1 (OMe), 107.2 (CH), 112.2 (CH), 123.4 (CH), 125.1 (CH), 143.1 (CH). HMBC
(125 MHz, DMSO-d, 298 K): § 141.6 (C), 155.4 (C), 165.2 (C), 167.3 (C). IR (selected
bands, cm™): 1612, 1654, 1483, 1430, 1281, 1098, 1030, 772. MS (ES): m/z 486 [M-CI]*,
528 [(M-Cl)+MeCN]. TOFMS (ES): m/z 486.0783 [M-CI]* (C1sH1sN202'%Pt requires
486.0781).

5.4.20 Synthesis of [Pt(4,6-bis(2-(6-methoxypyridonyl)m-xylene))CI] (4.20)

Based on the procedure described for 4.19 using
4,6-bis(2-(6-methoxypyridonyl)m-xylene) (4.4) (32 mg,
0.1 mmol) and K2[PtCl4] (41.5mg, 0.1 mmol, 1 eq.) gave
4.20 as a greenish yellow solid (10.3 mg, 19%). Mp: >
270 °C. 'H NMR (400 MHz, DMSO-d, 298 K): § 2.60 (s, OMe Cl OMe
Me, 6H), 4.09 (s, OMe, 6H), 6.96 (s, 1H), 7.23 (d, Ju-n 8.5, 2H), 7.60 (d, Jn-+ 7.9, 2H),
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8.17 (d, Jn-H 8.2, 2H). Sample was insufficiently soluble for 3C{‘H}; therefore, selective
13C data was acquired by an HSQC experiment. HSQC (125 MHz, DMSO-d, 298 K): §
22.1 (Me), 57.3 (OMe), 106.7 (CH), 116.2 (CH), 132.5 (CH), 144.0 (CH). IR (selected
bands, cm™): 1601, 1566, 1482, 1437, 1317, 1272, 1033, 796, 755. MS (ES): m/z 514 [M-
CIJ*, 554 [(M-CI)+MeCN]. TOFMS (ES): m/z 514.1086 [M-CI]* (CaoH1oN2021%Pt
requires 514.1094).

5.4.21 Synthesis of [Pt(1,3-bis(2-pyridon-6-yl)benzene))Cl] (4.21)
1,3-bis(2-(6-methoxypyridyl)benzene) (4.3) (29.23
mg, 0.1 mmol) or 1,3-bis(2-pyridon-6-yl)benzene (4.5)
(26.5 mg, 0.1 mmol) and K2PtCls (0.1 mmol, 1 eq.) were
placed in a microwave vial along with a mixture of
AcOH/H20 (9:1; 3 mL). Nitrogen was bubbled through OH Cl OH
the solution for 2 min and the vial was then sealed with a septum cap. The vial was placed

in the microwave reactor and heated under microwave irradiation at 170 °C (for 4.3) or
150 °C (for 4.5) for 45 min, at a maximum pressure of 150 psi. After cooling to room
temperature, the reaction mixture was filtered. The yellow precipitate was washed with
methanol, water, ethanol, and diethyl ether to give 4.21 as a yellow solid (23 mg, 46%)
and (35 mg, 71%), respectively. Mp: > 270 °C. *H NMR (500 MHz, DMSO-d, 298 K): §
6.87 (d, Ju-n 8.7, 2H), 7.26 (t, Ju-1 7.6, 1H), 7.60 (m, 4H), 8.00 (t, Jn-n 7.8, 2H), 11.29 (s,
OH, 2H). Sample was insufficiently soluble for *C{‘H}; therefore, selective *C data was
acquired by an HSQC experiment. HSQC (125 MHz, DMSO-d, 298 K): § 111.6 (CH),
111.8 (CH), 123.9 (CH), 124.2 (CH), 143.1 (CH). IR (selected bands, cm™): 2977, 1621,
1570, 1491, 1406, 1206, 1156, 791, 769. TOFMS (ASAP): m/z 458.0468 [M-CI]*
(C16H11N2021°°Pt requires 458.0468).

5.4.22 Synthesis of [Pt(4,6-bis(2-pyridon-6-yl)m-xylene))Cl] (4.22)

4,6-bis(2-(6-methoxypyridonyl)m-xylene)  (4.4)
(40 mg, 0.125 mmol) or 4,6-bis(2-pyridon-6-yl)m-xylene
(4.6) (25 mg, 0.086 mmol) and K2zPtCls (1 eq.) were
placed in a microwave vial along with a mixture of
ACcOH/H20 (9:1; 3 mL). Nitrogen was bubbled through OH Cl OH

the solution for 2 min and the vial was then sealed with a septum cap. The vial was placed

in the microwave reactor and heated under microwave irradiation at 170 °C (for 4.4) or
150 °C (for 4.6) for 45 min, at a maximum pressure of 150 psi. After cooling to room
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temperature, the reaction mixture was filtered. The yellow precipitate was washed with
methanol, water, ethanol, and diethyl ether to give 4.22 as a yellow solid (27 mg, 41%)
and (28 mg, 62%), respectively. Mp: > 270 °C. *H NMR (400 MHz, DMSO-d, 298 K): §
2.55 (s, Me, 6H), 6.80 (d, Ju-+ 8.2, 2H), 6.90 (s, 1H), 7.43 (d, Ju-H 7.7, 2H), 7.94 (t, In-H
8.2, 2H), 11.34 (s, OH, 2H). Sample was insufficiently soluble for 3C{*H}; therefore,
selective *C data was acquired by HSQC and HMBC experiments. HSQC NMR (125
MHz, DMSO-d, 298 K): § 22.2 (Me), 110.8 (CH), 114.5 (CH), 132.6 (CH), 142.4 (CH).
HMBC NMR (125 MHz, DMSO-d, 298 K): 6 136.4 (C), 137.2 (C), 162.9 (C), 164.0 (C),
166.7 (C). IR (selected bands, cm™): 3054, 1620, 1573, 1488, 1201, 1164, 795, 745.
TOFMS (ASAP): m/z 486.0783 [M-CI]* (C1sH15N202'%Pt requires 486.0781).

5.4.23 Synthesis of [4,6-bis(2-(6-methoxypyridonyl)m-xylene)(k!-H)2][AuCls].

(4.23)

H[AuCls] (43 mg, 0.11 mmol, 2 eq.),
. . 2[AuCly]
dissolved in AcOH (1 mL), was added to 4,6-
bis(2-(6-methoxypyridonyl)m-xylene 4.4 (17.5 XN X
mg, 0.055 mmol) in AcOH (1 mL). The | __NH HNo
reaction mixture was then stirred at room

OMe OMe

temperature for 5 min after which the solvent
was removed leaving behind a yellow solid which was then washed with Et2O and water
and dried under reduced pressure to give 4.23 as a yellow powder (45 mg, 88%). Crystals
suitable for a single crystal X-ray diffraction study were grown from a MeOH solution of
the complex. Mp: 214-216 °C.*H NMR (400 MHz, CD3CN, 298 K): § 2.42 (s, Me, 3H),
4.23 (s, OMe, 3H), 7.46 (d, Ju-n 8.1, 1H), 7.48 (s, 1H), 7.50 (d, Jn-+ 7.7, 1H), 7.52 (s,
1H), 8.50 (t, JH-H 8.0, 1H), 12.89 (br s, 1H, NH). BC{*H} NMR (100 MHz, CDsCN, 298
K): 6 18.7 (Me), 58.6 (OMe), 109.4 (CH), 119.6 (CH), 128.6 (C), 131.3 (CH), 133.7
(CH), 140.1 (C), 148.8 (C), 149.3 (CH), 161.4 (C). IR (selected bands, cm™): 3100, 1617,
1540, 1333, 1288, 1280, 1186, 1018, 809. MS (ES): m/z 321 [M]", 267 [AuCl2]. TOFMS
(ASAP): m/z 321.1602 [M]* (C20H22N20z2 requires 321.1681).

5.4.24 Synthesis of [k!-N,N-(4,6-bis(2-(6-methoxypyridonyl)m-xylene))(AuCls).]
(4.24)

2.3 mg (0.027 mmol, 3 eq.) of NaHCOs were added under vigorous stirring to a

solution of 4.23 (9 mg, 0.009 mmol) in THF (2 mL) and left 2 hours to stir at room
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temperature. The corresponding solution
was evaporated and the crude solid was
washed with Et20 and water to give 4.24
as a yellow solid (6 mg, 72%). Crystals

suitable for a single crystal X-ray
diffraction study were grown from a dichloromethane solution of the complex layered
with hexane. Mp: 203-205 °C. *H NMR (400 MHz, CD3CN, 298 K): § 2.32 (s, Me, 3H),
4.26 (s, OMe, 3H), 7.42 (dd, Jn-+ 8.6, 1.0, 1H), 7.48 (dd, Jn-n 7.2, 1.1, 1H), 7.52 (s, 1H),
8.10 (s, 1H), 8.31 (dd, Jr-+ 8.6, 7.5, 1H). Sample was insufficiently soluble for B*C{*H};
therefore, selective *C data was acquired by an HMQC experiment. HMQC NMR (100
MHz, CD3CN, 298 K): & 19.7 (Me), 58.6 (OMe), 109.9 (CH), 121.9 (CH), 133.2 (CH),
133.3 (CH), 145.8 (CH). IR (selected bands, cm™): 1571, 1478, 1433, 1323, 1264, 1246,
1075, 798. MS (ES): m/z 321 [L]*, 515 [L+Au]*, 267 [AuClz],, 339 [AuCls], 609
[AuzCls]. TOFMS (ES): m/z 925.8959 [M]* (C20H20%" Au2ClsN20z2 requires 925.8957).

5.4.25 Synthesis of [k'-N-(4,6-bis(2-(6-methoxypyridonyl)m-xylene))(AuCls)] (4.25)

K[AuCl4] (23.5 mg, 0.062 mmol, 2
eq.), dissolved in water (1 mL), was added
to  4,6-bis(2-(6-methoxypyridonyl) m-
xylene (4.4) (10 mg, 0.031 mmol) in

MeCN (1 mL). The reaction mixture was

then left to stir at room temperature for 20 h to give a yellow precipitate which was
filtered, washed with Et2O and water and dried under reduced pressure to yield 16.5 mg
(89%) of 4.25 as a yellow powder. Crystals suitable for a single crystal X-ray diffraction
study were grown from a dichloromethane solution of the complex layered with hexane.
Mp: 183-185 °C. 'H NMR (400 MHz, CDCls, 298 K): § 2.24 (s, Me, 3H), 2.52 (s, Me,
3H), 3.95 (s, OMe, 3H), 4.26 (s, OMe, 3H), 6.68 (d, Ju-n 8.2, 1H), 7.11 (d, Ju-+ 8.4, 1H),
7.24 (d, Jnn 7.4, 1H), 7.27 (s, 1H), 7.30 (d, Jn-+ 7.3, 1H) 7.66 (t, Jn-+ 8.0, 1H), 7.81 (s,
1H), 8.07 (t, Jn-+ 8.0, 1H). BC{*H} NMR (100 MHz, CDClIs, 298 K, 298 K): § 20.2 (Me),
20.9 (Me), 53.5 (OMe), 58.2 (OMe), 107.7 (CH), 109.1 (CH), 117.4 (CH), 122.0 (CH),
131.3 (CH), 133.5 (C), 134.0 (CH), 136.1 (C), 138.0 (C), 139.4 (CH), 139.8 (C), 144.1
(CH), 156.4 (C), 158.3 (C), 161.9 (C), 163.0 (C). IR (selected bands, cm™): 1574, 1485,
1462, 1434, 1313, 1250, 1051, 978, 803. MS (ES): m/z 321 [L]", 623 [M]", 267 [AuCl2]
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, 339 [AuCls]. TOFMS (ES): m/z 623.0334 [M]* (C20H20'*’ AuClsN202 requires
623.0256), 645.0162 [M+Na]* (C20H20'*’ AuClsN202Na requires 645.0154).
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Table Al: Crystal Data and Structure Refinement for 2.10, 2.11, 2.12, 2.13 and 2.14

Identification code

Empirical formula

Formula weight
Temperature
Wavelength
Crystal system
Space group
Unit cell

dimensions

Volume

V4

Density
(calculated)
Absorption
coefficient
F(000)

Crystal size

Theta range for
data collection

Index ranges

Reflections
collected
Independent
reflections
Completeness to
theta = 26.00°
Absorption
correction

Max. and min.
transmission
Refinement
method

Data / restraints /
parameters
Goodness-of-fit on
FZ

Final R indices
[1>2sigma(l)]

R indices (all data)

Largest diff. peak
and hole

2.10
15047
C168 H158 N12
037 Pd12
4213.86
150(2) K
0.71073 A
Orthorhombic
Pbcn
a=24.139(8) A
b = 15.258(5) A
€ =21.504(7) A
a=90°
$=90°
y=90°
7920(5) A3
2
1.767 Mg/m?

1.409 mm?

4196
0.34 x 0.08 x 0.03
mm?

1.58 to 26.00°

-29<=h<=29,

-18<=k<=18,

-26<=1<=26
59363

7783 [R(int) =
0.3130]
100.0 %

Empirical

0.831 and 0.519

Full-matrix least-
squares on F?
7783/3/529

0.870

R1 = 0.0790,
wR2 =0.1259
R1 = 0.2088,
wR2 =0.1627
1.047 and
-1.533e.A3

2.11
15085
C30 H30 N2 06
Pd2
727.36
150(2) K
0.71073 A
Orthorhombic
Pbcn
a=23.615(3) A
b =14.849(2) A
c=23.814(3) A
a=90°
$=90°
y=90°
8351(2) A3
12
1.736 Mg/m?

1.339 mm?

4368
0.19x0.12 x 0.03
mm?

1.62 to 26.00°

-29<=h<=29,

-18<=k<=18,

-29<=I<=29
62520

8214 [R(int) =
0.1851]
100.0 %

Empirical

0.831 and 0.702

Full-matrix least-
squares on F?
8214 /0/550

0.886

R1 = 0.0552,
wR2 =0.0777
R1 =0.1207,
wR2 =0.0908
0.735 and
-0.743 e A3

2.12
15089
C184 H154 Cl12
F36 N12 039 Pd12
5543.39
150(2) K
0.71073 A
Orthorhombic
Pbcn
a=23.71(11) A
b =14.625(7) A
€ =29.206(14) A
o =90°
B =90°
y=90°
10129(8) A3
2
1.818 Mg/m?

1.304 mm?

5468
0.43x0.14 x 0.04
mm3

1.39 to 26.00°

-29<=h<=29,

-18<=k<=18,

-36<=1<=36
73592

9959 [R(int) =
0.1219]
100.0 %

Empirical

0.831 and 0.561

Full-matrix least-
squares on F?
9959 /32 /700

0.988

R1 = 0.0523,
wR2 =0.1072
R1 = 0.0903,
wR2 =0.1185
0.888 and
-0.589 e. A3

2.13
15041
C28 H24 F2 N2 06
Pd2
735.29
150(2) K
0.71073 A
Orthorhombic
Pbcn
a=23.648(3) A
b=15.128(2) A
c=22311(3) A
a =90°
$=90°
y=90°
7981.9(19) A3
12
1.836 Mg/m?

1.412 mm?

4368
0.20 x 0.05 x 0.03
mm?

1.60 to 26.00°

-28<=h<=29,
-18<=k<=18,
-27<=1<=27

60060

7853 [R(int) =
0.2616]
99.9 %

Empirical

0.831 and 0.664

Full-matrix least-
squares on F?
7853/0 /547

0.781

R1 = 0.0604,
wR2 =0.0783
R1=0.1733,
wR2 =0.1035
0.544 and
-0.708 e. A3

2.14
15100

C30 H32 N2 O7
Pd2

745.38
150(2) K
0.71073 A
Tetragonal

14(1)/a

a=13.625(2) A
b =13.625(2) A
€ =29.964(5) A
o =90°
B =90°
y=90°

5562.8(16) A3
8
1.780 Mg/m?

1.345 mm?

2992

0.21x0.15x0.10

mm?

1.64 to 25.99°

-16<=h<=16,
-16<=k<=16,
-36<=I<=36

21582

2739 [R(int) =
0.0658]
100.0 %

Empirical
0.831 and 0.626

Full-matrix least-
squares on F?
2739/0/184

0.989

R1 = 0.0267,
wR2 = 0.0648
R1 =0.0337,
wR2 = 0.0668
0.596 and
-0.373e.A3
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Table A2: Crystal Data and Structure Refinement for 2.22, 2.25, 2.27, 2.28 and 2.29

Identification code

Empirical formula

Formula weight
Temperature
Wavelength
Crystal system
Space group
Unit cell

dimensions

Volume

V4

Density
(calculated)
Absorption
coefficient
F(000)

Crystal size

Theta range for
data collection

Index ranges

Reflections
collected
Independent
reflections
Completeness to
theta = 26.00°
Absorption
correction

Max. and min.
transmission
Refinement
method

Data / restraints /
parameters
Goodness-of-fit on
FZ

Final R indices
[1>2sigma(l)]

R indices (all data)

Largest diff. peak

and hole

2.22
15125
C32H27FN O3 P
Pd
629.92
150(2) K
0.71073 A
Triclinic
P-1
a=9.601(3) A
b =9.790(3) A
c=14.907(5) A
a=89.679(6)°
(= 85.669(5)°
y = 77.343(5)°
1363.2(8) A3
2
1.535 Mg/m?

0.781 mm?

640
0.24 x 0.10 x 0.04
mm?

2.13 t0 26.00°

-11<=h<=11,

-12<=k<=12,

-18<=1<=18
10637

5281 [R(int) =
0.0436]
98.9 %

Empirical

0.831 and 0.683

Full-matrix least-
squares on F?
5281/0/354

0.969

R1 = 0.0360,
wR2 = 0.0746
R1 = 0.0433,
wR2 =0.0771
0.727 and
-0.589 e. A3

2.25
18001
C32 H28 F6 N2 O
P2 Pd
738.90
150(2) K
0.71073 A
Triclinic
P-1
a=9.274(3) A
b =10.735(4) A
¢ =15.366(5) A
a=85.100(6)°
(3= 88.465(6)°
y = 88.155(6)°
1523.0(9) A3
2
1.611 Mg/m?

0.781 mm?

744
0.33x0.23x0.15
mm?

1.33t0 26.00°

-11<=h<=11,

-13<=k<=13,

-18<=I<=18
11907

5897 [R(int) =
0.0616]
98.6 %

Empirical

0.831 and 0.547

Full-matrix least-
squares on F?
5897 /6/399

1.001

R1 = 0.0536,
wR2 =0.1193
R1 = 0.0673,
wR2 =0.1250
1.611 and
-1.128 e A3

2.27
18010
C33 H28 F3 N2
04PPdS
743.00
150(2) K
0.71073 A
Triclinic
P-1
a=9.152(2) A
b =10.978(3) A
c=15.539(4) A
a= 90.010(4)°
B=91.382(4)°
y = 90.829(4)°
1560.6(7) A3
2
1.581 Mg/m?

0.772 mm?

752
0.48x0.30x0.12
mm3

1.86 to 26.00°

-11<=h<=11,

-13<=k<=13,

-19<=I<=18
12095

6055 [R(int) =
0.0296]
98.6 %

Empirical

0.831 and 0.648

Full-matrix least-
squares on F?
6055/0/408

1.030

R1 = 0.0346,
wR2 = 0.0851
R1 = 0.0396,
wR2 = 0.0874
0.788 and
-0.419e.A3

2.28
17014
C26 H30 Au2 CI8
N2 03
1096.05
150(2) K
0.71073 A
Monoclinic
P2/n
a=13.521(3) A
b =7.0086(18) A
c=18.362(5) A
a=90°
= 107.467(4)°
y=90°
1659.8(7) A3
2
2.193 Mg/m?®

9.505 mm?

1036
0.40 x 0.12 x 0.06
mm?3
1.66 to 27.00°

-16<=h<=17,

-8<=k<=8,

-23<=1<=23
13365

3624 [R(int) =
0.0690]
99.9 %

Empirical

0.831 and 0.309

Full-matrix least-
squares on F?
3624/0/188

0.979

R1 = 0.0360,
wR2 =0.0707
R1 = 0.0475,
wR2 =0.0736
2.884 and
-0.878 e. A3

2.29
17023
C13H13 AuCI3N
0
502.56
150(2) K
0.71073 A
Monoclinic
P2(1)/c
a=12.187(6) A
b =7.903(4) A
c=16.162(8) A
a=90°
= 103.143(10)°
y=90°
1515.9(12) A3
4
2.202 Mg/m?

10.223 mm!

944
0.12 x 0.08 x 0.03
mm?

1.72 t0 26.00°

-14<=h<=15,

-9<=k<=9,

-19<=I<=19
11398

2969 [R(int) =
0.1764]
100.0 %

Empirical

0.831 and 0.419

Full-matrix least-
squares on F?
2969/ 145/ 174

0.866

R1 = 0.0626,
wR2 =0.1029
R1=0.1196,
wR2 =0.1173
2.009 and
-1.763 e. A3
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Table A3: Crystal Data and Structure Refinement for 3.3, 3.8, 3.12, 3.13 and 3.16

Identification code

Empirical formula

Formula weight
Temperature
Wavelength
Crystal system
Space group
Unit cell

dimensions

Volume

V4

Density
(calculated)
Absorption
coefficient
F(000)

Crystal size

Theta range for
data collection

Index ranges

Reflections
collected
Independent
reflections
Completeness to
theta = 26.00°
Absorption
correction

Max. and min.
transmission
Refinement
method

Data / restraints /
parameters
Goodness-of-fit on
FZ

Final R indices
[1>2sigma(l)]

R indices (all data)

Largest diff. peak

and hole

3.3
16041
C12H8F3NO

239.19
150(2) K
0.71073 A
Orthorhombic
Pbca
a=14.160(2) A
b =6.5322(11) A
c=21.825(3) A
a=90°
= 90°
y=90°
2018.7(5) A3
8
1.574 Mg/m?

0.139 mm?

976
0.38x0.11x0.10
mm?

1.87 to 26.00°

-17<=h<=17,

-8<=k<=8,

-25<=1<=26
14492

1970 [R(int) =
0.0904]
99.7 %

Empirical
0.962 and 0.547
Full-matrix least-

squares on F?

1970/0/154

0.924

R1 = 0.0514,
wR2 =0.1150
R1 = 0.0843,
wR2 =0.1257
0.332 and
-0.272e.A3

38
15117
C28 H20 F6 N2 06
Pd2
807.26
150(2) K
0.71073 A
Triclinic
P-1
a=9.880(3) A
b =12.466(4) A
c=12.942(4) A
a=97.620(6)°
= 109.714(6)°
y =109.828(6)°
1355.5(8) A3
2
1.978 Mg/m?

1.416 mm?

792
0.16 x 0.11 x 0.03
mm?

1.74 10 26.00°

-12<=h<=12,

-15<=k<=15,

-15<=I<=15
10676

5266 [R(int) =
0.0757]
98.8 %

Empirical
0.831 and 0.636
Full-matrix least-

squares on F?

5266 /0/399

0.965

R1 = 0.0620,
wR2 =0.1352
R1 = 0.0974,
wR2 =0.1477
3.221 and
-0.820e.A3

3.12
15149
C48 H36 N4 04
Pd4
1158.41
150(2) K
0.71073 A
Monoclinic
Cc
a=15.121(6) A
b =15.114(6) A
c=17.441(6) A
a=90°
= 103.392(6)°
y=90°
3878(2) A3
4
1.984 Mg/m?

1.880 mm*

2272
0.21x0.11 x 0.05
mm3

1.93 to 27.00°

-19<=h<=19,

-19<=k<=19,

-22<=1<=22
15762

8243 [R(int) =
0.0669]
99.6 %

Empirical

0.831 and 0.515

Full-matrix least-

squares on F?

8243/2 /544

0.952

R1 = 0.0463,
wR2 =0.0936
R1 = 0.0570,
wR2 = 0.0966
1.336 and
-1.137 e A3

3.13
16082
C52 H28 CI12 F12
N4 O4 Pd4
1851.78
150(2) K
0.71073 A
Tetragonal
14(1)/a
a=21.544(3) A
b =21.544(3) A
c=12.697(3) A
a=90°
p=90°
y=90°
5893.4(17) A3
4
2.087 Mg/m?®

1.834 mm?

3584
0.24x0.17x0.14
mm?

1.86 to 27.00°

-27<=h<=27,

-27<=k<=27,

-16<=I<=16
24015

3218 [R(int) =
0.0631]
100.0 %

Empirical
0.831 and 0.623
Full-matrix least-

squares on F?

3218/1/217

0.996

R1 =0.0372,
wR2 =0.0914
R1 =0.0521,
wR2 = 0.0962
1.025 and
-0.779 e. A3

3.16
16022
C48 H40 N4 04
Pd2
949.64
150(2) K
0.71073 A
Monoclinic
C2/c
a=17.344(13) A
b =14.670(10) A
¢ =16.650(12) A
a=90°
(= 105.830(15)°
y=90°
4076(5) A3
4
1.548 Mg/m?

0.933 mm?

1920
0.09 x 0.07 x 0.06
mm?

1.85 to 26.00°

-20<=h<=21,

-18<=k<=18,

-20<=1<=20
15768

3999 [R(int) =
0.2895]
99.9 %

Empirical
0.831 and 0.516
Full-matrix least-

squares on F?

3999 /54 /264

0.708

R1=0.0734,
wR2 =0.1272
R1 =0.2318,
wR2 =0.1622
1.965 and
-0.629 e. A3
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Table A4: Crystal Data and Structure Refinement for 3.17, 3.23, 3.24, 3.25 and 3.26

Identification code

Empirical formula

Formula weight
Temperature
Wavelength
Crystal system
Space group
Unit cell

dimensions

Volume

V4

Density
(calculated)
Absorption
coefficient
F(000)

Crystal size

Theta range for
data collection

Index ranges

Reflections
collected
Independent
reflections
Completeness to
theta = 26.00°
Absorption
correction

Max. and min.
transmission
Refinement
method

Data / restraints /
parameters
Goodness-of-fit on
FZ

Final R indices
[1>2sigma(l)]

R indices (all data)

Largest diff. peak
and hole

3.17
16042
C48 H28 F12 N4
04 Pd2
1165.54
150(2) K
0.71073 A
Monoclinic
C2/c
a=27.861(12) A
b =16.017(7) A
€=20.790(9) A
a=90°
(3= 108.340(9)°
y=90°
8806(7) A3
8
1.758 Mg/m?

0.919 mm?

4608
0.11 x 0.09 x 0.05
mm?

1.49 to 26.00°

-34<=h<=34,

-19<=k<=19,

-25<=I<=25
34022

8654 [R(int) =
0.3761]
100.0 %

Empirical
0.831 and 0.341
Full-matrix least-

squares on F?

8654 / 642 /633

0.709

R1 = 0.0755,
wR2 =0.1009
R1 = 0.3041,
wR2 =0.1416
0.787 and
-0.757 e. A3

3.23
16116
C216 H214 N24
023 Pd12
4790.91
150(2) K
0.71073 A
Monoclinic
P2(1)/n
a=12.811(3) A
b=12.737(3) A
€=29.904(8) A
a=90°
= 97.407(5)°
y=90°
4839(2) A3
1
1.644 Mg/m?

1.161 mm?

2414
0.13x0.12 x 0.06
mm?

1.37 to 26.00°

-15<=h<=15,

-15<=k<=15,

-36<=I<=36
36984

9494 [R(int) =
0.1740]
99.9 %

Empirical
0.831 and 0.671
Full-matrix least-

squares on F?

9494 /9 / 466

0.841

R1 = 0.0630,
wR2 =0.0908
R1 = 0.1586,
wR2 =0.1090
1.019 and
-0.727 e A3

3.24
15144
C79 H82 CI6 N8
06 Pd4
1877.83
150(2) K
0.71073 A
Tetragonal
P4(1)2(1)2
a=15.9341(19) A
b =15.9341(19) A
c=16.624(3) A
a=90°
B=90°
y=90°
4220.7(10) A3
2
1.478 Mg/m?

1.081 mm?

1892
0.36 x 0.28 x 0.24
mm3

1.77 t0 26.99°

-20<=h<=20,

-20<=k<=20,

-21<=I<=21
35330

4611 [R(int) =
0.0453]
99.9 %

Empirical
0.831 and 0.698
Full-matrix least-

squares on F?

4611/1/243

1.048

R1 = 0.0299,
wR2 =0.0808
R1 =0.0343,
wR2 =0.0823
0.658 and
-0.266 e. A3

3.25
16074
C40 H36 Cl4 F6
N4 O3 Pd2
1089.33
150(2) K
0.71073 A
Tetragonal
P4(1)2(1)2
a=15.8758(12) A
b = 15.8758(12) A
c=17.606(2) A
a=90°
p=90°
y=90°
4437.4(7) A3
4
1.631 Mg/m?

1.118 mm?

2168
0.17 x0.13x 0.08
mm?

1.73t0 25.99°

-19<=h<=19,

-19<=k<=19,

-21<=I<=21
35117

4370 [R(int) =
0.1343]
100.0 %

Empirical
0.831 and 0.624
Full-matrix least-

squares on F?

4370/2 /242

0.819

R1 = 0.0422,
wR2 =0.0813
R1 = 0.0720,
wR2 = 0.0867
0.399 and
-0.371eA3

3.26
16119
C151 H146 CI6 F8
N16 018 Pd8
3688.74
150(2) K
0.71073 A
Monoclinic
P2(1)/n
a=27.758(6) A
b =8.3178(19) A
¢ =32.580(8) A
a=90°
= 94.497(5)°
y=90°
7499(3) A3
2
1.634 Mg/m?

1.122 mm?

3700
0.37 x 0.10 x 0.02
mm?

1.47 t0 26.00°

-33<=h<=34,

-10<=k<=10,

-39<=I<=40
57004

14738 [R(int) =
0.2321]
99.9 %

Empirical
0.831 and 0.611
Full-matrix least-

squares on F?

14738/ 16 / 955

0.754

R1 = 0.0677,
wR2 =0.1042
R1=0.1734,
wR2 =0.1315
0.990 and
-1.459 e A3
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Table A5: Crystal Data and Structure Refinement for 3.29, 3.30, 3.31, 3.32b and 3.33a

Identification code

Empirical formula

Formula weight
Temperature
Wavelength
Crystal system
Space group
Unit cell

dimensions

Volume

V4

Density
(calculated)
Absorption
coefficient
F(000)

Crystal size

Theta range for
data collection

Index ranges

Reflections
collected
Independent
reflections
Completeness to
theta = 26.00°
Absorption
correction

Max. and min.
transmission
Refinement
method

Data / restraints /
parameters
Goodness-of-fit on
FZ

Final R indices
[1>2sigma(l)]

R indices (all data)

Largest diff. peak
and hole

3.29
16112
C32 H25F3 N 03
PPd
665.90
150(2) K
0.71073 A
Monoclinic
P2(1)/c
a=9.832(3) A
b = 25.206(7) A
c=11.789(3) A
a=90°
= 104.428(5)°
y=90°
2829.5(13) A3
4
1.563 Mg/m?

0.767 mm?

1344
0.34x0.11x0.04
mm?

1.62 to 27.00°

-12<=h<=12,

-32<=k<=32,

-15<=I<=14
23631

6158 [R(int) =
0.0982]
99.8 %

Empirical
0.831 and 0.638
Full-matrix least-

squares on F?

6158/0/372

0.834

R1 = 0.0451,
wR2 =0.0769
R1=0.0742,
wR2 =0.0826
0.926 and
-0.647 e. A3

3.30
16122
C33H29CI4F N
03P Pd
785.74
150(2) K
0.71073 A
Triclinic
P-1
a=9.827(2) A
b=12.534(3) A
c=14.051(3) A
a= 95.448(4)°
= 99.091(4)°
y=110.698(3)°
1577.1(6) A3
2
1.655 Mg/m?

1.021 mm?

792
0.22 x 0.18 x 0.07
mm?

1.49 to 27.00°

-12<=h<=12,

-16<=k<=16,

-17<=I<=17
13281

6742 [R(int) =
0.0430]
98.0 %

Empirical
0.831and 0.718
Full-matrix least-

squares on F?

6742/0/398

0.989

R1 = 0.0487,
wR2 =0.1188
R1 = 0.0663,
wR2 =0.1250
1.196 and
-0.955 e. A3

331
16125
C30 H23 F3 N 02
PPd
623.86
150(2) K
0.71073 A
Monoclinic
P2(1)/n
a=10.655(8) A
b = 18.540(13) A
¢ =13.793(10) A
a=90°
B=112.721(9)°
y=90°
2513(3) A3
4
1.649 Mg/m?

0.854 mm?

1256
0.22 x 0.16 x 0.06
mm3

1.94 t0 25.99°

-13<=h<=13,

-22<=k<=22,

-17<=I<=16
19253

4918 [R(int) =
0.1082]
99.9 %

Empirical
0.831 and 0.595
Full-matrix least-

squares on F?

4918/2/343

0.956

R1 = 0.0461,
wR2 =0.0939
R1 = 0.0685,
wR2 =0.1000
1.004 and
-1.069 e. A3

3.32b
17116
C29 H24 CI N3 02
Pd2
694.76
150(2) K
0.71073 A
Monoclinic
P2(1)/c
a=10.892(2) A
b =21.388(4) A
c=11.221(2) A
a=90°
= 102.861(4)°
y=90°
2548.6(9) A3
4
1.811 Mg/m?

1.549 mm?

1376
0.46 x 0.07 x 0.05
mm?

1.90 to 26.00°

-13<=h<=13,

-25<=k<=26,

-13<=I<=13
19852

5003 [R(int) =
0.1238]
99.8 %

Empirical
0.837 and 0.595
Full-matrix least-

squares on F?

5003/0/336

1.013

R1 = 0.0685,
wR2 =0.1473
R1=10.1174,
wR2 =0.1656
1.427 and
-1.466 e. A3

3.33a
17105
C19H19CIN20
Pd
433.21
150(2) K
0.71073 A
Monoclinic
P2(1)/n
a=9.7957(15) A
b=18.712(3) A
€=19.203(3) A
a=90°
B=92.671(3)°
y=90°
3516.0(9) A3
8
1.637 Mg/m?

1.215 mm?

1744
0.14 x 0.13 x 0.06
mm?

1.52 to 26.00°

-12<=h<=12,

-23<=k<=23,

-23<=1<=23
27136

6887 [R(int) =
0.1282]
99.9 %

Empirical
0.837 and 0.630
Full-matrix least-

squares on F?

6887/0/438

0.843

R1 = 0.0527,
wR2 =0.0823
R1=10.1017,
WR2 =0.0942
0.629 and
-0.803 e A3
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Table A6: Crystal Data and Structure Refinement for 3.33b, 3.34a/b, 3.35, 3.36 and 3.37

Identification code

Empirical formula

Formula weight
Temperature
Wavelength
Crystal system
Space group
Unit cell

dimensions

Volume

V4

Density
(calculated)
Absorption
coefficient
F(000)

Crystal size

Theta range for
data collection

Index ranges

Reflections
collected
Independent
reflections
Completeness to
theta = 26.00°
Absorption
correction

Max. and min.
transmission
Refinement
method

Data / restraints /
parameters
Goodness-of-fit on
FZ

Final R indices
[1>2sigma(l)]

R indices (all data)

Largest diff. peak

and hole

3.33b
17109
C32 H32 CIN3 03
Pd2
754.86
150(2) K
0.71073 A
Orthorhombic
Pbca
a=22577(4) A
b =8.9363(15) A
€ =29.098(5) A
a=90°
= 90°
y=90°
5870.7(17) A3
8
1.708 Mg/m?

1.355 mm?

3024
0.46 x 0.09 x 0.06
mm?

1.40 to 26.00°

-27<=h<=27,

-10<=k<=10,

-35<=1<=34
43502

5763 [R(int) =
0.1313]
100.0 %

Empirical
0.831 and 0.652
Full-matrix least-

squares on F?

5763/0/375

0.930

R1 = 0.0513,
wR2 = 0.0899
R1 = 0.0904,
wR2 =0.1002
0.845 and
-1.039 e. A3

3.34a/b
17066
C65 H68 CI2 F9
N5 O3 Pd3
1528.34
150(2) K
0.71073 A
Monoclinic
P2(1)/c
a=23.165(8) A
b =16.647(6) A
c=14.859(6) A
a=90°
= 104.969(9)°
y=90°
5536(3) A3
4
1.834 Mg/m?

1.148 mm?

3080
0.43x0.18 x0.03
mm?

1.52 to 26.00°

-28<=h<=28,

-20<=k<=20,

-18<=I<=18
42633

10872 [R(int) =
0.3346]
99.9 %

Empirical
0.831 and 0.260
Full-matrix least-

squares on F?

10872 / 643 / 654

0.819

R1 = 0.0996,
WR2 =0.2048
R1 =0.2291,
WR2 = 0.2540
1.071 and
-1.116 e A3

3.35
17093
C29H23CINOP
Pd
574.30
150(2) K
0.71073 A
Monoclinic
P2(1)/c
a=9.300(6) A
b = 26.328(16) A
c=19.889(12) A
a=90°
B=90.736(11)°
y=90°
4869(5) A3
8
1.567 Mg/m?

0.961 mm?

2320
0.24x0.19x0.10
mm3

1.28 to 26.00°

-11<=h<=11,

-32<=k<=32,

-24<=I<=24
37058

9575 [R(int) =
0.2032]
99.9 %

Empirical
0.831 and 0.262
Full-matrix least-

squares on F?

9575/0/613

0.986

R1 = 0.0862,
WR2 = 0.1502
R1 =0.1849,
wR2 =0.1813
1.334 and
-1.032e.A3

3.36
17084
C30H25CINOP
Pd
588.33
150(2) K
0.71073 A
Triclinic
P-1
a=9.919(2) A
b=11.441(2) A
¢=13.058(3) A
a=75.381(3)°
f= 68.558(3)°
¥ =66.261(3)°
1252.9(5) A3
2
1.559 Mg/m?

0.936 mm?

596
0.41x0.27 x0.20
mm?3

1.69 to 26.00°

-12<=h<=12,

-14<=k<=14,

-16<=I<=16
9666

4854 [R(int) =
0.0238]
98.6 %

Empirical
0.831 and 0.614
Full-matrix least-

squares on F?

4854/0/317

1.058

R1 = 0.0288,
wR2 =0.0734
R1=0.0317,
wR2 =0.0747
0.712 and
-0.327eA3

3.37
17079
C30H22 CIF3N
OPPd
642.31
150(2) K
0.71073 A
Triclinic
P-1
a=10.092(3) A
b =11.420(3) A
c=13.353(4) A
a= 73.876(5)°
(= 68.814(4)°
y = 64.955(4)°
1285.8(7) A3
2
1.659 Mg/m?

0.935 mm?

644
0.47 x 0.13 x 0.07
mm?

1.65 to 26.00°

-12<=h<=12,

-14<=k<=14,

-16<=I<=16
9980

4987 [R(int) =
0.0380]
98.5%

Empirical
0.831 and 0.522
Full-matrix least-

squares on F?

4987/0/343

1.014

R1 = 0.0363,
wR2 =0.0851
R1 =0.0421,
wR2 =0.0874
1.016 and
-0.654 e. A3
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Table A7: Crystal Data and Structure Refinement for 3.45, 3.47, 3.50, 3.52 and 3.53

Identification code

Empirical formula

Formula weight
Temperature
Wavelength
Crystal system
Space group
Unit cell

dimensions

Volume

V4

Density
(calculated)
Absorption
coefficient
F(000)

Crystal size

Theta range for
data collection

Index ranges

Reflections
collected
Independent
reflections
Completeness to
theta = 26.00°
Absorption
correction

Max. and min.
transmission
Refinement
method

Data / restraints /
parameters
Goodness-of-fit on
FZ

Final R indices
[1>2sigma(l)]

R indices (all data)

Largest diff. peak
and hole

3.45
17131
C30 H25 F2 N 03
P2 Pd
653.85
150(2) K
0.71073 A
Triclinic
P-1
a=10.879(3) A
b=11.322(3) A
c=12.885(4) A
a= 75.313(4)°
= 87.316(4)°
y = 64.787(4)°
1385.6(7) A3
2
1.567 Mg/m?

0.832 mm?

660
0.38 x0.27 x 0.18
mm?

1.64 to 26.00°

-13<=h<=13,

-13<=k<=13,

-15<=I<=15
10742

5353 [R(int) =
0.0455]
98.3%

Empirical

0.831 and 0.663

Full-matrix least-
squares on F?
5353/0/353

1.015

R1 = 0.0430,
wR2 =0.0972
R1 = 0.0529,
wR2 =0.1008
1.456 and
-0.826 e. A3

3.47
17142
C91 H77 B3 CI2
F6 N3 06 P3 Pd3
1938.00
150(2) K
0.71073 A
Triclinic
P-1
a=12.116(3) A
b =16.791(4) A
€ =20.905(5) A
a=85.631(5)°
= 87.314(5)°
y = 79.731(4)°
4170.2(18) A3
2
1.543 Mg/m?

0.832 mm

1956
0.28 x 0.22 x 0.10
mm?

1.52 to 26.00°

-14<=h<=14,

-20<=k<=20,

-25<=I<=25
32319

16132 [R(int) =
0.0816]
98.4 %

Empirical
0.825 and 0.476
Full-matrix least-

squares on F?

16132 /2 /1057

0.909

R1 = 0.0604,
wR2 =0.0976
R1 = 0.1055,
wR2 =0.1095
1.263 and
-0.847 e A3

3.50
17103
C30 H22 F5 N 03
P2 Pd
707.83
150(2) K
0.71073 A
Triclinic
P-1
a=9.4012(17) A
b =9.9015(18) A
c=14713(3) A
a=95.212(3)°
B=91.273(3)°
y=92.115(3)°
1362.5(4) A3
2
1.725 Mg/m?

0.868 mm*

708
0.31x0.20 x 0.08
mm3

2.07 to 27.00°

-11<=h<=11,

-12<=k<=12,

-18<=I<=18
11401

5826 [R(int) =
0.0376]
98.0 %

Empirical
0.831 and 0.603
Full-matrix least-

squares on F?

5826/0/379

1.009

R1 =0.0347,
wR2 =0.0771
R1 = 0.0407,
wR2 =0.0797
0.649 and
-0.574e.A3

3.52
17120
C30H22BF5N
02PPd
671.67
150(2) K
0.71073 A
Triclinic
P-1
a=10.5477(18) A
b =10.9795(19) A
c=12.522(2) A
a=68.704(3)°
(= 84.004(3)°
y =80.389(3)°
1330.7(4) A3
2
1.676 Mg/m?

0.823 mm?

672
0.20x0.18 x 0.10
mm?

1.75t0 26.00°

-12<=h<=13,

-13<=k<=13,

-15<=I<=15
10499

5171 [R(int) =
0.0426]
98.7 %

Empirical
0.837 and 0.704
Full-matrix least-

squares on F?

5171/1/370

0.973

R1 = 0.0411,
WR2 = 0.0846
R1 = 0.0513,
wR2 =0.0877
0.739 and
-0.551 e. A3

3.53
17133
C33 H27 F6 N2 05
PPdS
815.00
150(2) K
0.71073 A
Triclinic
P-1
a=10.527(7) A
b =12.594(8) A
c=13.207(9) A
a=72.755(12)°
f=80.016(12)°
y = 83.365(12)°
1643.1(19) A3
2
1.647 Mg/m?

0.756 mm?

820
0.47 x 0.35 x 0.05
mm?

1.63 to 26.00°

-12<=h<=12,

-15<=k<=15,

-16<=I<=16
12825

6355 [R(int) =
0.0853]
98.4%

Empirical
0.831 and 0.443
Full-matrix least-

squares on F?

6355/3/443

1.001

R1=0.0734,
wR2 =0.1682
R1 = 0.1064,
wR2 =0.1812
2.362 and
-1.808 e. A3
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Table A8: Crystal Data and Structure Refinement for 4.3, 4.4, 4.6, 4.7 and 4.8

Identification code

Empirical formula

Formula weight
Temperature
Wavelength
Crystal system
Space group
Unit cell

dimensions

Volume

V4

Density
(calculated)
Absorption
coefficient
F(000)

Crystal size

Theta range for
data collection

Index ranges

Reflections
collected
Independent
reflections
Completeness to
theta = 26.00°
Absorption
correction

Max. and min.
transmission
Refinement
method

Data / restraints /
parameters
Goodness-of-fit on
FZ

Final R indices
[1>2sigma(l)]

R indices (all data)

Largest diff. peak
and hole

43
15070
C18 H16 N2 02

292.33
150(2) K
0.71073 A
Monoclinic
P2(1)/c
a=14.975(2) A
b =5.2759(8) A
c=19.728(3) A
a=90°
$=111.775(3)°
y=90°
1447.4(4) A3
4
1.341 Mg/m?

0.089 mm

616
0.21x0.13x0.04
mm?

1.46 to 26.00°

-18<=h<=18,
-6<=k<=6,
-24<=I<=24

10700

2858 [R(int) =
0.0898]
100.0 %

Empirical

0.981 and 0.609

Full-matrix least-
squares on F?
2858/0/201

0.970

R1 = 0.0608,
wR2 =0.1258
R1 =0.1047,
wR2 = 0.1500
0.275 and
-0.235e.A3

44
16064
C20 H20 N2 02

320.38
150(2) K
0.71073 A
Monoclinic
P2(1)/c
a=11.905(4) A
b =3.9067(13) A
c=35.585(11) A
a=90°
= 105.942(11)°
y=90°
1591.4(9) A3
4
1.337 Mg/m?

0.087 mmt

680
0.29 x 0.07 x 0.04
mm?
1.78 to 25.00°

-14<=h<=14,

-4<=k<=4,

-41<=1<=42
10599

2806 [R(int) =
0.1597]
100.0 %

Empirical

0.981 and 0.426

Full-matrix least-
squares on F2
2806/0/221

0.773

R1 = 0.0595,
wR2 =0.1029
R1 =0.1210,
wR2=0.1171
0.239 and
-0.272e.A3

4.6
15145
C19 H20 N2 O3

324.37
150(2) K
0.71073 A
Monoclinic
P2(1)/c
a=15.174(2) A
b =8.2104(13) A
c=14.280(2) A
a=90°
B=112.349(3)°
y=90°
1645.4(5) A3
4
1.309 Mg/m?

0.089 mm*

688
0.29 x 0.10 x 0.06
mm3

1.45t0 26.00°

-18<=h<=18,

-10<=k<=10,

-17<=I<=17
12410

3228 [R(int) =
0.0483]
99.9 %

Empirical

0.981 and 0.718

Full-matrix least-
squares on F?
3228/0/221

0.961

R1 = 0.0434,
WR2 =0.1034
R1 = 0.0600,
wR2 =0.1090
0.290 and
-0.255 e. A3

47
15059
C60 H88 N4 020
Pd4 S8
1867.42
150(2) K
0.71073 A
Tetragonal
P43212
a=14.236(3) A
b =14.236(3) A
c=32.572(8) A
a =90°
$=90°
y=90°
6601(3) A3
4
1.879 Mg/m?

1.404 mm?

3792
0.12 x 0.08 x 0.07
mm?

1.56 to 25.99°

-17<=h<=17,

-17<=k<=17,

-40<=I<=40
51742

6493 [R(int) =
0.1939]
100.0 %

Empirical

0.831 and 0.642

Full-matrix least-
squares on F?
6493 /271 /294

0.914

R1 = 0.0591,
wR2 =0.1134
R1 =0.1002,
wR2 =0.1229
0.592 and
-0.596 e. A3

48
16158
C40 H36 N4 08
Pd2
913.53
150(2) K
0.71073 A
Tetragonal
14(1)/a
a=29.555(4) A
b =29.555(4) A
€=19.150(4) A
a=90°
$=90°
y=90°
16727(5) A3
16
1.451 Mg/m?

0.913 mm?

7360
0.45 x 0.06 x 0.05
mm?

1.27 to 24.64°

-23<=h<=24,

0<=k<=34,

0<=I<=22
7060

7060 [R(int) =
0.0000]
99.8 %

Empirical

0.831 and 0.439

Full-matrix least-
squares on F?
7060 / 480 / 493

0.773

R1 = 0.0936,
wR2 =0.2278
R1 = 0.2948, wR2
=0.2857
1.512 and
-0.826 e. A3
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Appendix

Table A9: Crystal Data and Structure Refinement for 4.9, 4.10, 4.12, 4.14' and 4.15

Identification code

Empirical formula

Formula weight
Temperature
Wavelength
Crystal system
Space group
Unit cell

dimensions

Volume

V4

Density
(calculated)
Absorption
coefficient
F(000)

Crystal size

Theta range for
data collection

Index ranges

Reflections
collected
Independent
reflections
Completeness to
theta = 26.00°
Absorption
correction

Max. and min.
transmission
Refinement
method

Data / restraints /
parameters
Goodness-of-fit on
FZ

Final R indices
[1>2sigma(l)]

R indices (all data)

Largest diff. peak
and hole

4.9
15113
C29 H46 N2 014
Pd2
859.48
150(2) K
0.71073 A
Monoclinic
P2(1)/n
a=9.270(5) A
b =18.657(10) A
¢ =18.088(10) A
a=90°
= 99.622(12)°
y=90°
3084(3) A3
4
1.851 Mg/m?

1.242 mm?

1752
0.13x0.11x0.03
mm?

2.18 t0 26.00°

-11<=h<=11,
-22<=k<=22,
-22<=1<=22

24096

6070 [R(int) =
0.3311]
99.9 %

Empirical

0.831 and 0.452

Full-matrix least-
squares on F?
6070/ 319/ 360

0.867

R1 = 0.0966,
wR2 = 0.2015
R1=0.1952,
wR2 =0.2329
1.787 and
-2.147 e A3

4.10
15060
C41.50 H33.50
Cl4.50 N4 012 Pd4
1365.35
150(2) K
0.71073 A
Triclinic
P-1
a=12.1399(14) A
b =12.2887(15) A
€ =14.6842(18) A
a=101.191(2)°
= 92.400(3)°
y =100.440(3)°
2106.7(4) A3
2
2.152 Mg/m?

2.037 mm?

1334
0.07 x 0.05 x 0.04
mm?

1.71 t0 26.00°

-14<=h<=14,

-15<=k<=15,

-18<=I<=18
16638

8167 [R(int) =
0.1149]
98.8 %

Empirical

0.831 and 0.661

Full-matrix least-
squares on F?
8167 /0/549

0.786

R1 = 0.0641,
wR2 =0.1147
R1=0.1341,
WR2 =0.1284
0.988 and
-0.764 e. A3

412
16059
C20 H19 Cl Hg N2
02
555.41
150(2) K
0.71073 A
Monoclinic
P2(1)
a=11.284(3) A
b=7.541(2) A
c=12.231(4) A
a=90°
= 115.394(5)°
y=90°
940.2(5) A3
2
1.962 Mg/m?

8.344 mm?

532
0.29 x 0.23 x 0.02
mm3

1.84 to 26.00°

-13<=h<=13,

-9<=k<=9,

-15<=I<=15
7375

3631 [R(int) =
0.0984]
99.9 %

Empirical

0.894 and 0.409

Full-matrix least-
squares on F?
3631/98 /240

0.966

R1 = 0.0515,
wR2 =0.1043
R1 = 0.0629,
wR2 =0.1110
1.646 and
-1.650 e. A3

4.14'
17082
C20 H21 CI3 Hg
N2 03 Pd
750.73
150(2) K
0.71073 A
Triclinic
P-1
a=8.3632(18) A
b =10.702(2) A
c=13.359(3) A
a=77.173(4)°
= 76.489(4)°
y = 73.056(4)°
1096.8(4) A3
2
2.273 Mg/m?®

8.201 mm?

712
0.33x0.19 x 0.05
mm?

1.59 to 26.00°

-10<=h<=10,

-12<=k<=13,

-16<=I<=16
8566

4264 [R(int) =
0.0580]
98.9 %

Empirical

0.831 and 0.314

Full-matrix least-
squares on F?
4264 /0/275

0.990

R1 = 0.0433,
wR2 = 0.0955
R1 = 0.0510,
wR2 = 0.0987
1.708 and
-1.318 e A3

4.15
16114

C16 H11 CI N2 02

Pd
405.12
150(2) K
0.71073 A
Monoclinic
P2(1)/c
a=21.440(3) A
b=7.1241(11) A
c=21.2333) A
a=90°
B=119.494(2)°
y=90°
2822.9(7) A3
8
1.906 Mg/m?

1.511 mm?

1600
0.17 x 0.07 x 0.06
mm?

1.09 to 26.00°

-25<=h<=26,

-8<=k<=8,

-26<=1<=26
21247

5533 [R(int) =
0.0967]
100.0 %

Empirical

0.831 and 0.638

Full-matrix least-
squares on F?
5533/0/397

0.860

R1 = 0.0489,
wR2 =0.0751
R1 = 0.0946,
wR2 =0.0843
0.746 and
-0.605 e. A3
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Table A10: Crystal Data and Structure Refinement for 4.23, 4.24 and 4.25

Identification code

Empirical formula

Formula weight
Temperature
Wavelength
Crystal system
Space group
Unit cell

dimensions

Volume

V4

Density
(calculated)
Absorption
coefficient
F(000)

Crystal size

Theta range for
data collection

Index ranges

Reflections
collected
Independent
reflections
Completeness to
theta = 26.00°
Absorption
correction

Max. and min.
transmission
Refinement
method

Data / restraints /
parameters
Goodness-of-fit on
FZ

Final R indices
[1>2sigma(l)]

R indices (all data)

Largest diff. peak

and hole

4.23
17044
C22 H30 Au2 CI8
N2 04
1064.01
150(2) K
0.71073 A
Monoclinic
P2(1)/m
a=8.056(6) A
b =16.727(13) A
¢=12.022(9) A
a=90°
= 99.450(16)°
y=90°
1598(2) A3
2
2.211 Mg/m?

9.870 mm?

1004
0.23x0.14 x0.04
mm?

1.72 t0 26.00°

-9<=h<=9,

-20<=k<=20,

-14<=I<=14
12621

3252 [R(int) =
0.2412]
99.9 %

Empirical

0.831 and 0.182

Full-matrix least-
squares on F?
3252/6/188

0.992

R1 = 0.0901,
WR2 = 0.2047
R1=0.1289,
wR2 =0.2235
7.413 and
-2.720e. A3

4.24
17050
C27 H37.50 Au2
CI6 N2 03.75
1056.72
150(2) K
0.71073 A
Monoclinic
C2/c
a=17.935(5) A
b =13.073(4) A
¢ =15.835(5) A
a=90°
= 121.953(6)°
y=90°
3150.3(16) A3
4
2.228 Mg/m?

9.848 mmt

2014
0.24 x 0.06 x 0.04
mm?

2.05 to 26.00°

-22<=h<=22,

-16<=k<=16,

-19<=I<=19
12170

3107 [R(int) =
0.1458]
99.9 %

Empirical

0.850 and 0.465

Full-matrix least-
squares on F?
3107 /146 / 166

0.922

R1 =0.0784,
wR2 =0.1760
R1=0.1372,
wR2 =0.1967
1.925 and
-2.587 e. A3

4.25
17057
C20 H20 Au CI3
N2 02
623.70
150(2) K
0.71073 A
Monoclinic
P2(1)/n
a=722012) A
b =20.881(6) A
c=14.454(4) A
a=90°
B=99.118(6)°
y=90°
2151.7(10) A3
4
1.925 Mg/m?

7.228 mm?

1200
0.40x0.12x0.10
mm3

1.73 to 26.00°

-8<=h<=8,

-25<=k<=25,

-17<=I<=17
16778

4230 [R(int) =
0.2431]
100.0 %

Empirical

0.831 and 0.388

Full-matrix least-
squares on F?
4230/ 13/ 257

0.909

R1=0.0777,
wR2 =0.1508
R1 = 0.1424,
wR2 =0.1712
3.149 and
-2.047 e A3
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Appendix

Conferences and Symposia Attended
Internal Symposia

» University of Leicester Department of Chemistry: One day Symposium on
Catalytic C-H Functionalization 23/01/2015: attended.

» University of Leicester Department of Chemistry Postgraduate Research day
06/2015: attended.

» RSC Organic Division Midlands Meeting 2017, University of Leicester
5/04/2017: attended.

» University of Leicester Department of Chemistry Postgraduate Research day
04/07/2017: Poster presentation.

External Symposia/Conferences

» Dalton Division Southern Regional Meeting 2017 in London 28/06/2017: Poster
presentation with the title “Cyclopalladated 6-aryl-2-pyridones: Synthesis, Intra-
/Inter-molecular Reactivity and their role in Catalytic C-H Halogenation”.

» Coordination and Organometallic Chemistry Discussion Group Meeting 2017 at
Lancaster University 14-15/09/2017: Poster presentation with the title
“Cyclopalladated 6-aryl-2-pyridones: Synthesis, Intra-/Inter-molecular Reactivity
and their role in Catalytic C-H Halogenation”.
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