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Cyclometallated N^C and N^C^N Complexes of Pyridines and Pyridones: 

Synthesis and Reactivity 

Meshari M. Aljohani 

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-CF3Ph 

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 PdII complexes are shown to be efficient catalysts for the aerobic oxidation of 

benzyl alcohol. The reactivity of 2.6 towards two different AuIII sources, H[AuCl4] 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 CF3) in reactivity is investigated. The role of the ortho-hydroxy 

group in the stability, reactivity and hydrolysis of PF6 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 PdII, PtII, HgII and AgIII. A new microwave 

method is developed to afford cyclometallated N^C^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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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.1 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 (eqn. 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.2-4 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. 

 

 

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.5 

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

increasing attention in the medical field.6 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 I) 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.7 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 2000,8 including oxidative addition (OA), sigma-

bond metathesis (SBM), electrophilic substitution/activation (ES/EA) and radical 

mechanisms. These mechanisms were then followed by 1,2-addition9-12 and ambiphilic 

metal-ligand activation (AMLA)13,14 which is also known as concerted metallation-

deprotonation (CMD).15 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,8,16 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).5 
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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 

1965.17 The authors showed that a C-H bond of arenes (sp2) or an alkyl side-chain of the 

1,2-bis(dimethylphosphino)ethane (dmpe) ligand (sp3) can be activated by the Ru0 

complex, [Ru(dmpe)2] (1.1) to give a new series of hydrido-aryl complexes of 

ruthenium(II) and [RuIIH(CH2-PMe-CH2-CH2-PMe2)(dmpe)], respectively (Scheme 

1.2). 

 

Scheme 1.2: First example of oxidative addition reaction17 

          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.18 published evidence of a new cationic IrIII complex, 

[Cp*IrMe(PMe3)](OTf) (1.2) that was able to activate the C-H bond of an alkane. 

 

 



Chapter 1 

5 
 

 

 

 

 

 

          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 σ-

bond (Scheme 1.3). This approach is usually suitable for early transition metals in their 

highest oxidation states (d0), and also lanthanide complexes (d0fn). 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. 

 

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

          In the early 1980s, Watson19 reported the first well-characterised lanthanide 

complexes obtained by σ-bond metathesis. They found that the C-H bond in methane 

(13CH4) was activated by an organometallic complex, [(Cp*)2M(CH3)] (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). 

 

Scheme 1.4: First example of σ-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). 

 

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.20 The authors indicated that a mixture of Na2[PtIICl4] and H2[PtIVCl6] 

in aqueous solution activates a C-H bond of methane to obtain the Pt-CH3 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 decade21 until subsequent 

studies22 discovered a selective oxidation reaction of methane that later became known 

as Shilov chemistry. 

 

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,5 it is generally thought to proceed via an electrophilic 

C-H activation.23 Two potential mechanisms for the Shilov reaction have been reported 

in the literature (Scheme 1.7).24-26 

 

 

 

 

 

 

Scheme 1.7: Proposed mechanisms for methane C-H activation by PtII salts27 
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One involves oxidative addition of a methane C-H bond at PtII (1.3), giving a PtIV-methyl-

hydride intermediate (1.4), followed by deprotonation to yield 1.6. The second involves 

direct deprotonation of PtII(σ-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 σ-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 π-bonding orbital (M=Y) 

found in the starting complex (Scheme 1.8).28 

 

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).9,10 Periana et al.9 demonstrated that one of the C-H 

bonds of benzene can be activated by an IrIII alkoxo complex (1.7) to create the 

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

 

Scheme 1.9: Proposed mechanism for 1,2-addition to (M-Y׃) 



Chapter 1 

8 
 

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.9 Gunnoe et al.10 later reported a similar 

result with a monomeric RuII-hydroxide complex. The authors performed kinetic studies 

and suggested that [TpRu(PMe3)2OH] (1.11) can activate one of the C-H bonds of 

benzene to proceed via a 1,2-addition mechanism. 

 

 

 

 

 

  

          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-workers11 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 ZrIV complexes does indeed proceed via 

the 1,2-addition mechanism through the involvement of π-bonding orbitals.29,30 

 

Scheme 1.10: C-H activation by 1,2-addition using an imidozirconocene complex11 
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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 Macgregor8 in 2009, while Fagnou et 

al.15 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.27 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). 

 

 

 

 

 

 

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.31 when one of the C-H bonds in amine-, imine- and oxazoline-base bidentate 

ligands was activated by a dimeric IrIII complex at room temperature (Scheme 1.11).  

 

 

 

 

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 NEt3 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.27 

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 groups32 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.33,34 reported an experimental study on direct intermolecular 

arylation reactions using Pd(OAc)2; 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-workers35 to give 1.15 or 1.16 by activating either the 

C2 or C3 position, respectively (Scheme 1.12).  

 

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 
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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.36 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). 

 

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.37,38 The reaction of NNCnap 

with Pd(OAc)2 gave the peri-activated product (1.17), while with K2[PtCl4] the ortho-

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

 

Scheme 1.14: C-H activations with naphthyl-armed NNC ligand 
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They also investigated the influences of varied donor atoms on C-H activation by using 

alcohol-armed analogue, ONCnap 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).37,38 

 

 

 

 

Scheme 1.15: C-H activation of ONCnap with Pd(OAc)2 
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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 (κ1), bidentate (κ2), 

tridentate (κ3), 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, Cl, Br and I. In 

addition to being good σ-donors, the halides also act as good π-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 AlF3, K2PtCl4, [NEt4]2[Pd2Br6] and 

NiI2. The structure of K2PtCl4 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 (μ) bromide forms a coordinate (dative 

covalent) bond with a different Pd centre.39 

 

 

Figure 1.2: Tetrachloroplatinate(II) anion (a) and dimeric tribromopalladate(II) anion 

(b) 

b. Aqua Ligands 

          Metals coordinated with one or more water molecules as ligands are known as 

metal aqua complexes, including homoleptic and heteroleptic hydrate complexes. In the 



Chapter 1 

14 
 

homoleptic case, water is the only ligand bonded to the metal centre. These are mostly 

reported as examples with the general formula [M(H2O)6]2+ and [M(H2O)6]3+, though 

metal aqua complexes with lower coordination numbers are also possible, such as square-

planar hydrate palladium(II) and platinum(II) complexes with the general formula 

[M(H2O)4]2+.40 There have been extensive studies made with the preparation, 

isolation,41,42 structural analysis and ligand substitution mechanism43 of both homoleptic 

aqua PdII and PtII 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.40 

          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(II) sulphate, 

[Ni(H2O)6][SO4] (Scheme 1.16). The starting material and product will have different 

structural, geometric, and physical properties. 

 

 

 

Scheme 1.16: Colour change on adding water to the anhydrous NiII salt 

          Heteroleptic octahedral hydrate complexes, for example, tend to adopt the general 

formula [MLn(H2O)6-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-

[FeBr2(H2O)4], trans-[CoCl4(H2O)2] and cis-[NiCl2(H2O)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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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 σ-donors and π-acceptors with the central metal, affording metal 

phosphine complexes (Fig. 1.4). Specifically, σ-donation occurs from the lone pair of the 

phosphorus atom to empty metal orbitals, whilst the π-acidity involves electron density 

acceptance from the filled metal orbitals to empty orbitals of the phosphorus ligand 

(strong π-backbonding). This feature can be easily tuned by varying the steric and/or 

electronic nature of the R groups on the phosphorus atom (PR3),44 which may lead to large 

changes in activity, basicity, selectivity, solubility and the stability of many catalytic 

processes these ligands are involved in.45-47  

 

 

 

Figure 1.4: Bonding in phosphine complexes 

          The most common organophosphorus compound used in the synthesis of 

organometallic complexes is triphenylphosphine (PPh3), which can be easily oxidised by 

air to give triphenylphosphine oxide (OPPh3), with a strong P=O bond. Metal-PPh3 

complexes are widely used as catalysts in many catalytic reactions, including 

hydrogenation,48 cyclisation49 and cross-coupling reactions.50 Several transition metal 

complexes incorporating PPh3 as a ligand form these types of highly effective catalysts, 

such as first-generation Grubbs’ catalysts, Wilkinson’s catalyst [Rh(PPh3)3Cl] and 

tetrakis(triphenylphosphine)palladium(0) [Pd(PPh3)4]. 
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d. Nitrogen-based Ligands 

          N-donor ligands normally act as good σ-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.51 These can be grouped into classes according to the type of nitrogen 

coordinated to the metal centre. Elsevier et al.51 have been able to synthesise and isolate 

unusual room temperature stable [Pd0(κ1-L)2(η2-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). 

 

 

 

 

 

 

 

 

 Figure 1.5: Structure of [Pd0(κ1-L)2(η2-ma)] complexes 

          These Pd0 complexes containing simple monodentate N ligands were prepared 

using the precursor complex, [Pd(η2,η2-norbornadiene)(η2-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 1H and 13C NMR spectroscopies. They were also able to obtain crystals of X-ray 

quality for [Pd0(κ1-py)2(η2-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.51 
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Scheme 1.17: Synthesis of [Pd0(κ1-L)2(η2-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 modes52,53 (Fig. 1.6). 

 

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

Terminal binding (κ1) 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 (κ2) 

involves binding between both donor atoms and only one metal centre, forming a 

metalated ring, while the bridging binding mode (μ) 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 P^P 

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

 

 

 

 

 

 

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.54 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 P^P chelates possess a rigid P-M-P angle, often called the “bite 

angle”.55 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.56 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 1963,36 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.57 Notably, the nature of the transition metal used in cyclometallation plays a 

significant role in the selectivity. The Caryl-H bond in PPhtBu2 prefers to be activated to 

form a four-membered C^P-cyclometallated complex when platinum(II) chloride is 

used.58 However, Na2PdCl4 favourably activates a C(sp3)-H bond rather than an aromatic 

C-H bond (Scheme 1.18).59  

 

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.57 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(II) salts, for example, have been successfully used in cyclometallation 

reactions with hard amine donors.60 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.57 

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. 

 

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.61 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,62 
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asymmetric aldol condensation,63 Heck reactions64 and aliphatic dehydrogenation65 

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.57 

          The most widely used type of ligands with transition metals is an E^C^E-pincer 

(where E = P, S or N). The P^C^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).66 C- and C^N-bonded N^C^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.67 The last mode, [κ3-(N^(µ-C2)^N)], involves 

the binding of the C2 to a separate metal centre, and each N-arm ligand is coordinated to 

one of the bridged metal centres. 

 

Figure 1.9: N^C^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.66 
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N^C^N-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);44 Scheme 1.19 shows how these two synthetic methods may work. 

 

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.68 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 N^C^N pincer palladium complexes are illustrated below in Scheme 

1.20.69 

 

Scheme 1.20: Coupling reactions of aryl bromide catalysed by pincer PdII 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.70 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 functions70 include: 

1. Proton-responsive ligands; able to accept or donate one or more protons. 

2. H-bonding ligands; indicating partial proton transfer between two partners. 

3. Electron-responsive ligands; able to gain or lose one or more electrons. 

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

5. 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.71 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.72,73 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 π-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 1H 

NMR spectrum showed a high value for the H-F coupling (1JH-F = 440 Hz) which is 

characteristic of a hydrogen-bonded N···H-F structure, rather than a hydrogen-bonded N-

H···F system (where 1JH···F is normally much lower, ~52 Hz).74 

 

 

 

 

 

          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.75 studied the molecular and 

electronic structures of metal bis-dithiolene complexes [ML2]Z (M = Ni, Pd or Pt; and z 

= 2-, 1- or 0) and described 1.25 as a neutral MII 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.76 

 

         Photo-responsive ligands are another important function that have been used 

extensively in molecular switches and other applications.70 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-workers77 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. 

 

 

 

 

 

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.70 Various studies have been 

conducted in this field in order to improve catalytic systems proceeding with transition 

metals.71 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’s78,79 

and Knolker’s80 (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 hydrogenation81 and 

regioselective oxidation82 reactions.  

 

 

 

 

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

          Recently, Fujita et al.83 have designed novel Cp*IrIII 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*IrIII hydroxypyridine complexes were obtained. 

 

Scheme 1.21: Synthesis of 1.27 and Cp*IrIII hydroxypyridine complexes 

          As mentioned above, Fujita and co-workers observed a new catalytic system for 

dehydrogenative oxidation of secondary alcohols to ketones using Cp*IrIII 

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.83 

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

 

 

 

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 IrIII-

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 yield of 

acetophenone.83 
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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.84 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. 

 

 

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.85 

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.86 Later, 

the authors reported similar cis- and trans-palladium complexes derived from the same 

ligands.87 One of these PdII complexes is complex 1.32, which was synthesised by adding 

2-hydroxypyridine to Na2PdCl4 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 PdII centre through the N-atom. Elemental analysis also confirmed 

the empirical formula of 1.32. 
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In 2004, complex 1.32 was used by Djakovitch et al.88 as a precursor for the synthesis of 

a new efficient bimetallic [PdCl(μ-pyridonate)3Cu]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. 

 

 

 

 

 

          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(κ1-N-(2-

pyridonate))2(H2O)] (1.34) was reported as the first example of a ruthenium(II) complex 

having the 2-pyridonate ligand as a monodentate N-bound lactam ligand.85 Complex 1.34 

was prepared by reacting (tpy)RuCl3 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.85 
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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.89 Tocher and co-workers90 found that 

the reaction of [Ru(η6-C6H6)Cl2]2 with 2-pyridone in MeOH at ambient temperature gave 

[Ru(η6-C6H6)Cl2(κ1-2-pyridone)] (1.35) in a 38% yield as an orange solid. The results of 

1H 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(II) centre. In addition, the infrared spectrum of 1.35 exhibited stretching bands 

at 1618 and 3439 cm-1 representing vibrations of the C=O and N-H bonds, respectively. 

The presence of these bands may indicate that the ligand is coordinated to the RuII centre 

in a monodentate lactam form via the pyridone oxygen atom.           

          When a methanol solution of 1.35 was heated to reflux for only 3 hours, [Ru(η6-

C6H6)Cl(κ2-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(η6-

C6H6)Cl(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 RuII 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 (κ2-N^O) pyridonate ligand having a bite angle (O-Ru-N) of approximately 

62.5°.90 

 

 

 

 

 

          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)2, 

(2-pyridone)2 and mixed 2-pyridone/2-hydroxypyridine dimerisation modes.91 However, 

the last one may require a donating group at the 6-position to show this binding mode.92 

 

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

          In this context, in 2003 Breit et al.92 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(II) or rhodium(I). The 

reaction of two equivalents of 6-DPPon with dichloro(1,5-cyclooctadiene)platinum(II) 

gave a quantitative yield of cis-[PtCl2(6-DPPon)2]. 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-PtII 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(I) complex derived from the same ligand (6-DPPon) using 

[Rh(CO)2(acac)] has also been obtained, by the same group (Breit et al.).92 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-DPPon92 
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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 PdII, PtII, HgII and AuIII 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-CF3Ph, 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 

 

 

 

 

 

 

Figure 1.12: Bidentate ligands targeted in this thesis 

 

 

 

 

 

 

 

 

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 AuIII, IrIII, PdII, PtII/PtIV and RhIII,  and non-transition 

metals, such as HgII, TlIII and PbIV.1 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.2 

          Complexes of palladium have brought a huge change to the field of organic 

synthesis over the last four decades.3 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).4 

 

 

 

 

 

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 Caryl-H activation is the most common 

mechanism seen with electron-rich late transition metal centres,5 such as palladium(II) 

and platinum(II). 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 σ-M-C bond is formed.4 The 

ancillary ligand (X) serves as a hydrogen acceptor to produce HX and the final 

cyclometallated complex. 

 

Scheme 2.2: Electrophilic aromatic substitution 

          Since PdII species are considered to be valuable electrophilic reagents for C-H 

activation,6 a variety of cyclopalladated complexes, particularly those containing N^C 

ligands, have been synthesised and characterised.7 These ligands include primary, 

secondary and tertiary amines, and imines. Cope and Siekman8 have found that the 

reaction between symmetric azobenzene ligands and PdCl2 leads to an “unusual” σ-

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).9 

 

Scheme 2.3: Cyclopalladation of asymmetric azobenzenes 

          Caryl-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 (κ2). 1-Naphthoquinoline (2.c),10 2-phenylpyridine (2.d)11 and 2-(2-

thienyl)pyridine (2.e)12 are the most widely used chelating ligands for cyclometallation 

(Fig. 2.1). 

 

 

 

 

 

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.4 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 Caryl-PdII-Npy system is [(2-

phenylpyridine)Pd(μ-OAc)]2 (2.f). 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.13 A year later, Gutierrez et al. were able to re-synthesise the complex and 

characterise it using elemental analysis and 1H NMR spectroscopic techniques. They 

found that chloroform proved to be a better choice of solvent for the reaction and obtained 

a 52% yield.14 

 

 

 

 

 

 

          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.15 have found that there are attractive d8-

d8 interactions in PdII dimers of the type [(2-phenylpyridine)Pd(μ-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.15 These, and related, species have recently been of 

interest as they were successfully used to prepare PdIII-PdIII or PdII-PdIV dimers that have 

been found to be active catalysts for C-C bond-forming reactions, such as C-H arylation.16 

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.17 For example, Moberga et al.18 demonstrated 

that the cyclopalladated complex [(2-phenylpyridine)Pd(μ-OAc)]2 (2.f) 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(II) acetate.17,18 Experimental and 

computational studies led to a better understanding of the mechanisms of alcohol 

oxidation;19 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.20 In 2009, Yu et al.21 reported a new strategy to synthesise various 

unsymmetrical biaryl compounds by a PdII-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.i). 

 

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-

CF3Ph 2.7, 4-FPh 2.8 or 2-MePh 2.9, and investigate and compare their reactivities 

towards palladium(II). The resultant complexes, of the form [Pd(κ2-N^C)(µ-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)(PPh3)Cl] (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)(PPh3)(MeCN)][X] (X = PF6, BF4 or OTf) 

(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(II) 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[AuCl4] and K[AuCl4]. 

          All organic compounds and complexes shown in Scheme 2.5 are fully 

characterised using suitable spectrometric (ESMS, HRMS) and spectroscopic (1H, 

13C{1H}, 31P and 19F NMR and IR) techniques as well as by single crystal X-ray 

diffraction. 

 

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(OAc)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.22 A mixture of 2,6-dibromopyridine and sodium methoxide 

(CH3ONa), 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 1H NMR spectrum. No 

peaks associated with the starting material were observed. The 1H NMR data of the 

product were consistent with those reported in the literature.22 The product was then used 

without further purification. 

 

 

 

 

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).23 
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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 1H, 19F (for 2.3) and 13C{1H} NMR spectroscopy and by mass 

spectrometry to confirm their formation. All data obtained were consistent with those 

reported in the literature.24,25 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.  

 

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 (I), which is treated with a base to generate an intermediate 

containing a PdII-OH bond (II). With the boronate compound (III), the intermediate 
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undergoes transmetallation to give the organopalladium species (IV). The desired ligands 

(2.5-2.9) and Pd0 were then obtained via a reductive elimination process (Scheme 2.9).26 

 

Scheme 2.9: The catalytic cycle for the synthesis of N^C 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 1H 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 1H 

and 13C{1H} NMR data for all five N^C ligands synthesised (2.5-2.9) were recorded to 

compare with those previously reported.27-31 The 1H 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.27-31 

2.3.2 Complexation of OMe-N^C Ligands to Palladium(II) 

          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(κ2-6-

phenyl-2-methoxypyridine)(µ-OAc)]2 (2.10), [Pd(κ2-6-(4-methylphenyl)-2-methoxy 

pyridine)(µ-OAc)]2 (2.11), [Pd(κ2-6-(4-trifluoromethylphenyl)-2-methoxypyridine)(µ-

OAc)]2 (2.12), [Pd(κ2-6-(4-fluorophenyl)-2-methoxypyridine)(µ-OAc)]2 (2.13) and 

[Pd(κ2-6-(2-methylphenyl)-2-methoxypyridine)(µ-OAc)]2 (2.14). 

 

Scheme 2.10: Synthesis of [Pd(κ2-N^C)(µ-OAc)]2 (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 

o-Caryl-H activation process might be much lower due to the relatively larger distance 

between the H attached to the o-Caryl 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-1. These complexes were expected to demonstrate bands consistent with 

acetate-bridged binding (µ). According to work previously reported by Nakamoto,32 the 

asymmetric and symmetric carboxylate stretching bands should show a characteristic 

separation (Δν) of 40 cm-1 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-1 and the 

symmetric stretching bands between 1392 and 1404 cm-1. 

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

Complex asym (C-O) 

(cm-1) 

sym (C-O) 

(cm-1) 

(asym - sym) 

(cm-1) 

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, 1H and 13C{1H} NMR spectra were recorded for all the complexes and 19F 

NMR spectra for 2.12 and 2.13. The 1H 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 1H NMR spectra of both 2.11 and 2.14 

corresponding to the para- and ortho-methyl protons, respectively. Each cyclopalladated 

complex contains an o-Caryl-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-

Caryl from the 1H NMR spectra or by the presence of a quaternary carbon in the 13C{1H} 

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 1H NMR spectra of 2.11, 2.12 and 

2.13, were observed at 6.84, 7.30 and 6.71 ppm, respectively. The 13C{1H} 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 A1 in the Appendix. 

 

 

 

 

 

 

 

Figure 2.2: Structure of 2.10 with 

hydrogens and H2O omitted for clarity 

Figure 2.3: Structure of 2.11 with 

hydrogens omitted for clarity 
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Figure 2.4: Structure of 2.12 with 

hydrogens, H2O and CHCl3 omitted for 

clarity 

 

Figure 2.5: Structure of 2.13 with 

hydrogens omitted for clarity

 

 

 

 

 

 

 

 

Figure 2.6: Structure of 2.14 with hydrogens omitted for clarity 

          All complexes have a square-planar geometry with one chelating (κ2) 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.33 As can be seen in Table 2.2, the bite-angle of the N^C 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.20 The X-ray data demonstrated that the electronic nature of the N^C 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 

C
o
m

p
lex

 

Bond lengths (Å) 
 

Bond angles 

(°) 

Pd---Pd 

 

Pd-O 

(trans to C) 

Pd-O 

(trans to N) 

Pd-N 

 

Pd-C 

 

C-Pd-N 

 

2.10 2.8519(15) 2.126(8) 2.032(8) 2.060(10) 1.912(14) 81.2(5) 

2.11 2.8187(11) 2.160(4) 2.037(4) 2.061(5) 1.937(7) 81.5(3) 

2.12 2.8602(16) 2.146(4) 2.051(4) 2.069(5) 1.947(5) 81.2(2) 

2.13 2.8423(11) 2.143(6) 2.037(6) 2.048(8) 1.945(9) 81.0(4) 

2.14 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 Å, while those that are trans to nitrogen range 

between 2.024 and 2.055 Å. This difference could be attributed to the stronger trans 

influence of the aryl group versus the N-donor ligand.34 The Pd---Pd distances are found 

to fall within the range of 2.8198–2.8618 Å, which are within the range observed for 

related dipalladated complexes (2.55 to 3.05 Å) and shorter than their van der Waals radii 

(3.26 Å).15 The Pd-C and Pd-N bond lengths (~1.940 and ~2.050 Å, respectively) are 

similar to those previously reported.33,34 

2.3.3 Synthesis of Mononuclear PdII Complexes 

          The dimer 2.11 was reacted with 6-(4-methylphenyl)-2-methoxypyridine (2.6) (2 

eq.) in CDCl3 to form monomeric 2.15 (Scheme 2.11). This reaction was monitored by 

1H 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 
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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). 

 

Scheme 2.11: Synthesis of [Pd(κ2-2.6)(OAc)(κ1-2.6)] (2.15) 

Therefore, the monomeric complex (2.15) had to be characterised in solution. The 1H 

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. 

 

 

 

 

 

Figure 2.7: Possible structures of mononuclear PdII complexes 

However, only one isomer was generated from this reaction, as confirmed by the 1H and 

13C{1H} 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.16,35,36 

          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 PdII complexes are [Pd(κ2-6-phenyl-2-methoxypyridine)(OAc)(3,5-

lutidine)] (2.16), [Pd(κ2-6-(4-methylphenyl)-2-methoxypyridine)(OAc)(3,5-lutidine)] 

(2.17) and [Pd(κ2-6-(4-fluorophenyl)-2-methoxypyridine)(OAc)(3,5-lutidine)] (2.18). 

The reactions were carried out at room temperature in CDCl3 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. 

 

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

          The mononuclear PdII complexes obtained were all characterised by solution 

spectroscopic techniques in the presence of the 3,5-lutidine ligand. The 1H 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.36 

          Introducing the triphenylphosphine ligand (PPh3) to the cyclometallated dimers 

(2.10-2.13) resulted in the formation of mononuclear compounds, [Pd(κ2-

2.5)(OAc)(PPh3)] (2.19), [Pd(κ2-2.6)(OAc)(PPh3)] (2.20), [Pd(κ2-2.7)(OAc)(PPh3)] 

(2.21) and [Pd(κ2-2.8)(OAc)(PPh3)] (2.22) in good yields (71, 69, 75 and 74%, 

respectively). In these reactions (Scheme 2.13), the PPh3 could displace one acetate-

bridged ligand and bind to the PdII core in a monodentate fashion. Initially, the reaction 

of dimer 2.10 with PPh3 (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 1H NMR spectrum of the reaction mixture showed that the desired product 

had been generated along with some unreacted PdII dimer. Consumption of the PPh3 

ligand was established from the 31P NMR spectrum, which displayed two peaks at 45.6 

and 29.2 ppm. These peaks correspond to the coordinated PPh3 and triphenylphosphine 

oxide (OPPh3), respectively. No sign of the free ligand (PPh3) was observed in the 31P 

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. 

 

Scheme 2.13: Synthesis of mononuclear PdII complexes containing PPh3 

         The 1H NMR spectra of the products 2.19 to 2.22 in CDCl3 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 31P NMR spectra for all 

monopalladated complexes, representing the presence of PPh3 as a monodentate ligand. 

In the 19F NMR spectra of 2.21 and 2.22, a singlet was observed, for each, at -63.3 and -

111.5 ppm corresponding to CF3 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-1, respectively. The high 

characteristic separation (Δν) of ~137 cm-1 may be indicative of a monodentate acetate 

ligand bound to the PdII centre. 

          All complexes containing PPh3 proved unstable in CDCl3 solution and decomposed 

into their starting dimeric complexes and OPPh3. 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 (Å) 
 

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 PdII 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.37 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(κ2-N^C)(PPh3)Cl] 

          Following the cleavage of the acetate bridge in 2.10 and 2.11 with PPh3, the 

exchange 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. The reactions were carried out at room temperature and gave [Pd(κ2-6-phenyl-

2-methoxypyridine)(PPh3)Cl] (2.23) and [Pd(κ2-6-(4-methylphenyl)-2-methoxypyridine) 

(PPh3)Cl] (2.24) in quantitative yields (Scheme 2.14). 

 

Scheme 2.14: Synthesis of [Pd(κ2-LR)(PPh3)Cl] 

          The complexes were characterised by spectroscopic (1H, 31P NMR, IR) and mass 

spectrometric techniques. 13C{1H} NMR data could not be obtained for these two 

palladium complexes due to their poor solubility in organic solvents. In the 1H 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 31P 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-Cl]+) 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(κ2-6-phenyl-2-methoxypyridine)(PPh3)(MeCN)][X], 

where X = PF6 (2.25), BF4 (2.26) and OTf (2.27), have been synthesised by silver-

mediated chloride abstraction from 2.23 with AgPF6, AgBF4 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. 

 

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 1H 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 1H 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 PPh3 ligand and 

the counterion, PF6
-. 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 31P singlet peak at 44.7 ppm integrates in a 1:1 ratio with the PF6
- 

peak in the 31P 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 PPh3 ligand. Additionally, 

the 19F NMR spectrum of 2.25 showed a doublet at -73 ppm with a coupling constant of 

711 Hz representing the anion, PF6
-, while a singlet for both 2.26 and 2.27 was detected 

in the associated 19F NMR spectra at -153 (BF4) 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 (PF6), 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 

hydrogens omitted for clarity 

 

 

Figure 2.10: X-ray structure of 2.27 

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 

C
o
m

p
lex

 

Bond lengths (Å) 
 

Bond angles (°) 

Pd-N1 

 

Pd-C Pd-N2 Pd-P P-Pd-N1 C-Pd-N1 

2.25 2.133(3) 2.003(4) 2.113(4) 2.2685(13) 158.91(10) 80.49(16) 

2.27 2.132(2) 1.986(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 PdII 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 Å) and 

significantly shorter than the Pd–P bond distance (~2.27 Å) and longer than the Pd-C 

bond length (~2.00 Å), 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 1H, 13C{1H}, 19F, (and 31P for 2.25) NMR spectroscopy and 

mass spectrometry. The presence of a singlet coordinated MeCN resonance in the 1H 

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(III) Salts 

          A series of cyclometallated gold(III) complexes have been reported and 

investigated for their biological properties and their ability to act as catalysts in organic 

synthesis.38 Therefore, synthesis of cycloaurated complexes containing bidentate N^C 

ligands was the main aim of this section. Unfortunately, however, attempts at 

cyclometallation of 6-(4-methylphenyl)-2-methoxypyridine (2.6) at a gold(III) 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 AuIII salts is not an easy task and is usually performed under harsh experimental 

conditions, albeit in moderate yields.39 
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          Tetrachloroauric acid, H[AuCl4], initially was chosen as the gold(III) starting 

material. In this instance, it was observed that direct reaction of H[AuCl4]·3H2O with 2.6 

in a mixture of acetonitrile and water (1:1) at room temperature afforded a mono-

protonated salt, [(2.6)(κ1-H)][AuCl4] (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. 

 

Scheme 2.16: Synthesis of [2.6(κ1-H)][AuCl4] (2.28) 

          The 1H 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 1H NMR spectrum confirmed the formation of the non-C-H activated 

product [2.6(κ1-H)]AuCl4 (2.28). The NH peak was not observed in the 1H NMR 

spectrum when the sample was dissolved and the spectrum recorded in CDCl3. 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 (H2O or AuCl4). In addition, the 13C{1H} 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,40,41 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.39 mentioned that they could 

prepare the [AuCl4]- 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.42 showed the first reported 

example of the N^C-bidentate ligand protonated by H[AuCl4]. The bis(7,8-

benzoquinolinium) tetrachloroaurate(III) chloride, [(bqnH+)2(AuCl4
-)Cl-, was obtained 

from the reaction of H[AuCl4] with two equivalents of 7,8-benzoquinoline in a mixture 

of HCl (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 (NH) absorption band centred at ca. 3200 cm-1 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 [AuCl4]- 

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(III) 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 Å. 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 (Å) Bond angles (°) Torsion angles (°) 

C1-O1 Au-Cl 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 Å), where the O atom derives from water molecules 

of solvation that remained in the final product. Moreover, each anion is obviously linked 

with the H2O hydrogens through OH···Cl hydrogen bonding interactions (~2.60 Å), 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 AuCl4
- anion. 

 

 

 

 

 

 

Figure 2.12: Intermolecular hydrogen bonding interactions in 2.28 

          Treatment of [2.6(κ1-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 AuIII complex, [Au(κ1-2.6)Cl3] (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 1H NMR spectrum of 

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

 

Scheme 2.17: Synthesis of [Au(κ1-2.6)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 1H 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 AuCl3 

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 

13C{1H} 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 AuCl3 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 AuCl3 unit is nearly perpendicular to the plane of 

the pyridyl ring, as evidenced by the Cl(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) Å was similar to those previously reported for AuIII complexes containing a 

pyridine ligand.43-46 The bond length between the AuIII centre and Cl(3) is 2.252(4) Å, 

which is slightly shorter than those of 2.291(4) and 2.273(4) Å for Au-Cl(1) and Au-

Cl(2), respectively. The same difference has been observed by other researchers46 and can 

be attributed to the mutual trans effect of Cl atoms that are opposite to each other.47 The 

Au–N1 and Au–Cl bond lengths are within the typical range of values and consistent with 

those for related gold(III) complexes.43-46 

Table 2.6: Selected bond lengths and the bite angle for complex 2.29 

C
o
m

p
lex

 

Bond lengths (Å) 
 

Bond angles (°) 

Au-N1 

 

Au-Cl3 Au-Cl1 Au-Cl2 N1-Au-Cl1 Cl2-Au-Cl3 

2.29 2.046(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 AuIII 

          As mentioned earlier, attempts to synthesise a cyclometallated gold(III) complex 

using 2.29 as a starting material did not succeed. It is worth noting that cyclometallated 

complexes of gold(III) are significantly more difficult to obtain compared to those of 

palladium(II) and platinum(II).38 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.38 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 N^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(III), it was necessary to synthesise the ortho-mercurated 

compound [Hg(2.6)Cl] (2.30) for use as a precursor. The organomercury(II) 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(II) 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].48 

Therefore, the product was slightly impure (ca. 7%) according to 1H NMR spectroscopy. 

 

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

          Analysis of the compound 2.30 by 1H NMR spectroscopy revealed the presence of 

a singlet at 7.25 ppm which is accompanied by satellites due to coupling to 199Hg (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-Cl]+) and the product ([M+H]+), respectively, were observed 

by TOFMS (ASAP). 

          Transmetallation from the corresponding organomercury compound (2.30) was 

first attempted with H[AuCl4] in ethanol in the presence of NaHCO3. After 15 hours 

stirring at room temperature and work-up, the 1H 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[AuCl4] 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 Et2O. The 1H 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 1H 

NMR spectrum (Figure 2.14). 
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Figure 2.14: 1H NMR spectrum of the crude product obtained from the gold-mercury 

exchange reaction 

Further evidence as to the presence of the cyclometallated gold(III) complex could not be 

provided due to its poor solubility in CDCl3 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 1H NMR spectroscopy. Attempts to 

purify the product by crystallisation were unsuccessful.  

          It should be noted that there was another procedure,41,49 which was attempted in 

order to obtain the cyclometallated complex of gold(III) rather than transmetallation and 

traditional heating under reflux reactions. The method involves a direct heating of the 

corresponding N-bonded AuIII complex [Au(2.6)Cl3] (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(II) 

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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Figure 2.15: Dimeric PdII complexes used as catalysts for the oxidation of benzyl 

alcohol 

          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 1H 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 

 

 

 

Entry Cat. (mol% 

Pd) 

Base (20 

mol%) 

Solv. Temp. 

(⁰C) 
Conversion (%)b after: 

4h 8h 12h 24h 

1 Pd(OAc)2 (5) 3,5-lutidine toluene 80 83 100 - - 

2 2.10 (5) 3,5-lutidine toluene 80 67 89 >99 100 

3 2.11 (5) 3,5-lutidine toluene 80 72 94 100 - 

4 2.12 (5) 3,5-lutidine toluene 80 86 96 98 100 

5 2.13 (5) 3,5-lutidine toluene 80 69 88 96 100 

6 No Catalyst 3,5-lutidine toluene 80 0 0 0 0 

7 2.11 (2.5) 3,5-lutidine toluene 80 57 72 81 90 

8 2.11 (5) No Base toluene 80 2 5 10 27 

9 2.11 (5) PPh3 toluene 80 14 23 33 50 

10 2.11 (5) 3,5-lutidine toluene 100 87 94 96 100 

11 2.11 (5) 3,5-lutidine MeCN 80 4 8 11 14 

a molecular sieves; b Conversion was determined with 1H NMR analysis 
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          First of all, the catalytic activity was examined under the basic condition (Entry 1) 

with the most common PdII catalyst used for these type of reactions, palladium(II) 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.17,18 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 PPh3 

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 PPh3. It is worth noting that the experimental studies carried out by 

Moberg et al.18 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 PdII complexes19 

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.18 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.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 2.19: Mechanism for aerobic alcohol oxidation proposed by Moberg et al.18 
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          The proposed mechanism of the PdII/pyridine/O2 system was suggested to proceed 

through the formation of a Pd alkoxide intermediate followed by β-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 

[Pd(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 PdII 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 (VII) 

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 (IX). This is subsequently protonated by AcOH to release hydrogen peroxide 

(H2O2) 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(II) complexes of the general formula [Pd(κ2-N^C)(μ-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 PdII 

complexes have been obtained via a disassembly reaction from the dimeric PdII 

complexes using 3,5-lutidine (with 2.10-2.12), PPh3 (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 PPh3 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 σ-donors and good π-acids. The X-ray 

structure of 2.22 revealed a PdII 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 PPh3 ligand. The palladium(II) 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 PPh3, 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 AgPF6, 

AgBF4 or AgOTf. All three complexes, 2.25-2.27, were found to be stable in solution, as 

confirmed by 1H, 13C{1H}, 19F, (31P 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(III) 

centre “through C-H activation” were unsuccessful. However, reactions of 2.6 with 

H[AuCl4] and K[AuCl4] gave [(2.6)(κ1-H)][AuCl4] (2.28) and [Au(κ1-2.6)Cl3] (2.29), 

respectively. Complex 2.29 could be also obtained by treating 2.28 with a stoichiometric 

amount of NaHCO3 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 P^P system) to produce monopalladated 

complexes with the general formula [Pd(κ2-N^C)(κ2-P^P)][X] upon addition of an 

appropriate silver salt (Scheme 2.20). 

 

Scheme 2.20: Reactions of dimeric PdII complexes with diphosphine ligands 
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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,1-3 natural 

product synthesis,4 organic dyes5 and fluorescence.6 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,7 this area is still in its early and active stages of 

development.8 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).9 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. 

 

 

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.,10 who first discussed the acid-base equilibrium of 

complexes containing hydroxy-substituted bidentate ligands, were able to synthesise a 

RuII 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 HPF6 solution (1.5 equivalents) 

afforded the corresponding RuII carbonyl complex (3.b) bearing the ligand in its pyridinol 

form (bpyOH), as shown in Scheme 3.2. 

 

 

 

 

 

 

 

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.9 Recently, photophysical studies carried out by Xiang et al.11 demonstrated that 
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emission properties of similar ruthenium(II) complexes, [RuII(bpy)2(bpyO)][BF4] and 

[RuII(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.12 developed a new catalytic system for dehydrogenative 

oxidation of alcohols performed in water using a water-soluble Cp*Ir catalyst, 

[Cp*Ir(bpyOH)(H2O)][(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)(H2O)][(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. 

 

 

 

 

 

 

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.13,14 as a novel tetrameric complex, 

[Cu4(bpyO)4(tp)] (3.e), where tp is terephthalate. The synthesis of the Cu2
I/II 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 [Cu2(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 Cu2 (I½,I½). 

 

 

 

 

 

 

 

 

 

          The same group, later synthesised a novel dimeric organosilver(I) complex, 

[Ag2(phenO)2] (3.f), using an OH-functional ligand as a starting material. The complex 

was prepared by the reaction of AgNO3 (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(I) complex has a relatively short Ag···Ag 

distance which may indicate a strong metal···metal bonding interaction.15 
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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.16 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.17 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 

N^C-cyclometallated IrIII complex (3.g). 

 

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

          The iridium(III) 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 

(I) which would be able to undergo β-hydrogen elimination to generate the 

dehydrogenated product and a hydrido-IrIII complex (II) as an active intermediate. The 

catalytically active hydridoiridium complex (II) with the hydroxy proton of the chelating 

ligand undergoing protonolysis to release H2 along with the formation of the unsaturated 

pyridonate-chelate complex (III).17 
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Scheme 3.4: Possible mechanism for the dehydrogenative oxidation of alcohols by 3.g 

          In a more recent publication, Jones et al.18 attempted to synthesise a Cp*RhIII 

complex bearing 6-phenyl-2-pyridone using the synthetic procedure reported for 

synthesis of the N^C-chelated Cp*IrIII complex (3.g) in the presence of NaOAc.17 

However, C-H activation using [Cp*RhCl2]2 could not be accomplished and the N^O-

chelated Cp*RhIII complex (3.h) was exclusively obtained (89% yield) instead of the 

desired N^C-chelated RhIII 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 N^C-chelated RhIII complex is the 

electrophilicity of the rhodium(III) centre, which is less than that of the iridium(III) 

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 RhIII 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(III) complex (3.h) is 61.92°. It is interesting to note 

that the length of the carbon-oxygen bond is 1.295(3) Å, 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.18-20 

 

Scheme 3.5: Preference for N^O-chelate RhIII complex formation over the formation of 

N^C-chelate RhIII 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-CF3Ph 

3.3, 4-FPh 3.4 or 2-MePh 3.5), will be described and discussed. The reactivity of these 

ligands towards palladium(II) acetate will be investigated with different relative ratios of 

the ligands to the PdII centre. The dimeric PdII 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(II) 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 PdII complexes shown in Scheme 3.6 have been fully characterised 

using several analytical methods including spectrometric (ESMS, HRMS) and 

spectroscopic (1H, 13C, 31P and 19F 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(II) 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%). 

 

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 1H 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 13C{1H} 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-1 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. 

 

 

 

 

 

 

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 (Å) Bond angles (°) 

C-O H···O N-C1-O O-C1-C2 

3.3 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) Å 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(II) 

          To explore the reactivity of the 6-aryl-2-pyridones towards a PdII 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(κ2-6-aryl-2- 

pyridinol)(µ-OAc)]2 (3.6-3.10) in good yields (Scheme 3.9). These complexes are [Pd(κ2-

6-phenyl-2-pyridinol)(μ-OAc)]2 (3.6), [Pd(κ2-6-(4-methylphenyl)-2-pyridinol)(μ-OAc)]2 

(3.7), [Pd(κ2-6-(4-trifluoromethylphenyl)-2-pyridinol)(μ-OAc)]2 (3.8), [Pd(κ2-6-(4-

fluorophenyl)-2-pyridinol)(μ-OAc)]2 (3.9) and [Pd(κ2-6-(2-methylphenyl)-2-

pyridinol)(μ-OAc)]2 (3.9). 

 

Scheme 3.9: Synthesis of [Pd(κ2-6-aryl-2-pyridinol)(µ-OAc)]2 (3.6-3.10) 
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          All dimeric palladium(II) 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(κ2-6-

phenyl-2-pyridinol)(µ-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.21 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 PdII centres to form a C-M bond was evident 

upon analysis by 1H and 13C NMR spectroscopy. This ortho-Caryl-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 1H NMR spectra or by the presence of one additional 

quaternary carbon environment in each of the 13C{1H} NMR spectra of all five 

complexes. A singlet assigned to the hydroxy proton was observed between 9.53 and 9.77 

ppm in the 1H 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 19F 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 group21 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 PdII centres. 

          As expected, the infrared spectra of all five complexes showed characteristic 

COOasymm and COOsymm absorption peaks at approximately 1546 and 1409 cm-1, 

respectively. The characteristic separation (Δν) of ~137 cm-1 is indicative of a bridging 

acetate ligand bound to two metal centres, as demonstrated by Nakamoto.22 However, this 

characteristic separation was found to be much less than those (~172 cm-1) 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 

C
o
m

p
lex

 

Bond lengths (Å) 
 

Bond angles (°) 

Pd1-O4 

(trans to C) 

Pd1-O2 

(trans to N) 

Pd1-N1 Pd1-C11 C1-O1 C11-Pd1-N1 

 

3.8 2.160(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 N^C-chelating (κ2) ligand connected to another PdII 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.23 The 

C-OH bond length in 3.8 was found to be 1.31 Å, 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 Å. 

          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 PdII complexes.24 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 Å) were longer 

than those trans to the nitrogen atoms (2.048 Å). This difference could be attributed to 

the stronger trans influence of the aryl group versus the N-donor ligand.25 The Pd-C and 

Pd-N bond lengths (~1.95 and ~2.04 Å, respectively) are similar to those previously 

reported.23,25 

3.3.3 Synthesis of Tetrameric Complexes, [Pd(μ:κ2-6-aryl-2-pyridonate)]4 

          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(μ:κ2-6-aryl-2-pyridonate)]4 (aryl = Ph (3.11), 4-MePh (3.12), 4-

CF3Ph (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 CF3 

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%). 

 

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 1H, 13C and 19F (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 1H 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 1H and 13C{1H} 

NMR spectra, respectively, confirmed the loss of the bridging acetate ligands as acetic 

acid during the reaction. Neither C=O 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 

hydrogen atoms omitted for clarity  

Figure 3.6: Structure of 3.13 with 

hydrogen atoms omitted for clarity

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

C
o
m

p
lex

 

Bond lengths (Å) 

 

Bond angles (°) 

Pd-N Pd-C Pd-O Pd---Pd C-O C-Pd-N 

3.12 1.997(8) 1.970(8) 2.010(7) ~2.633(1) 1.275(9) 81.5(7) 

3.13 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 Pd4 

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) Å (for 3.12 and 3.13, respectively) are shorter 

than the sum of their van der Waals radii (3.26 Å) and are somewhat similar to those 

previously observed (2.6602(12) Å) by our group for complex 3.11.21 These palladium-

palladium distances are comparable to that found in the palladium carbonyl acetate cluster 

(2.663 Å), [Pd(μ-O2CCH3)(μ-CO)]4 (Fig. 3.7). The carbon-oxygen bond lengths of 

1.275(9) and 1.297(4) Å (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.18-20 From Table 3.3, the Pd-C and Pd-N bond lengths 

in both complexes are similar to those previously reported in the literature.23,25 

 

 

 

 

 

 

Figure 3.7: Molecular structure of [Pd(μ-O2CCH3)(μ-CO)]4 

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(-6-aryl-2-pyridonate)(κ2-6-aryl-2-pyridinol)]2 (aryl 

= Ph 3.15, 4-MePh 3.16, 4-CF3Ph 3.17 and 4-FPh 3.18) (Scheme 3.11), in moderate-to-

excellent yields (82, 58, 81 and 97%, respectively). 

 

Scheme 3.11: Synthesis of [Pd(-N^O- pyridonate)(κ2-N^C- pyridinol)]2 (3.15-3.18) 



Chapter 3 

97 
 

          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.21 

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 1H, 13C and 19F 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 1H 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, 12.12 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=O stretch was not observed in the 

solid-state IR spectra of the dimeric complexes as compared to the ν(C=O) peak observed 

at approximately 1643 cm-1 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(II) dimer in which each PdII centre is 

supported by a bidentate ligand and bridged by two 6-aryl-2-pyridonate molecules. The 

pyridonate bridges are bound to one PdII 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) Å (in 3.16) and 2.893(2) Å (in 3.17) are slightly longer than that 

observed for related complex 3.15 (2.840 Å) obtained by our group.21 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 3.15.21 

Figure 3.8: Structure of 3.16 with 

hydrogen atoms (except OH) omitted for 

clarity 

Figure 3.9: Structure of 3.17 with 

hydrogen atoms (except OH) omitted for 

clarity

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

C
o
m

p
lex

 
Bond lengths (Å) 

 

Bond angles (°) 

Pd1-N1 

 

Pd1-N2 Pd1-O2 Pd1-C11 Pd---Pd C11-Pd1-N1 

3.16 2.031(9) 2.045(9) 2.188(8) 1.963(11) 2.981(3) 83.7(5) 

3.17 2.075(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 CHCl3 to form 

their corresponding monomeric complexes 3.19-3.22 in excellent yields (Scheme 3.12). 

These disassembly reactions were monitored by 1H NMR spectroscopy at room 

temperature and showed that the reactions went to completion immediately after adding 

3,5-lutidine to the CDCl3 solution of the dimer. The mononuclear PdII 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. 

 

Scheme 3.12: Synthesis of [Pd(κ2-N^C- pyridinol)(κ1-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 (1H, 13C and 19F) and IR spectroscopy, mass spectrometry and 

elemental analysis. The 1H 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 1H 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). 1H and 13C{1H} NMR spectra, however, showed only one 

isomer was generated from these reactions. In their IR spectra, a broad ν(OH) absorption 

band centred at ca. 2920 cm-1 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 CH2Cl2/hexane (1:3, 

v/v), hydrolysis of the acetate occurred to give the unusual aqua-bridged complexes 

[Pd(κ2-6-aryl-2-pyridonate)(3,5-lutidine)]2(μ-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(κ2-6-aryl-2-pyridonate)(3,5-lutidine)(OH2)] 

during recrystallisation (see later). All the complexes were obtained as yellow crystals in 

good yields, and were subsequently characterised by 1H, 13C and 19F (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. 

 

Scheme 3.13: Formation of [Pd(κ2-N^C- pyridonate)(3,5-lutidine)]2(-OH2) (3.23-3.26) 

          The 1H 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 13C{1H} NMR spectroscopy. The 19F NMR spectra of 3.25 and 

3.26 showed only a singlet for each at -62.6 and -112.2 ppm representing CF3 and F, 

respectively. In their IR spectra, the ν(C=O)ketone absorption bands were all shifted by ca. 

80 cm-1 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-OH2]+) 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(II) 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 

solvent H2O molecule and hydrogen 

atoms (except H2O) omitted for clarity 

Figure 3.11: Structure of 3.24 with 

solvent CH2Cl2 molecule and hydrogen 

atoms (except H2O) omitted for clarity

 

Figure 3.12: Structure of 3.25 with 

hydrogen atoms (except H2O) omitted 

for clarity  

 

Figure 3.13: Structure of 3.26 with 

solvent CH2Cl2 molecule and hydrogen 

atoms (except H2O) omitted for clarity
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          The data reported in Table 3.5 illustrated that the Pd-C, Pd-NPy and Pd-Nlut bond 

lengths are consistent with similar Pd-X bond lengths reported in the literature.23,25 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) Å. This is also comparable to those 

previously observed in complexes 3.16 and 3.17. The pyridonate C=O bond distances fall 

between 1.279(4) and 1.303(11) Å 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 Å and H···Opyridonate = ~1.65 Å) 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 NiII, MnII, CoII and CuII;26-29 however, other examples from 

the subject of this research (PdII) 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 (Å) Bond angles (°) 

Pd-Npy Pd-Nlut Pd-C Pd-O Pd-O-Pd C-Pd-Npy 

3.23 2.053(6) 2.058(6) 1.9361 2.142(5) 100.5(2) 82.60(19) 

3.24 2.037(3) 2.036(3) 1.958(3) 2.142(1) 99.79(12) 82.43(12) 

3.25 2.051(4) 2.038(5) 1.977(5) 2.129(3) 102.6(2) 83.5(2) 

3.26 2.056(7) 2.067(7) 1.965(9) 2.183(5) 112.4(3) 81.8(4) 

 

          Although the 1H, 13C and 19F (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(κ2-6-phenyl-2-pyridonate)(3,5-lutidine)(OH2)] (3.23ˋ) and 

[Pd(κ2-6-(4-fluorophenyl)-2-pyridonate)(3,5-lutidine)(OH2)] (3.26ˋ) co-crystallised with 

3.23 and 3.26, respectively (Fig. 3.14 and 3.15). All Pd-X (X = Npy, Nlut and C) bond 

lengths and C-Pd-Npy bite angles in 3.23ˋ and 3.26ˋ are somewhat similar to those seen 

in their corresponding aqua-bridged PdII 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 (3.23ˋ and 3.26ˋ) is smaller (2.1032 

and 2.125(6) Å, 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 3.23ˋ with 

solvent H2O molecule and hydrogens 

(except H2O) omitted for clarity  

Figure 3.15: Structure of 3.24ˋ with 

solvent CH2Cl2 molecule and hydrogens 

(except H2O) omitted for clarity

          There are two hydrogen-bonding interactions in complex 3.23ˋ; 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 H2O. In complex 

3.24ˋ, however, two intermolecular hydrogen-bonding interactions are established for the 

terminal H2O 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 H2O oxygen and the terminal H2O proton from another 

moiety. 

 

 

 

 

 

 

 

Figure 3.16: Intra- and intermolecular hydrogen bonding in 3.24ˋ 
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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 (PPh3), formation of mononuclear complexes with the 

general formula [Pd(κ2-6-aryl-2-pyridinol)(OAc)(PPh3)] (aryl = Ph 3.27, 4-MePh 3.28, 

4-CF3Ph 3.29 and 4-FPh 3.30) took place in moderate-to-excellent yields (96, 91, 73 and 

91%, respectively) (Scheme 3.14). 

 

Scheme 3.14: Synthesis of monopalladated complexes 3.27-3.30 

          As mentioned earlier in section 2.3.3, the PPh3 would be able to displace one arm 

of the acetate-bridged ligand and bind in a monodentate fashion to the PdII centre. The 

reaction reached completion after only 3 minutes of stirring, as confirmed by 1H{31P} and 

31P NMR spectroscopy. The 1H{31P} NMR spectra of the products 3.27, 3.28, 3.29 and 

3.30 in CDCl3 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 31P NMR spectroscopy revealed only a singlet peak (around 42 

ppm) ascribed to be the PPh3 phosphorus atom. 19F 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-1 and 1435 cm-1 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 

hydrogen atoms (except OH) omitted for 

clarity  

Figure 3.18: Structure of 3.30 with two 

solvent CH2Cl2 molecules and hydrogen 

atoms (except OH) omitted for clarity

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

C
o
m

p
lex

 

Bond lengths (Å) 
 

Bond angles (°) 

Pd1-N1 

 

Pd1-C1 Pd1-O2 Pd1-P1 C11-O1 N1-Pd1-P1 

3.29 2.118(3) 1.998(4) 2.107(2) 2.2507(11) 1.320(4) 81.94(13) 

3.30 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 PdII centre bound by a bidentate 

monoanionic ligand that forms a 5-membered chelating ring which, along with the acetate 

and PPh3 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 30 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 CF3-

containing complex (3.29) proved amenable to hydrolysis, forming the terminal aqua 

complex [Pd(κ2-N^C)(κ1-OH2)(PPh3)] (3.31) in a 45% yield (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. 

 

Scheme 3.15: Synthesis of 3.31 from 3.29 

          The 1H{31P} NMR spectrum of 3.31 in CDCl3 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 13C 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). 31P and 19F 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=O stretch appeared at 1640 cm-1 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-2OH]+, 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 PPh3 ligands (Fig. 3.19) to adopt a slightly 

distorted square planar geometry. 

 

 

 

 

 

 

 

 

 

Figure 3.19: Structure of 3.31 with hydrogen atoms (except H2O) omitted for clarity 

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

C
o
m

p
lex

 

Bond lengths (Å) 
 

Bond angle (°) 

Pd1-N1 Pd1-C1 Pd1-O2 Pd1-P1 C11-O1 C1-Pd1-N1 

 

3.31 2.101(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.30 The C-O bond length of 1.283(5) Å is 

somewhat similar to that of 1.277(6) Å observed in the aqua-bridged complex (3.25) but 

it is much smaller than that of 1.320(4) Å 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). 

 

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

Upon analysis of 3.34a/3.34b by 1H NMR spectroscopy, decreasing or increasing the 

reaction time to 2 or 24 hours, respectively, gave the same percentage conversion. The 



Chapter 3 

109 
 

two distinct products could not be isolated; however, washing the mixtures with hexane 

partially helped to dissolve the monopalladated products from which 1H and 19F (for 

3.34a) NMR data could be obtained. All other techniques (13C 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. 

          1H 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 1H and 19F (for 3.34a only) NMR spectroscopy. Upon 

analysis by 1H 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 13C{1H} 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 1H NMR spectra of 3.32a, 3.33a and 

3.34a. A peak representing the CF3 group in the 19F 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-Cl]+) 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 PdII centre supported by N^C-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 Cl(1)-Pd(1)-N(2)-C(17) and Cl(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 Å) and 3.34a (2.19 Å) between the hydroxy protons 

and chloride ligands. 
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Figure 3.21: Structure of 3.33a with 

hydrogen atoms (except OH) omitted for 

clarity  

Figure 3.22: Structure of 3.34a with 

hydrogen atoms (except OH) omitted for 

clarity

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

C
o
m

p
lex

 

Bond lengths (Å) Bond angles 

(°) 

Pd-Npy Pd-Nlut Pd-C Pd-Cl C-O C-Pd-Npy 

3.33a 2.073(5) 2.036(5) 1.976(6) 2.440(2) 1.320(7) 81.4(2) 

3.34a 2.104(11) 2.025(11) 1.973(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.31 

The Pd-Npy bond lengths of 2.073(5) and 2.104(11) Å in 3.33a and 3.34a were found to 

be longer than those of 2.036(5) and 2.025(11) Å found for Pd-Nlut bonds, respectively. 

This reflects stronger Pd-Nlut 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).31-34 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 (Nlut) being shorter. The C-O bond lengths are consistent with having single bond 

character. 
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          As mentioned earlier, the 1H, 13C{1H} and 19F (for CF3-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 PdII 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 

1H 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 PdII 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 1H NMR spectra of 3.32b, 3.33b and 

3.34b, respectively. The presence of only one coordinated 3,5-lutidine was also 

confirmed by 1H NMR spectroscopy. In addition, analysis of 3.34b by 19F NMR 

spectroscopy revealed two signals at -62.5 and -62.9 ppm corresponding to the CF3 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-Cl)+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 PdII centre. One palladium(II) core consists of an N^C-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 

hydrogen atoms (except OH) omitted for 

clarity 

Figure 3.24: Structure of 3.33b with 

hydrogen atoms (except OH) and a 

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 (D2h) which is most common for Cl-bridged dimers.24 This 

means that there could be a bonding interaction between the two PdII centres, particularly 

as the distance between them (3.0427(8) (3.33b) and 3.204(2) Å (3.34b)) is shorter than 

the sum of the van der Waals radii of palladium (3.26 Å). 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 1H 

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 Nlut or Cl) are longer than those for the Pd-Nlut 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) Å 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) Å, respectively). This is likely to be due to the steric effect related to the manner 

in which the oxygen coordinates to the PdII 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 

C
o
m

p
lex

 
Bond lengths (Å) 

Pd-Npy 

trans to 
Nlut 

Pd-Npy 

trans to 
Cl 

Pd-Nlut Pd-C 

trans to 
Cl 

Pd-C 

 trans to 
O 

Pd-Cl 

 trans to 
N 

Pd-Cl 

 trans to 
C 

3.32b 2.075(7) 2.064(8) 2.037(7) 1.985(9) 1.940(9) 2.287(2) 2.458(2) 

3.33b 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-Cl-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.35 This is most likely to 

be due to little strain in the 6-membered ring (Pd-Cl-Pd-O-C-N) caused by the 

coordination of the oxygen atom of the pyridonate ligand to the PdII 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 CF3-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: CF3 > 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, 

PPh3-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 

1H{31P}, 13C and 19F (for 3.37) NMR and IR spectroscopies as well as by mass 

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

 

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 1H{31P} 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 13C NMR spectra of these 

complexes. In the 1H{31P} NMR spectra of these complexes, the OH proton was shifted 

upfield by approximately 1.00 ppm compared to those for the starting materials. The 31P 

and 19F 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-1 which was assigned to ʋ(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 

hydrogen atoms (except OH) omitted for 

clarity 

Figure 3.27: Structure of 3.36 with 

hydrogen atoms (except OH) omitted for 

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 PdII centre with N-Pd-P angles of 168.1(2)° (3.35), 173.80(5)° (3.36) 
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and 173.61(7)° (3.37). The solid-state X-ray diffraction analysis revealed a trans 

arrangement between the PPh3 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.36 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) Å 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 

C
o
m

p
lex

 

Bond lengths (Å) Bond angles 

(°) 

Pd-N Pd-C Pd-P Pd-Cl C-O C-Pd-N 

3.35 2.145(8) 1.975(10) 2.259(3) 2.397(3) 1.322(13) 81.1(4) 

3.36 2.142(2) 2.015(2) 2.2483(7) 2.4065(7) 1.321(3) 81.16(8) 

3.37 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 PPh3 (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 PPh3) play a significant role in altering the reactivity of the complexes 

during their substitution reactions. In comparison to 3,5-lutidine, PPh3 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 (AgPF6), 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 AgPF6 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 hydrolysis37 (vide infra) in an excellent 

purity with a yield of 73% (Scheme 3.18).  

 

Scheme 3.18: Synthesis of [Pd(κ2-6-phenyl-2-pyridinol)(3,5-lutidine)(PO2F2)] (3.38) 

          The structure of the complex 3.38 was characterised by 1H, 13C{1H}, 31P and 19F 

NMR and IR spectroscopies in addition to electrospray mass spectrometry. In the 1H 

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 13C{1H} 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 31P and 

19F NMR spectroscopy. Only a triplet peak centred at approximately -15.3 ppm with a 

1JP-F coupling constant of 973 Hz was observed in the 31P NMR spectrum, where the 

phosphorus atom shows coupling to two fluorine atoms. Analysis of 3.38 by 19F NMR 



Chapter 3 

119 
 

spectroscopy revealed a doublet at -80.0 ppm with a 1JF-P coupling constant of 976 Hz 

representing the two fluorines from the PO2F2
- species. A strong P=O stretching band was 

observed at 1292 cm-1 in the IR spectrum which is in good agreement with the previous 

value found in the literature.38 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, 1H NMR spectroscopy revealed a complex 

mixture of products whilst the 19F NMR spectrum showed only a singlet peak at -151.6 

ppm, representative of the BF4
- 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(κ2-6-phenyl-2-pyridinol)(3,5-lutidine)(MeCN)][BF4], in the 

mixture. 19F 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 

19F NMR and mass spectra that may indicate that partial hydrolysis of BF4 to OBF2 

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 CDCl3 was heated at higher temperature 

(50 °C) for 12 hours. 

          When AgOTf 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. 

 

Scheme 3.19: Synthesis of the MeCN-containing complex (3.39) 
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          Complex 3.39 was characterised by 1H, 2D HMQC, 19F 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 1H 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 19F 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 [OTf]-). 

          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 PF6
- and the stability of OTf 

were further demonstrated by the X-ray structures of related complexes containing PPh3 

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

          The unexpected finding of the hydrolysis of PF6 prompted an exploration of the 

reactivity of other Cl-containing PdII 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 AgPF6 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). 

 

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 1H{31P}, 13C, 31P and 19F 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 1H{31P} 

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 31P NMR spectra, as 

common to all three complexes synthesised, is the presence of a singlet and multiplet 

peaks representing the PPh3 and counterion (PF6
-), respectively. The peak positions of the 

PPh3 phosphorus atom varied slightly between compounds while those for the PF6
- 

counterion appeared to be centred at approximately -144 ppm for all three complexes. 19F 

NMR spectra of all three complexes showed a doublet at about -73 ppm with a coupling 

constant of 711 Hz representing the anion, PF6
-. Additionally, a singlet assigned to the 

CF3 group was observed at -63.4 ppm upon analysis of 3.49 by 19F 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 [PF6]-. 

          On standing in the solutions at room temperature, hydrolysis of the counterion 

(PF6
-) 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). 

 

Scheme 3.21: Hydrolysis of silver hexafluorophosphate (PF6) in solution 

          The identities of the hydrolysis products (3.41, 3.45 and 3.50) were confirmed by 

a variety of techniques including 1H{31P}, 13C, 31P and 19F NMR and IR spectroscopies 

as well as by mass spectrometry and X-ray crystallography (for 3.45 and 3.50). In the 

1H{31P} 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 13C{1H} 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 3.49 to 11.54, 

11.51 and 11.63 ppm in 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 31P 

and 19F NMR spectroscopy. The 31P NMR spectra showed a singlet and triplet, with a 1JP-

F coupling constant of approximately 975 Hz, assigned to the PPh3 and the PO2F2
- ligands, 

respectively. Analysis of 3.41, 3.45 and 3.50 by 19F NMR spectroscopy revealed a doublet 

with a 1JF-P 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 19F NMR spectrum of 3.50, representing the CF3 group. In the IR spectra of 3.41, 3.45 

and 3.50, a strong P=O stretch was detected at 1290, 1292 and 1306 cm-1, 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 PdII complex supported by 

monodentate PPh3 and PO2F2 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.30 The presence of the pyridinol form was confirmed by the solid-state data as 

the carbon-oxygen bond length of 1.331(5) Å in 3.45 and 1.327(3) Å 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 PO2F2 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.37 

 

 

Figure 3.29: Structure of 3.45 with 

hydrogen atoms (except OH) omitted for 

clarity 

Figure 3.30: Structure of 3.50 with 

hydrogen atoms (except OH) omitted for 

clarity 
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Table 3.12: Selected bond lengths and bite angles of complexes 3.45 and 3.50 

C
o
m

p
lex

 

Bond lengths (Å) Bond angles (°) 

Pd-N 

 

Pd-C Pd-O Pd-P C-O N-Pd-C 

3.45 2.131(3) 1.985(4) 2.194(3) 2.269(1) 1.331(5) 81.25(13) 

3.50 2.112(2) 1.993(3) 2.161(2) 2.279(1) 1.327(3) 81.47(10) 

 Bond lengths (Å) 

P-F P-F P-O P=O 

3.45 1.544(3) 1.541(3) 1.489(3) 1.438(3) 

3.50 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 1H{31P}, 13C, 31P and 19F 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). 

 

Scheme 3.22: Synthesis of the MeCN-containing complexes 

         The 1H{31P} 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 13C 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 

31P 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 19F NMR spectra showed a singlet at approximately -151.5 

ppm representing the anion, BF4
-, and an additional singlet was detected at -63.4 ppm 

(CF3) in the associated 19F 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 BF4 hydrolysis forming the corresponding products [Pd(κ2-

LR)(PPh3)(BF2OH)] (R = Me 3.47 and CF3 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 PF6 hydrolysis (CF3 > 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 1H{31P}, 13C, 31P and 19F NMR and 

IR spectroscopies as well as by electrospray mass spectrometry, elemental analysis (for 

3.52) and single crystal X-ray diffraction studies. 

 

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 1H{31P} and 13C NMR spectroscopy. The characteristic downfield signal of 

the hydroxy proton was also not observed in the 1H{31P} NMR spectra of 3.47 and 3.52. 

Instead, a broad singlet corresponding to the OH proton of BF2OH 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 31P NMR spectroscopy revealed only a singlet peak at 42.6 

and 41.9 ppm, respectively, which are representative of the PPh3 ligand. Interestingly, 

analysis by 19F NMR spectroscopy revealed two sets of fluorine doublet peaks (δ -149.4 

and -149.5 ppm in 3.47 and -149.5 and -149.6 ppm in 3.52) each with 2JF-F coupling 

constants of 13.7 Hz. This indicated that the two fluorine atoms in BF2OH 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 

RuII complexes (e.g. 3.i and 3.j) previously synthesised by Pregosin et al.39-41 In addition, 

a peak detected as a singlet at -62.9 ppm in the 19F NMR spectrum of 3.52 was assigned 

to the CF3 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 [BF2OH]- at m/z 65 was also observed 

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

 

          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 PdII unit which consists of an N^C-pyridonate ligand, PPh3 

and a BF2OH ion as a bridging ligand between the PdII 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 PdII 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 

hydrogen atoms (except OH) omitted for 

clarity 

Figure 3.32: Structure of 3.52 with 

hydrogen atoms (except OH) omitted for 

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 ranges30 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.41 

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

 

          In order to better understand the reactivity of the Cl-containing complexes (3.35, 

3.36 and 3.37), silver trifluoromethanesulfonate (AgOTf) 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 

1H{31P}, 13C, 31P and 19F NMR and IR spectroscopies and electrospray mass spectrometry 

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

 

Scheme 3.24: Synthesis of the MeCN-containing complexes 

          The 1H{31P} 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 

C
o
m

p
lex

 

Bond lengths (Å) Bond angles (°) 

Pd-N1 

 

Pd-C11 Pd-O1 Pd-P1 C1-O2 N-Pd-C C-Pd-O 

3.47 2.104(5) 1.993(6) 2.187(4) 2.254(2) 1.325(7) 81.8(2) 168.7(2) 

3.52 2.090(3) 1.993(3) 2.113(2) 2.251(1) 1.321(4) 82.08(13) 172.5(1) 

 Bond lengths (Å) Bond angles (°) 

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

3.47 1.405(9) 1.371(9) 1.445(8) 1.508(8) 0.8511 110.5(6) 106.7(5) 

3.52 1.390(5) 1.382(5) 1.498(5) 1.451(5) 0.8200 111.7(3) 112.7(3) 
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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 13C 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 1H{31P} NMR spectra of 3.43, 3.48 and 3.53, respectively. Analyses of 

these complexes by 31P NMR spectroscopy displayed only a singlet peak (at 

approximately 44 ppm) ascribed to be the monodentate PPh3 ligand. 19F NMR 

spectroscopic data showed a singlet peak common to all the three complexes at -78 ppm 

which represents the counterion, OTf. In addition, the CF3 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 PdII 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 PdII 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) Å and 

2.057(6) Å) are both longer than the Pd-C bond length of 1.983(6) Å and significantly 

shorter than the Pd–P bond length of 2.279(2) Å, 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 1H{31P} 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 

C
o
m

p
lex

 

Bond lengths (Å) 
 

Bond angles 

(°) 
 

Pd1-N1 Pd1-C11 Pd1-N2 Pd1-P1 C1-O1 C11-Pd1-N1 

 

3.53 2.116(6) 1.983(6) 2.057(6) 2.279(2) 1.336(8) 80.9(2) 

 

3.3.9 Hydrolysis of PF6 and BF4 

          As confirmed in Section 3.3.8, PF6 and BF4 had undergone partial hydrolysis in 

solution to form products with PF2O2 and BF2OH ligands, respectively. A number of 

transition metals have been shown to form these types of complexes such as those with 

rhodium (Rh)42, manganese (Mn)43, rhenium (Re)44, ruthenium (Ru)39-41,45 and the subject 

of this research, palladium (Pd)37,46,47. Fernandez-Galan et al.37 reported the first example 

of a palladium complex supported by the difluorophosphate ion, [Pd(η3-2-Me-

C3H4)(PF2O2)(PCy3)]. The complex was characterised by 19F and 31P 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 PF6 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 PF6
-, as shown in equations 3.1 and 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, HPF6, into a CDCl3 solution of 3.29 or 3.31 to form 

the hydrolysed product 3.50 in very high purity (Scheme 3.25) 

 

Scheme 3.25: Synthesis of 3.50 from 3.29 or 3.31 using HPF6 

          To determine if the hydroxy proton was involved in the hydrolysis, the reactions of 

the methoxy complex 2.23 with AgPF6, AgBF4 and AgOTf in acetonitrile were performed 



Chapter 3 

132 
 

(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 AgPF6 was not 

possible even after using P2O5 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 19F NMR spectroscopy and mass spectrometry.37 

 

 

          More interestingly, Fernandez-Galan et al.37 carried out their reactions in non-

coordinating solvents (CH2Cl2, CHCl3 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 PdII 

centre.37 

          Partial hydrolysis of BF4
- to BF2OH was also observed by Pregosin et al. in the 

reactions between RuII acetate complexes and HBF4.39-41 The presence of the BF2OH 

moiety was confirmed by 19F 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 PF6 hydrolysis. Therefore, the mechanism, in 

general, might proceed by reacting BF4
- with water with the help of the hydroxy proton 

(eqn. 3.4). 

 

 

          Unfortunately, none of these groups mentioned above provided insight into the 

actual hydrolysis process of PF6 or BF4. In our system, however, it may be concluded that 

the partial hydrolysis of the counterions (PF6 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, CF3 and Me, at para-position of the phenyl ring, have 

almost similar steric hindrance, electronic effects in acceleration of PF6 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 CF3 substituent 

had the most effect on accelerating the hydrolysis processes. This observation was 

expected and as the CF3 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 CF3 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 CF3-containing catalysts used in a variety of 

catalytic systems.48-50 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(II) complexes containing bidentate pyridinol/pyridonate ligands (N^C-

OH/N^C-O) 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 PPh3 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(κ2-N^C)(µ-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(μ:κ2-

N^C)]4 (3.11, 3.12, 3.13 and 3.14, respectively) with loss of acetic acid; the related 

transformation with CF3-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(μ-N^C)(κ2-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(κ2-N^C)(κ1-

OAc)(3,5-lutidine)] (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(κ2-N^C)(3,5-lutidine)]2(-OH2) (3.23, 3.24, 3.25 and 3.26, respectively). 

A similar approach could be used to make the PPh3 species [Pd(κ2-N^C)(κ1-OAc)(PPh3)] 

(3.27, 3.28, 3.29 and 3.30); notably, only the CF3-containg 3.29 proved amenable to 

hydrolysis, forming the terminal aqua complex [Pd(κ2-N^C)(κ1-OH2)(PPh3)] (3.31).  

          Subsequent ligand exchange reactions of 3.19, 3.20 and 3.21 with NaCl gave a 

mixture of monomeric [Pd(κ2-N^C)(3,5-lutidine)Cl] (3.32a, 3.33a and 3.34a) and the 

unusual dimeric [Pd(μ:κ2-N^C)(3,5-lutidine)][Pd(κ2-N^C)](μ-Cl) (3.32b, 3.33b and 

3.34b) complexes, respectively. Under similar conditions, PPh3-containing complexes 

[Pd(κ2-N^C)(PPh3)Cl] (3.35, 3.36 and 3.37) were obtained in excellent yields.  

          Chloride abstraction reactions with AgPF6, AgBF4 and AgOTf 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(κ2-N^C)(3,5-lutidine)(MeCN][OTf] (3.39) in 

a quantitative yield, while the reactions with AgPF6 and AgBF4 gave complex mixtures 

of products from which only monomeric [Pd(κ2-N^C)(3,5-lutidine)(PO2F2] (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 AgPF6, AgBF4 and AgOTf in 

acetonitrile under nitrogen were also examined. These reactions gave the corresponding 

MeCN-containing complexes with the general formula [Pd(κ2-N^C)(PPh3)(MeCN)][X], 

where X = PF6 (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 PF6 and BF4 (except 3.42) underwent 

partial hydrolysis and gave [Pd(κ2-N^C)(PPh3)(PO2F2)] (3.41 H, 3.45 Me, 3.50 CF3) and 

[Pd(κ2-N^C)(PPh3)(BF2OH)] (3.47 Me, 3.52 CF3), respectively with different conversion 

time rates. The order of the hydrolysis time required was found as follows: CF3/PF6 (3.50) 

> CF3/BF4 (3.52) > Me/PF6 (3.45) > Me/BF4 (3.47) = H/PF6 (3.41). In general, hydrolysis 

of PF6 and BF4 complexes with 3,5-lutidine were slower than those containing PPh3. 

          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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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.1 There are two types of coordinating structures with carbon-based 

pincer ligands; these include E^C^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 

PdII and PtII salts forming complexes through sp2 and sp3 C-H activations.2,3 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. Trofimenko4 examined the metallation of 4.b with 

palladium(II) in the presence of pyridine and found that the system unexpectedly 

underwent an ortho-dipalladation reaction, forming the dipalladated complex (4.c) with 

C4-H and C6-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.5 used the analogous 

ligand (4.d) which was already activated by SiMe3 at the C2 position with Pd(OAc)2 in 

the presence of LiCl. The transmetallation reaction gave a monometallic, 

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

 

Scheme 4.1: Reactions of 1,3-bis[(dimethylamino)alkyl]benzene with PdII salts 
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          Lithium6-10 and mercury11 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,6 rhenium,7 rhodium,8 palladium, platinum,9 iron and gold,10 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)2.11 

With mercurated 4.a, only gold salts have been used to obtain the cyclometallated AuIII 

complex, [Au(4.a)Cl]2[Hg2Cl6].11 This method is useful for studies on the reactivities of 

N^C^N 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.12 Unlike palladium(II), 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 Caryl-H activation.1,13 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.12 

          In 1999, the cyclometallation of 1,3-di(2-pyridyl)benzene (4.f) using Pd(OAc)2 was 

investigated by Cárdenas et al.1 The authors found that the reaction unexpectedly 

underwent a double palladation to form tetrameric 4.g instead of the formation of an 

N^C^N-tridentate PdII 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(II) salts such 

as [Pd(MeCN)4][BF4]2 and Li2[PdCl4], were unsuccessful. However, in 2005 Soro et al.12 

were able to report the synthesis of the desired monopalladated pincer N^C^N complex 

(4.h) 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 Caryl–H activation 

using Na2[PdCl4] as a source of PdII. Notably, a high temperature (118 °C) was required 

for this reaction to proceed and give the desired complex (4.g) in a reasonable yield. 



Chapter 4 

142 
 

 

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 N^C^N pincer complex.14 This observation encouraged Hartshorn 

and Steel15 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)2 in acetic acid followed by addition of LiCl in a mixture of 

acetone and water. As expected, the reaction gave the desired product (4.l) in which the 

ligand (4.k) coordinated to the PdII 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 C2-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)2. 
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Scheme 4.3: Direct synthesis of the PdII pincer complex (4.l) 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.16 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).17-22 

 

Figure 4.1: Selected examples of tridentate metal complexes bearing a pendant OH 
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          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.23 In 2013, the ligand (4.m) was also re-prepared by 

Szymczak and Moore17 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(PPh3)3 in methanol under reflux conditions and under an atmosphere of dry 

nitrogen gave trans-[RuCl(4.m)(PPh3)2][PF6] (4.n) after adding a large excess of 

[NH4][PF6] at the end of the reaction (Scheme 4.4). 

 

Scheme 4.4: Synthesis of trans-[RuCl(4.m)(PPh3)2][PF6] (4.n) 

          The X-ray structure of 4.n revealed a slightly distorted octahedral complex in 

which a ruthenium(II) chloride core is supported by an N^N^N pincer ligand with a 

mutually trans arrangement between the two PPh3 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.17 In 

comparison to the analogous RuII complexes containing 4,4′-dihydroxyterpyridine (4.o) 

or terpyridine (4.p) as pincer ligands, complex 4.n showed a significantly higher activity 

and carbonyl hydrogenation selectivity (Fig. 4.3).24 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).24 

 

Figure 4.3: The relative reactivity of the N^N^N pincer complexes24 

          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(κ3-(6,6'-(pyridine-2,6-

diyl)dipyridonate))(PPh3)]2(μ-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.q showed a neutral dimeric unit bridged by one water 

molecule through the oxygen atom and stabilised by hydrogen-bonding interactions.24 
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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 PdII, PtII, HgII and AgIII) 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 AgPF6. Finally, attempts to cyclometallate 4.4 at a gold(III) 

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

 

           

 

 

 

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 (1H, 13C{1H}, 31P and 19F 

NMR and IR) and spectrometric (ESMS, HRMS) techniques in addition to single crystal 

X-ray diffraction. 
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Scheme 4.6: Ligands and complexes described in Chapter 4 
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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).25 

 

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,25 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)2 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 1H NMR spectroscopy and mass spectrometry. 

 

 

 

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. 

 

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.,26 was reacted with 1,3-

dibromobenzene in the presence of a palladium(II) 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. 

 

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 1H and 13C NMR spectroscopy.27 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)Cl2 (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 1H and 13C{1H} NMR data 

obtained for our ligand agreed with the data reported in their work.27 
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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. 

 

 

 

 

 

 

 

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 C2 position with Pd(OAc)2 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.28 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%). 1H and 13C{1H} NMR data 

were fully consistent with the proposed structure and with those previously reported.28 

 

 

 

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 1H NMR spectroscopy, as the spectrum 

illustrated a singlet and two doublets in the aromatic region. 

 

 

 

Figure 4.6: 2,4-dimethylbenzeneboronic acid 

          A palladium-catalysed cross-coupling reaction performed under Negishi conditions 

to synthesise the desired N^C^N ligand was also unsuccessful. The 1H 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 1H 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.  

 

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

         The 1H 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 13C{1H} NMR spectrum (CDCl3) 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. 

 

 

 

 

 

 

 

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. 

 

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 ºC 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=O stretching peak at 1643 

cm-1 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 1H 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 13C{1H} 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-1 which corresponded to the (C=O)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 (Å) Bond angles (°) Torsion angles (°) 

C1-O1 C16-O2 N1-C1-O1 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) Å, 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 



Chapter 4 

155 
 

4.3.3 Complexation of Tridentate N^C^N Ligands to Palladium (PdII) 

          Coordination of the pre-ligand 4.3 with a PdII centre was achieved using Pd(OAc)2. 

Initially, the reaction was attempted on a 1:1 (PdII/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 Et2O, 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). 

 

Scheme 4.13: Synthesis of [Pd2(4.3)(µ-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 1H NMR spectrum of 4.7 (DMSO-d6) showed two singlets at 6.18 and 7.09 

ppm indicating that the C(2)-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 (C4/6). 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 13C 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).1 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-1 which are representative of 

asymmetric and symmetric carboxylate vibrations, respectively. According to the results 

obtained by Nakamoto,29 the acetates must be in a bridging fashion when Δν > 40 cm-1. 

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 Cárdenas et al.1 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 1H 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 trans to a pyridyl nitrogen 

atom. The Pd-O bonds trans 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 Cárdenas et al.1 (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.1 

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

C
o
m

p
lex

 

Bond lengths (Å) Bond angles (°) 

Pd···Pd Pd-O 

(trans to C) 

Pd-O 

(trans to N) 

Pd-N Pd-C N-Pd-C 

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. 

 

Scheme 4.14: Formation of 4.8 as a minor product from the reaction with Pd(OAc)2 
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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 1H 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 1H 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 13C{1H} 

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 1H and 13C{1H} 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-1 which were assigned to the 

asymmetric and symmetric carboxylate bridges, respectively. The Δν value was greater 

than 40 cm-1 and hence it can be concluded that the carboxylate group is not in a chelating 

mode.29 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 PdII 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 

C
o
m

p
lex

 

Bond lengths (Å) Bond angles (°) 

Pd···Pd Pd-O 

(trans to C) 

Pd-O 

(trans to N) 

Pd-N Pd-C N-Pd-C 

4.8 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)2 in MeOH at room 

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

 

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)2 

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 C2 was not metallated and both pyridine rings coordinated to 

different PdII centres, which are bridged by both OH and acetate ligands. 

          In the 1H 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 13C{1H} NMR spectrum, indicated the presence 

of inequivalent acetate groups where one acted as a bridge between the two PdII centres 

and the other two acted as monodentate ligands. A singlet was also observed at 5.64 ppm 

in the 1H 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 1H and 13C{1H} NMR spectra, respectively. The two peaks 

at 1574 and 1380 cm-1 in the IR spectrum may indicate the asymmetric and symmetric 

ν(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-2OAc-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 PdII 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) Å were also found to be similar to those 

previously reported.1 

Table 4.4: Selected bond lengths and angles of complex 4.9 

C
o
m

p
lex

 

Bond lengths (Å) Bond angles (°) 

Pd···Pd Pd-Obridge Pd-Omono 

 

Pd-OH Pd-N Pd-O-Pd 

4.9 2.940(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)(μ-MgCl·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 MeMgCl 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.30 

 

 

 

 

 

          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)2. 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 HOAc to give 4.10 as an orange solid in high 

purity but with a low yield of 44% (Scheme 4.16). 

 

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

          The tetrameric 4.10 was found to be slightly soluble in only CDCl3 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 1H 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-1 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. 



Chapter 4 

163 
 

          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 

C
o
m

p
lex

 
Bond lengths (Å) Bond angles (°) 

Pd···Pd Pd-O 

(trans to C) 

Pd-O 

(trans to N) 

Pd-N Pd-C N-Pd-C 

4.10 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 PdII 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” geometry1 

by the four acetate ligands, with Pd···Pd bond lengths of about 2.890(1) Å (shorter than 

the sum of their van der Waals radii of 3.26 Å).31 The C-OH bond lengths of 

approximately 1.325(12) Å 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.32 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 Å). This was due to the stronger trans influence of 

the aryl group versus the N-donor ligand.33 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)2 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, 1H NMR spectra of the attempted reactions showed the 

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

 

Scheme 4.17: Reaction of 4.6 with Pd(OAc)2 

4.3.4 Transmetallation Reactions  

          Since the direct syntheses of pincer complexes using Pd(OAc)2 had been 

unsuccessful, transmetallation reactions of appropriate C2-H-activated precursors became 

an alternative choice by which to achieve the C2 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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Scheme 4.18: Synthesis of [Hg(4.3)Cl] (4.11) and [Hg(4.4)Cl] (4.12) 

          Analysis of 4.11 and 4.12 by 1H 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 (4JH-Hg = 68 Hz) at 7.82 ppm in 

the 1H NMR spectrum of 4.11 indicated that the covalent C-Hg bond had formed. This 

was further confirmed by 13C 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 1H and 13C 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-Cl]+ 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(II) coordination 

complex with a C1-Hg1-Cl1 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.12 The Hg-C and Hg-Cl bond lengths were found to be within the normal range 

for related complexes previously reported in the literature.12 On the whole, the X-ray data 

is very similar to that previously reported by Soro et al.12 
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Figure 4.14: Structure of 4.12 with full atom numbering 

Table 4.6: Selected bond lengths and angles of complex 4.12 

C
o
m

p
lex

 

Bond lengths (Å) Bond angles (°) Torsion angles (°) 

Hg1-C1 Hg1-Cl1 

 

C1-Hg1-Cl1 C1-C2-C7-N1 Hg1-C1-C2-C3 

4.12 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 PdII 

complexes was carried out in a mixture of ethanol and dichloromethane using Pd(OAc)2, 

followed by addition of LiCl to cleanly give the corresponding pincer complexes (4.13 

and 4.14) in 27 and 26% yields, respectively (Scheme 4.19). It should be noted that 

attempts to isolate the acetate intermediates were unsuccessful. 

 

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 CHCl3 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 1H 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 13C{1H} 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 (C2). 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 Na2[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 PdII centre in a trans arrangement.1  

          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 Hg2Cl6 as a counterion (Figure 4.15). 

 

 

 

 

 

 

 

 

Figure 4.15: X-ray structure of [Pd(4.4)(H2O)]2[Hg2Cl6] (4.14′) with another PdII 

species omitted 
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Table 4.7: Selected bond lengths and angles of [Pd(4.4)(H2O)][Hg2Cl6] (4.14′) 

C
o
m

p
lex

 

Bond lengths (Å) Bond angles (°) 

Pd-C 

 

Pd-N Pd-O Hg-Cl1 Hg-Cl3 C11-Pd-N1 

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 

PdII 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) Å and significantly shorter than the Pd–O bond length of 2.197(5) Å, 

as reported in Table 4.7. For the [Hg2Cl6]2-, 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.12 Each two neighbouring cations in the crystal 

structure of 4.14′ were found to be united by one anionic Hg2Cl6 through OH···Cl 

hydrogen bonds (Figure 4.16). 

 

 

 

 

 

 

 

 

Figure 4.16: Intermolecular hydrogen bonding interactions in 4.14′ 



Chapter 4 

169 
 

          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 PdII centre, possibly came from the bench solvents 

used for the reaction. The presence of the anionic [Hg2Cl6]2- 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.12 answered this question when they described all possible palladium intermediates that 

may have been formed from the reaction of their mercurated complexes with Pd(OAc)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(μ-OAc)][OAc] and 

[Pd2(N^C^N)2(μ-OAc)][Hg2Cl6] (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 Hg2Cl6 as a counterion 

upon recrystallisation would clearly be expected. 

 

 

 

 

 

          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(II) 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(OAc)2 

have been tried under various conditions (Scheme 4.20). Unfortunately, however, all 



Chapter 4 

170 
 

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 1H NMR spectroscopy. 

 

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(II) salts, such as Na2[PdCl4], was explored. Due to the 

insolubility of Na2[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). 

 

Scheme 4.21: Direct synthesis of 4.13 and 4.14 using Na2[PdCl4] 

          Analysis of both complexes (4.13 and 4.14) by 1H and 13C 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 Na2[PdCl4] 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 Na2[PdCl4]. 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 1H 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. 

 

Scheme 4.22: Attempted direct synthesis of 4.5 and 4.6 using Na2[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 1H NMR spectroscopy. 

 

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 

Na2[PdCl4] were successfully developed through the use of microwave irradiation as a 

means of heating the reactions. In this case, 150 ºC, 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 

CDCl3. 

 

Scheme 4.24: Synthesis of 4.15 and 4.16 using microwave heating 

          Analysis of 4.15 and 4.16 by 1H 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 1H 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 (PdII) 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-1 which was 

assigned to the ʋ(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 

C
o
m

p
lex

 

Bond lengths (Å) Bond angles (°) 

Pd-N1 

 

Pd-N2 Pd-C1(1) Pd-C(1) N1-Pd-C(1) C1-Pd-Cl(1) 

4.15 2.112(5) 2.110(5) 2.471(2) 1.921(5) 80.2(2) 174.13(17) 

 

          The molecular structure of 4.15 revealed a palladium(II) 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) 

Å and significantly shorter than the Pd-Cl bond length of 2.471(2) Å, 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) 

Å, 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). 

 

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 PdII 

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 PdII centre. 

4.3.6 Stoichiometric Reactions with AgPF6 

          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 AgPF6 (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). 

 

          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 1H 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 31P NMR spectra, as is common to both complexes, was the presence of a septet 

peak at approximately -144 ppm, representing the counterion (PF6
-). Additionally, the 19F 

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-1. This stretching mode is representative of the PF6
- 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 

materials in the reaction solvent (acetonitrile). 

 

Scheme 4.27: Attempted synthesis of MeCN-containing pyridone complexes 

4.3.7 Complexation of Tridentate N^C^N Ligands to Platinum (PtII) 

          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(II), 

platinum(II), as represented by K2[PtCl4], was chosen for reaction with these ligands. 

Platinum(II) derivatives with monoanionic N^C^N ligands are well-known and usually 

compared with the corresponding palladium(II) complexes,1 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[PtCl4] in glacial acetic acid have been tried (Scheme 4.28). Unfortunately, despite 

several modifications to the procedure, the 1H NMR and mass spectra showed that these 

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

 

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 K2[PtCl4] and the tridentate N^C^N pyridine 

ligands (4.3 and 4.4) at 90 °C in a mixture of acetic acid and H2O (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).  

 

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 1H NMR spectra of 4.19 and 4.20, the absence of the singlet peak representing C2-

H proton indicated C-H activation had been achieved by the metal centre (PtII). 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 1H 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 (Na2[PdCl4]) 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, N^C^N ligand coordination to the PtII centre occurred to 

produce the poorly soluble species 4.21 (71%) and 4.22 (62%) (Scheme 4.30). 
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Scheme 4.30: Synthesis of 4.21 and 4.22 using microwave heating 

           Upon analysis by 1H NMR spectroscopy, 4.21 and 4.22 revealed the absence of 

the C2-H proton, indicating the achievement of C-H activation on the phenyl ring. In 

general, the 1H 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 1H NMR spectra 

of 4.21 and 4.22. A broad peak assigned to the ʋ(OH) absorption band was observed 

between 2900 and 3100 cm-1 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). 

 

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 

PtII centre, as previously confirmed for the analogous PdII 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). 

 

 

 

 

 

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

4.3.8 Complexation of Tridentate N^C^N Ligands to Gold (AuIII) 

          Following these previous reactions with PdII and PtII, the reactivity of 4,6-bis(2-(6-

methoxypyridonyl)m-xylene (4.4) towards AuIII was investigated. Before starting to study 

the reactivity, it was realised that the reaction of gold(III) 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 AuIII centre through C-H activation were ultimately 

unsuccessful, as the achievement of C-H activation via AuIII salts is considered as a 

difficult task and usually only obtained under harsh experimental conditions.34 

          Tetrachloroauric acid, H[AuCl4], was first chosen as a source of gold(III) 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)(κ1-H)2][AuCl4]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;34 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. 

 

Scheme 4.32: Synthesis of [(4.4)(κ1-H)2][AuCl4]2 (4.23) 

          In the 1H 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 sp2 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 1H 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 AuCl4). 13C{1H} NMR spectroscopy also confirmed the 

inability of the AuIII 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-1 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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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 (Å) Bond angles (°) 

N1-H1 C1-O1 Au-Cl 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 [HN^CH^NH] cation 

and two anionic [AuCl4]- 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(III) counterion were as 

normal and consistent with those previously observed in the literature.34 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 AuIII supported by four chloride ions with Au-Cl bond lengths of 2.277 ± 0.005 Å. 

          When 4.23 was treated with a stoichiometric amount of NaHCO3 in THF at room 

temperature, deprotonation of the di-protonated ligand occurred to subsequently afford 

the doubly N-bonded gold AuIII complex, [κ1-N,N-(4.4)(AuCl3)2] (4.24) in a 72% yield 

(Scheme 4.33). 
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Scheme 4.33: Synthesis of [κ1-N,N-(4.4)(AuCl3)2] (4.24) 

          The 1H 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 AuCl3. 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{1H} 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 

C
o
m

p
lex

 

Bond lengths (Å) Bond angles (°) 

Au-N1 

 

Au-Cl2A Au-Cl1A Au-Cl3 N1-Au-Cl3 N1-Au-Cl2A 

4.24 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 AuCl3, adopting a square planar 

geometry. The AuCl3 unit was found to coordinate to the pyridyl ring in an almost 

perfectly perpendicular manner, as evidenced by the Cl(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 

AuCl3 unit. The data reported in Table 4.10 shows that the Au-N(1) bond length of 

2.047(13) Å was similar to those previously reported for AuIII complexes containing a 

pyridine ligand.35-38 The distance between the central metal and Cl2A was 2.392(11) Å 

and was significantly longer than those of 2.263(15) and 2.293(4) Å for Au-Cl1A and 

Au-Cl3, respectively. The difference could be attributed to the mutual trans effect of 

chloride atoms that are opposite to each other.39  

          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[AuCl4] as the gold(III) source with 4.4, rather than 

H[AuCl4]·3H2O, was made to give a different activity (Scheme 4.34). 

 

Scheme 4.34: Synthesis of [κ1-N-(4.4)(AuCl3)] (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 AuIII complex (4.25) with excellent purity in an 89% yield. The identity 

of 4.25 was confirmed by 1H and 13C{1H} 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 1H 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 AuCl3 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 13C{1H} 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 

C
o
m

p
lex

 

Bond lengths (Å) Bond angles (°) 

Au-N1 

 

Au-Cl3 Au-Cl1 Au-Cl2 N1-Au-Cl1 N1-Au-Cl3 

4.25 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(III) chloride (AuCl3) core supported 

by an N-monodentate ligand with an almost perfectly square-planar geometry, as 

confirmed by the N1-Au-Cl1 and N1-Au-Cl3 bond angles (Table 4.11). The AuCl3 unit 

was found to be nearly perpendicular to the plane of the pyridyl ring, as evidenced by the 

Cl(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.40 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[AuCl4]·3H2O or K[AuCl4]. 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. 

 

Scheme 4.35: Attempted reactions to react 4.6 with different AuIII 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 PdII, PtII and AuIII. 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]·3H2O and K[AuCl4]. 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 Na2[PdCl4] in high purity. After several unsuccessful 

attempts, a new method for the synthesis of pyridone pincer complexes with a PdII centre 

was explored through the use of microwave technology. In this case, 150 ºC 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 ºC). 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 AgPF6 to yield 4.17 

and 4.18, respectively. All palladium complexes described in this chapter were found to 

be stable in solution over time. 



Chapter 4 

187 
 

          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 ºC 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 PtII 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(III) 

centre “through C-H activation” were unsuccessful. Instead, reactions of 4.4 with 

H[AuCl4]·3H2O and K[AuCl4] gave 4.23 and 4.25, respectively. In addition, treatment of 

the di-protonated 4.23 with a stoichiometric amount of NaHCO3 in THF at room 

temperature afforded the doubly N-bonded gold AuIII 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 

N^C^N pincer ligands (Fig. 4.22) and investigate their reactivity and selectivity towards 

various transition metals. 

 

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(II) 

acetate, palladium (II) chloride (Fluorochem, 99%), hydrogen tetrachloroaurate(III) 

trihydrate (Alfa Aesar, 99.99%), potassium gold(III) 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 (CDCl3) (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-1. 

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 (1H), 161.98 (31P), 376.46 (19F) and 100.61 MHz (13C) or using a Bruker Avance 

III 500 spectrometer at 500.13 (1H) and 125.77 MHz (13C). Samples were prepared as 

solutions using deuterated solvents and run at ambient temperature unless otherwise 

stated. All spectra were recorded in ppm; 1H and 13C NMR spectra were referred to an 

internal reference (TMS) while 19F and 31P NMR spectra were referred externally to 

CFCl3 and H3PO4, 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 F2 employed SHELXTL version 6.10.1 H atoms were included in 

calculated positions (C-H = 0.96 – 1.00 Å) 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.2 A 

three necked round bottom flask, equipped with a magnetic stir bar 

and reflux condenser was evacuated and backfilled with nitrogen. 

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 oC). After cooling to room 

temperature, 5% NaHCO3 (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 MgSO4 and concentrated under reduced pressure affording the product 

(2.1) as a light brown oil (5.126 g, 79%). 1H NMR (400 MHz, CDCl3, 298 K): δ 3.92 (s, 

OMe, 3H), 6.67 (dd, JH-H 8.1, 0.5, 1H), 7.04 (dd, JH-H 7.4, 0.5, 1H), 7.39 (t, JH-H 8.1, 1H). 

13C{1H} NMR (100 MHz, CDCl3, 298 K): δ 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.2 

Synthesis of Boronic Acids 

General Procedure for Synthesis of Aryl-B(OH)2 

          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 ºC (dry-ice acetone) and n-BuLi (6.3 

mL, 0.0099 mol, 1.1 eq.) added dropwise over 30 min. The mixture was allowed to stir 

at -78 ºC 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 ºC for a further 30 min and then 

warmed to room temperature and stirred overnight to produce a white precipitate. 

Aqueous 2M HCl (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 MgSO4 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%). 1H NMR (400 

MHz, CDCl3, 298 K): δ 2.36 (s, Me, 3H), 7.23 (d, JH-H 7.8, 2H), 

8.05 (d, JH-H 7.8, 2H). 13C{1H} NMR (100 MHz, CDCl3, 298 K): δ 21.0 (Me), 127.9 (CH), 

132.6 (C), 134.8 (CH), 142.0 (C). MS (ES): m/z 135 [M]+, 253 [2M-H2O]+. Data are 

consistent with those reported in the literature.3 

5.2.3 Synthesis of (4-trifluoromethyl)-phenylboronic acid (2.3)  

          This was prepared from 4-(trifluoromethyl)phenyl 

bromide (2.16 g, 0.00 96 mol) and after work up gave 2.3 (1.70 

g, 93%). 1H NMR (400 MHz, MeOD, 298 K): δ 7.51 (d, JH-H 

7.8, 2H), 7.78 (d, JH-H 7.8, 2H). 13C{1H} NMR (100 MHz, MeOD, 298 K): δ 117.7 (C), 

124.6 (q, 3JC-F 3.1, CH), 125.3 (q, 1JC-F 270.3, CF3), 132.3 (q, 2JC-F 31.7, C), 134.8 (CH). 

19F NMR (376 MHz, MeOD, 298 K): δ -64.1 (s, CF3). MS (ES): m/z 189 [M]+, 361 [2M-

H2O]+. Data are consistent with those reported in the literature.3 

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%). 1H NMR (400 MHz, 

CDCl3, 298 K): δ 2.81 (s, 3H, CH3), 7.25-7.32 (m, 2H), 7.45 (td, JH-

H 7.4, 1.5, 1H), 8.21 (dd, JH-H 7.4, 1.3, 1H). 13C{1H} NMR (100 MHz, 

CDCl3, 298 K): δ 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-H2O]+. Data are consistent with those 

reported in the literature.4 

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 K2CO3 (2 eq.), Pd(PPh3)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 MgSO4. 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)  (1.5 g, 7.98 mmol) and  phenylboronic acid (1.07 g, 

8.77 mmol) and after work up and column chromatography 

gave 2.5 as a colourless oil (1.022 g, 69%). 1H NMR (400 

MHz, CDCl3, 298 K): δ 4.01 (s, OMe, 3H), 6.60 (d, JH-H 8.2, 1H), 7.29 (d, JH-H 7.4, 1H), 

7.35 (m, 1H), 7.40 (m, 2H), 7.50 (t, JH-H 8.1, 1H), 8.02 (m, 2H). 13C{1H} NMR (100 MHz, 

CDCl3, 298 K): δ 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 

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 

and column chromatography gave 2.6 as a colourless oil 

(1.52 g, 97%). 1H NMR (400 MHz, CDCl3, 298 K): δ 2.31 (s, Me, 3H), 3.95 (s, OMe, 

3H), 6.50 (d, JH-H 8.2, 1H), 7.14 (d, JH-H 8.0, 2H), 7.17 (d, JH-H 7.4, 1H), 7.40 (t, JH-H 8.0, 

1H), 7.80 (d, JH-H 8.2, 2H). 13C{1H} NMR (100 MHz, CDCl3): δ 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.6 
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5.2.7 Synthesis of 6-(4-trifluoromethylphenyl)-2-methoxypyridine (2.7)  

          This was prepared from 6-bromo-2-methoxy 

pyridine (2.1) (1.5 g, 7.98 mmol) and (4-

trifluoromethyl)phenylboronic acid (2.3) (1.66 g, 8.77 

mmol) and after work up and column chromatography 

gave 2.7 as a dark green oil (1.47 g, 72%). 1H NMR 

(400 MHz, CDCl3, 298 K): δ 4.03 (s, OMe, 3H), 6.74 (d, JH-H 8.2, 1H), 7.36 (d, JH-H 7.4, 

1H), 7.64 (t, JH-H 7.4, 1H), 7.69 (d, JH-H 8.1, 2H), 8.13 (d, JH-H 8.7, 2H).  13C{1H} NMR 

(100 MHz, CDCl3, 298 K): δ 53.2 (OMe), 110.4 (CH), 113.2 (CH), 124.4 (q, 1JC-F 271.7, 

CF3), 125.5 (q, 3JC-F 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). 19F NMR (376 MHz, CDCl3, 298 K): δ -62.5 (s, CF3). MS (ES): 

m/z 254 [M]+. Data are consistent with those reported in the literature.7 

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 

column  chromatography gave 2.8 as a light brown oil 

(1.37 g, 85%). 1H{19F} NMR (400 MHz, CDCl3, 298 K): δ 4.02 (s, OMe, 3H), 6.68 (d, 

JH-H 8.2, 1H), 7.12 (d, JH-H 8.8, 2H), 7.2 (d, JH-H 7.4, 1H), 7.61 (t, JH-H 8.1, 1H), 8.02 (d, 

JH-H 9.0, 2H). 13C{1H} NMR (100 MHz, CDCl3, 298 K): δ 53.2 (OMe), 109.1 (CH), 112.4 

(CH), 115.4 (d, 2JC-F 22.1, CH), 128.4 (d, 3JC-F 8.0, CH), 135.2 (C), 139.2 (CH), 153.6 

(C), 163.4 (d, 1JC-F 248.4, C), 163.8 (C). 19F NMR (376 MHz, CDCl3, 298 K): δ -113.3 

(s, F). MS (ES): m/z 204 [M]+. Data are consistent with those reported in the literature.7 

5.2.9 Synthesis of 6-(2-methylphenyl)-2-methoxypyridine (2.9)  

          This was prepared from 6-bromo-2-methoxy pyridine 

(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 

chromatography gave 2.9 as a yellow oil (1.10 g, 69%). 1H 

NMR (400 MHz, CDCl3, 298 K): δ 2.44 (s, Me, 3H), 3.95 (s, OMe, 3H), 6.60 (dd, JH-H 

8.2, 0.5, 1H), 6.90 (dd, JH-H 7.5, 0.5, 1H), 7.22-7.3 (m, 3H), 7.40 (d, JH-H 6.2, 1H), 7.60 

(t, JH-H 7.3, 1H). 13C{1H} NMR (100 MHz, CDCl3, 298 K): δ 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.8 

Synthesis of Novel Complexes Containing an N^C Ligand 

General Procedure for Synthesis of [Pd(κ2-BL)(µ-OAc)]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% yield). 

5.2.10 Synthesis of [Pd(κ2-6-phenyl-2-methoxypyridine)(µ-OAc)]2 (2.10) 

          This was synthesised by 

combining 6-phenyl-2-methoxypyridine 

(2.5) (0.017 g, 0.0935 mmol, 1.4 eq.) and 

Pd(OAc)2 (0.015 g, 0.0668 mmol, 1 eq.) 

in MeOH (1 mL) and after filtration and 

washing gave 2.10 (0.0103 g, 45%). 

Crystals suitable for single crystal X-ray diffraction were grown by slow evaporation of 

a methanol solution of the complex. Mp: 212-213 ºC. 1H NMR (400 MHz, CDCl3, 298 

K): δ 2.19 (s, O2CMe, 6H), 3.56 (s, OMe, 6H), 5.80 (d, JH-H 7.9, 2H), 6.78 (app t, JH-H 

8.4, 4H), 6.80 (m, 4H), 7.06 (d, JH-H 7.3, 2H), 7.30 (t, JH-H 7.9, 2H). 13C{1H} NMR (100 

MHz, CDCl3, 298 K): δ 24.3 (O2CMe), 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-1): 1594, 1571, 1485, 1399, 1281, 1054, 753. 

TOFMS (ES): m/z 698.9662 [M]+ (C28H26N2O6
106Pd2 requires 698.9881), 640.9784 [M-

OAc]+ (C26H23N2O4
106Pd2 requires 640.9732). 

5.2.11 Synthesis of [Pd(κ2-6-(4-methylphenyl)-2-methoxypyridine)(µ-OAc)]2 (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 ºC. 1H NMR 

(400 MHz, CDCl3, 298 K): δ 2.20 (s, 

O2CMe, 6H), 2.23 (s, Me, 6H), 3.56 (s, 

OMe, 6H), 5.80 (d, JH-H 7.5, 2H), 6.59 

(d, JH-H 7.4, 2H), 6.71 (d, JH-H 7.8, 2H), 

6.73 (d, JH-H 7.9, 2H), 6.84 (s, 2H), 7.29 

(t, JH-H 7.7, 2H). 13C{1H} NMR (100 MHz, CDCl3, 298 K): δ 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 (O2CMe). IR (selected 

bands, cm-1): 1570, 1486, 1404, 1279, 1110, 1053, 788. MS (ES): m/z 669 [M-OAc]+. 

TOFMS (ASAP): m/z 669.0058 [M-OAc]+ (C28H27N2O4
106Pd2 requires 669.0045). 

5.2.12 Synthesis of [Pd(κ2-6-(4-trifluoromethylphenyl)-2-methoxypyridine)(µ-

OAc)]2 (2.12) 

          This was synthesised by 

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, 

0.2 mmol, 1 eq.) in MeOH (3 mL) and 

after the stirring was stopped, 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 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 ºC. 1H NMR (400 MHz, CDCl3, 298 K): δ 2.22 (s, O2CMe, 6H), 3.69 (s, OMe, 

6H), 6.04 (d, JH-H 8.3, 2H), 6.83 (d, JH-H 7.6, 2H), 6.96 (d, JH-H 8.1, 2H), 7.02 (d, JH-H 8.0, 

2H), 7.30 (s, 2H), 7.38 (t, JH-H 8.0, 2H). 13C{1H} NMR (125 MHz, CDCl3, 298 K): δ 24.1 

(O2CMe), 55.7 (OMe), 104.2 (CH), 110.7 (CH), 120.5 (q, 3JC-F 3.7, CH), 122.1 (CH), 

125.5 (q, 1JC-F 270.1, CF3), 127.8 (q, 3JC-F 3.7, CH), 128.1 (q, 2JC-F 30.0, C), 140.8 (CH), 

148.0 (C), 149.3 (C), 161.8 (C), 165.8 (C), 179.7 (O2CMe). 19F NMR (376 MHz, CDCl3, 

298 K): δ -62.1 (s, CF3). IR (selected bands, cm-1): 1575, 1490, 1404, 1282, 1316, 1107, 

1071, 787, 679. TOFMS (ES): 777.9493 [M-OAc]+ (C28H21F6N2O4
106Pd2 requires 

777.9508), 357.9688 [M/2-OAc]+ (C13H9F3NO106Pd requires 357.9671). 
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5.2.13 Synthesis of [Pd(κ2-6-(4-fluorophenyl)-2-methoxypyridine)(µ-OAc)]2 (2.13) 

          This was synthesised by 

combining 6-(4-fluorophenyl)-2-

methoxypyridine (2.8) (0.019 g, 0.0935 

mmol, 1.4 eq.) and Pd(OAc)2 (0.015 g, 

0.0668 mmol, 1 eq.) in MeOH (1 mL) 

and after filtration and washing gave 

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 ºC. 1H{19F} 

NMR (400 MHz, CDCl3, 298 K): δ 2.21 (s, O2CMe, 6H), 3.69 (s, OMe, 6H), 5.90 (d, JH-

H 7.4, 2H), 6.40 (t, JH-H 8.5, 2H), 6.70 (d, JH-H 8.6, 2H), 6.71 (s, 2H), 6.80 (d, JH-H 8.3, 

2H), 7.30 (t, JH-H 7.9, 2H). 13C{1H} NMR (100 MHz, CDCl3, 298 K): δ 24.3 (O2CMe), 

55.7  (OMe), 102.6 (CH), 109.9 (CH), 110.8 (d, 2JC-F 23.0, CH), 117.9 (d, 2JC-F 19.5, CH), 

123.6 (d, 3JC-F 7.5, CH), 140.5 (CH), 140.9 (C), 151.7 (C), 160.1 (d, 1JC-F 248.3, C), 162.4 

(C), 165.7 (C), 179.3 (O2CMe). 19F NMR (376 MHz, CDCl3, 298 K): δ -110.7 (s, F). IR 

(selected bands, cm-1): 1597, 1563, 1489, 1396, 1282, 1172, 1046, 794, 781, 685. TOFMS 

(ES): m/z 734.9364 [M]+ (C28H24F2N2O6
106Pd2 requires 734.9692), 676.9556 [M-OAc]+ 

(C26H21F2N2O4
106Pd2 requires 676.9543). 

5.2.14 Synthesis of [Pd(κ2-6-(2-methylphenyl)-2-methoxypyridine)(µ-OAc)]2 (2.14) 

          This was synthesised by 

combining 6-(2-methylphenyl)-2-

methoxypyridine (2.9) (0.018 g, 

0.093 mmol, 1.4 eq.) and 

Pd(OAc)2 (0.015 g, 0.066 mmol, 1 

eq.) in MeOH (1 mL) and after the 

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 ºC. 1H NMR (400 MHz, CDCl3, 298 K): δ 2.17 (s, O2CMe, 

6H), 2.34 (s, Me, 6H), 3.54 (br s, OMe, 6H), 5.82 (m, 2H), 6.65 (m, 2H), 6.73 (t, JH-H 7.4, 

2H), 7.02 (m, 4H), 7.32 (m, 2H). 13C{1H} NMR (125 MHz, CDCl3, 298 K): δ 23.7 (Me), 
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24.3 (O2CMe), 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-1): 1591, 1570, 1480, 1392, 1320, 1275, 1122, 774, 738, 682. 

TOFMS (ES): m/z 669.0058 [M-OAc]+ (C28H27N2O4
106Pd2 requires 669.0045). 

Synthesis of Mononuclear Pd(II) Complexes 

5.2.15 Synthesis of [Pd(κ2-6-(4-methylphenyl)-2-methoxypyridine)(OAc)(κ1-6-(4-

methylphenyl)-2-methoxypyridine)] (2.15) 

          To a round bottom flask equipped with a magnetic 

stir bar was added [Pd(κ2-6-(4-methylphenyl)-2-

methoxypyridine)(μ-OAc)]2 (2.11) (30 mg, 0.041 mmol),  

6-(4-methylphenyl)-2-methoxypyridine (2.6) (16.5 mg, 

0.082 mmol) and CDCl3 (3 mL). After stirring at room 

temperature overnight, the product was obtained in > 99% 

conversion. 1H NMR (400 MHz, CDCl3, 298 K): δ 2.20 (s, 

O2CMe, 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, JH-H 7.5, 1H), 6.65 (dd, JH-H 8.2, 0.6, 1H), 

6.73 (m, 2H), 6.84 (s, 1H), 7.25 (m, 3H), 7.31 (dd, JH-H 7.4, 0.6, 1H), 7.60 (t, JH-H 7.6, 

1H), 7.94 (d, JH-H 8.2, 2H). 13C{1H} NMR (100 MHz, CDCl3, 298 K): δ 21.3 (O2CMe), 

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-OAc]. 

5.2.16 Synthesis of [Pd(κ2-6-phenyl-2-methoxypyridine)(OAc)(3,5-lutidine)] (2.16) 

          This was obtained by combining  [Pd(κ2-6-phenyl-

2-methoxypyridine)(µ-OAc)]2 (2.10) (30.3 mg, 0.043 

mmol, 1 eq.), 3,5-lutidine  (13.8 mg , 0.129 mmol, 3 eq.) 

and CDCl3 in a round bottom flask equipped with a 

magnetic stir bar, and after 24 h 2.16 was obtained in 

96.3% conversion. 1H NMR (400 MHz, CDCl3, 298 K): 

δ 1.93 (s, O2CMe, 3H), 2.34 (s, py-Me, 6H), 3.93 (s, OMe, 3H), 6.02 (d, JH-H 7.6, 1H), 

6.55 (d, JH-H 8.3, 1H), 6.82 (t, JH-H 7.4, 1H), 7.01 (t, JH-H 7.4, 1H), 7.29 (m, 1H), 7.39 (d, 

JH-H 7.3, 1H), 7.44 (s, 1H), 7.76 (t, JH-H 7.8, 1H), 8.71 (s, 2H). 13C{1H} NMR (100 MHz, 
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CDCl3, 298 K): δ 18.3 (py-Me), 24.8 (O2CMe), 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 (O2CMe). MS (ES): m/z 397 [M-

OAc]+. 

5.2.17 Synthesis of [Pd(κ2-6-(4-methylphenyl)-2-methoxypyridine)(OAc)(3,5-

lutidine)] (2.17) 

          This was obtained by combining  [Pd(κ2-6-(4-

methylphenyl)-2-methoxypyridine)(µ-OAc)]2 (2.11) (32 

mg, 0.044 mmol, 1 eq.), 3,5-lutidine (13.8 mg , 0.129 

mmol, 3 eq.) and CDCl3 in a round bottom flask equipped 

with a magnetic stir bar, and after 24 h 2.17 was obtained 

in 98% conversion. 1H NMR (400 MHz, CDCl3, 298 K): 

δ 1.92 (s, O2CMe, 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, JH-H 8.3, 1H), 6.83 (d, JH-H 7.8, 1H), 7.23 (d, JH-H 7.7, 1H), 7.27 (m, 1H), 

7.44 (s, 1H), 7.75 (t, JH-H 8.1, 1H), 8.71 (s, 2H). 13C{1H} NMR (100 MHz, CDCl3, 298 

K): δ 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(κ2-6-(4-fluorophenyl)-2-methoxypyridine)(OAc)(3,5-

lutidine)] (2.18) 

          This was obtained by combining  [Pd(κ2-6-(4-

fluorophenyl)-2-methoxypyridine)(µ-OAc)]2 (2.13) (35 

mg, 0.047 mmol, 1 eq.), 3,5-lutidine (13.8 mg , 0.129 

mmol, 3 eq.) and CDCl3 in a round bottom flask equipped 

with a magnetic stir bar, and after 24 h 2.18 was obtained 

in 94% conversion. 1H{19F} NMR (400 MHz, CDCl3, 

298 K): δ 1.92 (s, O2CMe, 3H), 2.35 (s, py-Me, 6H), 3.92 (s, OMe, 3H), 5.68 (s, 1H), 

6.54 (d, JH-H 8.3, 1H), 6.70 (dd, JH-H 8. 5, 2.1, 1H), 7.19 (d, JH-H 7.7, 1H), 7.37 (d, JH-H 

8.6, 1H), 7.46 (s, 1H), 7.75 (t, JH-H 8.0, 1H), 8.68 (s, 2H). 13C{1H} NMR (100 MHz, 

CDCl3, 298 K): δ 18.3 (py-Me), 24.6 (O2CMe), 56.3 (OMe), 103.8 (CH), 110.8 (CH), 

111.3 (d, 2JC-F 23.1, CH), 119.8 (d, 2JC-F 19.9, CH), 124.7 (d, 3JC-F 7.9, CH), 134.9 (C), 

139.5 (CH), 141.5 (CH), 142.2 (C), 150.2 (CH), 153.8 (C), 161.3 (d, 1JC-F 254.5, C), 163.6 
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(C), 166.8 (C), 176.9 (O2CMe). 19F NMR (376 MHz, CDCl3, 298 K): δ -109.9 (s, F). MS 

(ES): m/z 415 [M-OAc]+. 

General procedure for synthesis of [Pd(κ2-6-aryl-2-methoxypyridine)(OAc)(PPh3)] 

          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(κ2-6-aryl-2-

methoxypyridine)(µ-OAc)]2 (1 eq.), PPh3 (2.1 eq.) and CDCl3 (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(κ2-6-phenyl-2-methoxypyridine)(OAc)(PPh3)] (2.19) 

          The title complex was synthesised by 

combining [Pd(κ2-6-phenyl-2-methoxypyridine)(µ-

OAc)]2 (2.10) (48.6 mg, 0.069 mmol, 1 eq.) and PPh3 

(38 mg , 0.144 mmol, 2.1 eq.) in CHCl3 (4 mL). The 

mixture was left to stir at room temperature under N2 

for 24 h and after work up afforded 2.19 as a grey 

solid (63 mg, 71% yield). Mp: 128-129 ºC. 1H{31P} 

NMR (400 MHz, CDCl3, 298 K): δ 1.38 (s, O2CMe, 

3H), 3.86 (s, OMe, 3H), 6.41  (td, JH-H 7.2, 1.4, 1H), 6.52 (dd, JH-H 7.8, 0.9, 1H), 6.60 (d, 

JH-H 8.0, 1H), 6.86 (td, JH-H 7.4, 1.1, 1H), 7.34 (app tt, JH-H 7.2, 1.5, 6H), 7.41 (m, 4H), 

7.45 (dd, JH-H 7.8, 1.4, 1H), 7.79 (t, JH-H 8.0, 1H), 7.85 (app d, JH-H 7.0, 6H). 13C{1H} 

NMR (125 MHz, CDCl3, 298 K): δ 23.3 (O2CMe), 56.2 (OMe), 104.1 (CH), 111.0 (CH), 

123.9 (CH), 124.3 (CH), 128.0 (d, 3JC-P 10.1, CH), 128.5 (CH), 130.4 (d, 4JC-P 2.3, CH), 

130.7 (d, 1JC-P 51.4, C), 135.7 (d, 2JC-P 11.3, CH), 139.5 (CH), 141.6 (CH), 147.3 (C), 

150.8 (C), 163.7 (C), 166.4 (C), 176.5 (O2CMe). 31P NMR (162 MHz, CDCl3, 298 K): δ 

45.7 (s, PPh3). IR (selected bands, cm-1): 1572, 1484, 1433, 1279, 1096, 752, 689. MS 

(ES): m/z 552 [M-OAc]+. TOFMS (ASAP): m/z 552.0792 [M-OAc]+ (C30H25NOP106Pd 

requires 552.0709). 
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5.2.20 Synthesis of [Pd(κ2-6-(4-methylphenyl)-2-methoxypyridine)(OAc)(PPh3)] 

(2.20) 

          The title complex was synthesised by 

combining [Pd(κ2-6-(4-methylphenyl)-2-methoxy 

pyridine)(µ-OAc)]2 (2.11) (34.2 mg, 0.047 mmol, 1 

eq.) and PPh3 (26 mg , 0.099 mmol, 2.1 eq.) in CHCl3 

(3  mL). The mixture was left to stir at room 

temperature under N2 for 24 h and after work up 

afforded 2.20 as a grey solid (41 mg, 69% yield). Mp: 

175-176 ºC. 1H{31P} NMR (400 MHz, CDCl3, 298 K): δ 1.29 (s, O2CMe, 3H), 1.62 (s, 

Me, 3H), 3.84 (s, 3H, OMe), 6.33 (s, 1H), 6.54 (d, JH-H 7.9, 1H), 6.65 (dd, JH-H 7.9, 0.7, 

1H), 7.33 (m, 8H), 7.40 (tt, JH-H 7.3, 1.4, 3H), 7.74 (t, JH-H 8.0, 1H), 7.85 (dd, JH-H 8.4, 

1.5, 6H). 13C{1H} NMR (100 MHz, CDCl3, 298 K): δ 20.9 (Me), 23.4 (O2CMe), 56.1 

(OMe), 103.5 (CH), 110.7 (CH), 123.9 (CH), 124.3 (CH), 127.9 (d, 3JC-P 11.3, CH), 130.4 

(d, 4JC-P 3.1, CH), 130.7 (d, 1JC-P 52.4, C), 135.7 (d, 2JC-P 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). 31P NMR 

(162 MHz, CDCl3, 298 K): δ 45.2 (s, PPh3). IR (selected bands, cm-1): 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]+ (C31H27NOP106Pd requires 566.0865). 

5.2.21 Synthesis of [Pd(κ2-6-(4-trifluoromethylphenyl)-2-methoxypyridine)(OAc) 

(PPh3)] (2.21) 

          The title complex was synthesised by 

combining [Pd(κ2-6-(4-trifluoromethylphenyl)-2-

methoxypyridine)(µ-OAc)]2 (2.12) (15 mg, 0.018 

mmol, 1 eq.) and PPh3 (9.38 mg , 0.037 mmol, 2.1 

eq.) in CHCl3 (2 mL). The mixture was left to stir at 

room temperature under N2 for 24 h and after work 

up afforded 2.21 as a pale yellow solid (19 mg, 75% 

yield). Mp: 185-187 ºC. 1H{31P} NMR (400 MHz, CDCl3, 298 K): δ 1.36 (s, O2CMe, 

3H), 3.91 (s, OMe, 3H), 6.71 (d, JH-H 8.5, 1H), 6.82 (s, 1H), 7.11 (d, JH-H 8.1, 1H), 7.37 

(t, JH-H 7.7, 6H), 7.46 (m, 4H), 7.53 (d, JH-H 8.1, 1H), 7.85 (m, 7H). Sample was 

insufficiently soluble for 13C{1H}; therefore, selective 13C data was acquired by a DEPT 

135 experiment. DEPT 135 NMR (125 MHz, CDCl3, 298 K): δ 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-P 11.0, CH), 130.7 

(CH), 135.0 (d, 2JC-P 11.8, CH), 135.5 (CH), 142.0 (CH). 31P NMR (162 MHz, CDCl3, 

298 K): δ 44.6 (s, PPh3). 19F NMR (376 MHz, CDCl3, 298 K): δ -63.3 (s, CF3). IR 

(selected bands, cm-1): 1563, 1485, 1433, 1318, 1117, 1072, 1021, 800, 688. MS (ES): 

m/z 620 [M-OAc]+. TOFMS (ASAP): m/z 620.0579 [M-OAc]+ (C31H24F3NOP106Pd 

requires 620.0582). 

5.2.22 Synthesis of [Pd(κ2-6-(4-fluorophenyl)-2-methoxypyridine)(OAc)(PPh3)] 

(2.22) 

          The title complex was synthesised by 

combining [Pd(κ2-6-(4-fluorophenyl)-2-methoxy 

pyridine)(µ-OAc)]2 (2.13) (35.2 mg, 0.047 mmol, 1 

eq.) and PPh3 (25 mg , 0.095 mmol, 2.1 eq.) in CHCl3 

(4 mL). The mixture was left to stir at room 

temperature under N2 for 24 h and after work up 

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 ºC. 1H{19F} 

NMR (400 MHz, CDCl3, 298 K): δ 1.27 (s, O2CMe, 3H), 3.85 (s, OMe, 3H), 6.20 (dd, 

JH-P 7.3, 2.5, 1H), 6.55 (dd, JH-H 8.61, 2.5, 1H), 6.58 (d, JH-H 8.8, 1H), 7.30 (d, JH-H 7.9, 

1H), 7.36 (m, 6H), 7.43 (m, 4H), 7.77 (t, JH-H 8.1, 1H), 7.84 (m, 6H). 13C{1H} NMR (125 

MHz, CDCl3, 298 K): δ 23.3 (O2CMe), 56.2 (OMe), 103.9 (CH), 110.9 (CH), 111.0 (CH), 

125.3 (CH), 125.4 (CH), 128.1 (d, 3JC-P 11.2, CH), 130.1 (d, 1JC-P 51.3, C), 130.6 (d, 4JC-

P 2.8, CH), 135.6 (d, 2JC-P 12.4, CH), 141.8 (CH), 143.6 (C), 153.6 (C), 161.0 (d, 1JC-F 

252.6, C), 162.8 (C), 166.4 (C), 176.5 (O2CMe). 31P NMR (162 MHz, CDCl3, 298 K): δ 

45.2 (s, PPh3). 19F NMR (376 MHz, CDCl3, 298 K): δ -111.5 (s, F). IR (selected bands, 

cm-1): 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]+ (C30H24FNOP106Pd requires 

570.0614). 

5.2.23 Synthesis of [Pd(κ2-6-phenyl-2-methoxypyridine)(PPh3)Cl] (2.23) 

          A round bottom flask equipped with stirrer bar and open to the air was loaded with 

[Pd(κ2-6-phenyl-2-methoxypyridine)(OAc)(PPh3)] (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 

induce precipitation. The product was then filtered 

and washed with hexane to afford 2.23 as a yellow 

solid (46.5 mg, 96%). Mp: 170 ºC (decomp.). 

1H{31P} NMR (400 MHz, CDCl3, 298 K): δ 4.00 (s, 

OMe, 3H), 6.38 (t, JH-H 7.0, 1H), 6.51 (d, JH-H 7.8, 

1H), 6.67 (d, JH-H 8.2, 1H), 6.86 (t, JH-H 7.4, 1H), 7.33 

(app t, JH-H 7.6, 6H), 7.41 (m, 4H), 7.70 (dd, JH-H 8.0, 1.1, 1H), 7.80 (d, JH-H 7.4, 6H), 

7.83 (t, JH-H 8.1, 1H). Sample was insufficiently soluble for 13C{1H}. 31P NMR (162 MHz, 

CDCl3, 298 K): δ 45.1 (s, PPh3). IR (selected bands, cm-1): 1607, 1574, 1483, 1433, 1288, 

1134, 1094, 1023, 752, 691. MS (ES): m/z 552 [M-Cl]. TOFMS (ES): m/z 552.0719 [M-

Cl]+ (C30H25NOP106Pd requires 552.0709). 

5.2.24 Synthesis of [Pd(κ2-6-(4-methylphenyl)-2-methoxypyridine)(PPh3)Cl] (2.24) 

          Based on the procedure described for 2.23, 

using 2.19 (49 mg, 0.078 mmol) gave 2.24 as a light 

yellow solid (44 mg, 94%). Crystals suitable for a 

single crystal X-ray diffraction study were grown 

from a solution of the complex 2.24 in 

dichloromethane/MeCN (95/5 v/v) layered with 

hexane. Mp: > 270 ºC. 1H{31P} NMR (400 MHz, 

CDCl3, 298 K): δ 1.62 (s, Me, 3H), 4.00 (s, OMe, 3H), 6.28 (s, 1H), 6.62 (d, JH-H 8.3, 

1H), 6.67 (d, JH-H 7.4, 1H), 7.33 (m, 7H), 7.39 (m, 4H), 7.76 (t, JH-H 8.0, 1H), 7.79 (d, JH-

H 7.2, 6H). Sample was insufficiently soluble for 13C{1H}. 31P NMR (162 MHz, CDCl3, 

298 K): δ 44.1 (s, PPh3). IR (selected bands, cm-1): 1690, 1572, 1482, 1433, 1283, 1176, 

1093, 1055, 781, 743, 690. MS (ES): m/z 566 [M-Cl]. TOFMS (ES): m/z 566.0880 [M-

Cl]+ (C31H27NOP106Pd requires 566.0865). 

5.2.25 Synthesis of [Pd(κ2-6-phenyl-2-methoxypyridine)(PPh3)(MeCN)]PF6 (2.25) 

          A Schlenk flask equipped with a magnetic stir bar was evacuated and backfilled 

with nitrogen and loaded with [Pd(κ2-6-phenyl-2-methoxypyridine)(PPh3) Cl] (2.23) (47 

mg, 0.08 mmol), AgPF6 (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 

diffraction study were grown from a solution of 

the complex 2.25 in dichloromethane/MeCN 

(95/5 v/v) layered with hexane. Mp: 184 ºC 

(decomp.). 1H{31P} NMR (400 MHz, CDCl3, 

298 K): δ 1.90 (s, MeCN, 3H), 3.98 (s, OMe, 

3H), 6.42 (t, JH-H 8.0, 1H), 6.48 (d, JH-H 7.7, 1H), 

6.76 (d, JH-H 8.3, 1H), 6.93 (t, JH-H 7.7, 1H), 7.42 (t, JH-H 7.7, 6H), 7.50 (m, 4H), 7.67 (d, 

JH-H 8.3, 1H), 7.76 (d, JH-H 7.1, 6H), 7.90 (t, JH-H 8.1, 1H). Sample was insufficiently 

soluble for 13C{1H}; therefore, selective 13C data was acquired by an HMQC experiment. 

HMQC NMR (100 MHz, CDCl3, 298 K): δ 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). 31P NMR (162 MHz, CDCl3, 298 K): δ 44.7 (s, PPh3), -144.3 (sept, 

1JP-F 705, PF6). 19F NMR (376 MHz, CDCl3, 298 K): δ -73.1 (d, 1JF-P 711, PF6). IR 

(selected bands, cm-1): 1576, 1484, 1433, 1280, 1112, 829, 795, 693. MS (ES): m/z 552 

[M-MeCN]+, 145 [PF6]-. TOFMS (ES): m/z 552.0723 [M-MeCN]+ (C30H25NOP106Pd 

requires 552.0709). 

5.2.26 Synthesis of [Pd(κ2-6-phenyl-2-methoxypyridine)(PPh3)(MeCN)]BF4 (2.26) 

          Based on the procedure described for 

2.25, using 2.23 (52 mg, 0.088 mmol) and 

AgBF4 (17.2 mg, 0.088 mmol) gave 2.26 as a 

yellow solid (47 mg, 78%). Crystals suitable for 

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 ºC (decomp.).1H{31P} NMR (400 MHz, CDCl3, 298 K): δ 1.91 (s, 

MeCN, 3H), 3.98 (s, OMe, 3H), 6.40 (t, JH-H 7.3, 1H), 6.50 (d, JH-H 7.3, 1H), 6.71 (d, JH-

H 8.3, 1H), 6.89 (t, JH-H 7.3, 1H), 7.38 (m, 7H), 7.44 (m, 4H), 7.77 (app d, JH-H 7.1, 6H), 

7.84 (t, JH-H 7.8, 1H). Sample was insufficiently soluble for 13C{1H}; therefore, selective 

13C data was acquired by an HMQC experiment. HMQC NMR (100 MHz, CDCl3, 298 

K): δ 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). 31P NMR (162 MHz, 

CDCl3, 298 K): δ 45.1 (s, PPh3). 19F NMR (376 MHz, CDCl3, 298 K): δ -153.4 (s, BF4). 
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IR (selected bands, cm-1): 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]+ 

(C30H25NOP106Pd requires 552.0709). 

5.2.27 Synthesis of [Pd(κ2-phenyl-2-methoxypyridine)(PPh3)(MeCN)]OTf (2.27) 

          Based on the procedure described for 

2.25, using 2.23 (45 mg, 0.076 mmol) and 

AgOSO2CF3 (19.7 mg, 0.076 mmol) gave 2.27 

as a yellow solid (55 mg, 97%). Crystals suitable 

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 ºC (decomp.). 1H{31P} NMR (400 MHz, CDCl3, 298 K): δ 1.88 (s, 

MeCN, 3H), 3.98 (s, OMe, 3H), 6.43 (t, JH-H 7.2, 1H), 6.49 (d, JH-H 7.9, 1H), 6.78 (d, JH-

H 7.9, 1H), 6.94 (t, JH-H 7.2, 1H), 7.42 (m, 7H), 7.49 (m, 4H), 7.75 (d, JH-H 7.9, 6H), 7.91 

(t, JH-H 7.9, 1H). Sample was insufficiently soluble for 13C{1H}; therefore, selective 13C 

data was acquired by a DEPT 135 experiment. DEPT 135 NMR (100 MHz, CDCl3, 298 

K): δ -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, 2JC-P 12.7, CH), 137.4 (CH), 141.1 

(CH). 31P NMR (162 MHz, CDCl3, 298 K): δ 45.0 (s, PPh3). 19F NMR (376 MHz, CDCl3, 

298 K): δ -78.1 (s, OTf). IR (selected bands, cm-1): 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]+ (C30H25NOP106Pd requires 552.0709). 

Gold(III) Chemistry 

5.2.28 Synthesis of [6-(4-methylphenyl)-2-methoxypyridine(κ1-H)]AuCl4 (2.28) 

          The 6-(4-methylphenyl)-2-methoxy 

pyridine (2.6) (15.3 mg, 0.077 mmol, 1.1 eq.), 

dissolved in MeCN (1 mL), was added in one 

portion to H[AuCl4] (27.5 mg, 0.07 mmol) in H2O 

(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 ºC. 

1H NMR (400 MHz, CDCl3, 298 K): δ 2.48 (s, Me, 3H), 4.36 (s, OMe, 3H), 7.20 (d, JH-

H 8.7, 1H), 7.45 (d, JH-H 7.8, 2H), 7.59 (dd, JH-H 7.8, 0.7, 1H), 7.80 (dt, JH-H 8.2, 1.8, 2H), 

8.38 (t, JH-H 7.8, 1H). 1H NMR (400 MHz, CD3CN, 298 K): δ 2.48 (s, Me, 3H), 4.24 (s, 

OMe, 3H), 7.40 (dd, JH-H 8.8, 0.8, 1H), 7.49 (dd, JH-H 8.5, 0.6, 2H), 7.70 (dd, JH-H 7.7, 

0.7, 1H), 7.73 (dt, JH-H 8.5, 1.9, 2H), 8.48 (t, JH-H 8.3, 1H) 12.57 (br s, 1H, NH). 13C{1H} 

NMR (125 MHz, CDCl3, 298 K): δ 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-1): 3180, 1623, 1434, 1379, 1274, 1177, 1080, 1027, 822, 793. MS 

(ES): m/z 200 [L+H]+, 267 [AuCl2]-, 339 [AuCl4]-. TOFMS (ASAP): m/z 200.1080 

[L+H]+ (C13H14NO requires 200.1075). 

5.2.29 Synthesis of [Au(κ1-6-(4-methylphenyl)-2-methoxypyridine)Cl3] (2.29) 

          A: In a small bottom flask, 6.1 mg (0.072 mmol, 

1.5 eq.) of NaHCO3 were added under vigorous stirring 

to a solution of 2.28 of 26 mg (0.048 mmol) in 3 mL of 

THF and left 2 h to react at room temperature. The 

corresponding solution was evaporated and the crude solid was washed with Et2O 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 H2O (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 ºC. 1H NMR (400 MHz, CDCl3, 298 

K): δ 2.45 (s, Me, 3H), 4.25 (s, OMe, 3H), 7.10 (dd, JH-H 8.5, 1.1, 1H), 7.31 (dd, JH-H 7.6, 

1.2, 1H), 7.39 (app d, JH-H 7.9, 2H), 7.73 (dt, JH-H 8.2, 1.7, 2H), 8.10 (t, JH-H 8.5, 1H). 

13C{1H} NMR (100 MHz, CDCl3, 298 K): δ 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-1): 1601, 1570, 1474, 1435, 1272, 1121, 1004, 822, 795. MS (ES): 

m/z 267 [AuCl2]-, 304 [AuCl3]-. TOFMS (ES): m/z 523.9623 [M+Na]+ 

(C13H13
197AuCl3NONa requires 523.9626), 1026.9327 [2M+Na]+ 

(C26H26
197Au2Cl6N2O2Na requires 1026. 9325). 
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5.2.30 Synthesis of [Hg(κ1-6-(4-methylphenyl)-2-methoxypyridine)Cl] (2.30) 

          The 6-(4-methylphenyl)-2-methoxypyridine (2.6)  

(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 

mmol) in EtOH (5 mL). The mixture was heated at reflux 

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 H2O (10 mL) and EtOH (10 mL, 0 ˚C) to give an 

organomercury intermediate (63 mg, 19%). Mp: 163-165 ºC. 1H NMR (400 MHz, 

CD2Cl2, 298 K): δ 2.30 (s, Me, 3H), 4.04 (s, OMe, 3H), 6.71 (dd, JH-H 8.3, 0.7, 1H), 7.31 

(app d, JH-H 7.8, 1H), 7.25 (s and dd, 3JH-Hg 202, 7.5, 1H), 7.27 (dd, JH-H 8.7, 0.5, 1H), 

7.62 (dd, JH-H 8.2, 7.5, 1H), 7.66 (d, JH-H 8.0, 1H). Sample was insufficiently soluble for 

13C{1H}; therefore, selective 13C data was acquired by an HMQC experiment. HMQC 

NMR (125 MHz, CD2Cl2, 298 K): δ 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-1): 1574, 1408, 

1321, 1247, 1013, 789. MS (ES): m/z 439 [(M-Cl)+MeCN]. TOFMS (ASAP): m/z 

436.0384 [M+H]+ (C13H13Cl201HgNO requires 436.0347), 400.0627 [M-Cl]+ 

(C13H12
201HgNO requires 400.0625). 

General Procedure for Alcohol Oxidation Using OMe-containing Complexes 

          Base (0.20 mmol), MS 3 Å (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 CDCl3 and analysed by 1H NMR spectroscopy. The conversion 

was determined by 1H 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 ºC). The 

solution was then allowed to cool to room temperature and neutralised with saturated 

NaHCO3. 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 

(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: 

196-198 ºC. 1H NMR (400 MHz, CDCl3, 298 K): δ 6.47 (dd, JH-

H 7.0, 0.8, 1H), 6.53 (dd, JH-H 9.1, 0.8, 1H), 7.48 (m, 4H), 7.71 (m, 2H), 12.15 (br s, NH, 

1H). 13C{1H} NMR (100 MHz, CDCl3, 298 K): δ 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, 

cm-1): 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.9 

5.3.2 Synthesis of 6-(4-methylphenyl)-2-pyridone (3.2)  

          This was prepared from 6-(4-methylphenyl)-2-

methoxypyridine (2.6) (110.9 mg) and aqueous 48% HBr 

and after work up and recrystallisation gave 3.2 as white 

crystals (93.5 mg, 91%). Mp: 202-204 ºC. 1H NMR (400 

MHz, CDCl3, 298 K): δ 2.31 (s, Me, 3H), 6.36 (d, JH-H 6.8, 1H), 6.43 (d, JH-H 9.0, 1H), 

7.20 (d, JH-H 7.8, 2H), 7.37 (dd, JH-H 8.8, 7.1, 1H), 7.54 (d, JH-H 8.2, 2H), 12.34 (br s, NH, 

1H). 13C{1H} NMR (100 MHz, CDCl3, 298 K): δ 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-1): 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.10 

5.3.3 Synthesis of 6-(4-trifluoromethylphenyl)-2-pyridone (3.3)  

          This was prepared from 6-(4-

trifluoromethylphenyl)-2-methoxypyridine (2.7) (141 

mg) and aqueous 48% HBr and after work up and 

recrystallisation gave 3.3 as white crystals (100 mg, 

75%). Crystals suitable for single crystal X-ray 

diffraction were grown by slow evaporation of a methanol solution of the ligand. Mp: 

203-205 ºC. 1H NMR (400 MHz, CDCl3, 298 K): δ 6.4 (d, JH-H 7.0, 1H), 6.52 (d, JH-H 9.1, 

1H), 7.44 (dd, JH-H 9.1, 7.0, 1H), 7.66 (d, JH-H 8.2, 2H), 7.80 (d, JH-H 8.2, 2H), 13.13 (br 

s, NH, 1H). 13C{1H} NMR (100 MHz, CDCl3, 298 K): δ 106.0 (CH), 119.6 (CH), 123.8 

(q, 1JC-F 271.6, CF3), 126.0 (q, 3JC-F 3.0, CH), 127.3 (CH), 131.7 (q, 2JC-F 33.1, C), 136.8 

(C), 141.3 (CH), 145.6 (C), 165.6 (C). 19F NMR (376 MHz, CDCl3, 298 K): δ -62.8 (s, 

CF3). IR (selected bands, cm-1): 2912, 1642, 1604, 1574, 1334, 1158, 1110, 986, 828, 

789. MS (ES): m/z 240 [M]+. TOFMS (ES): m/z 240.0628 [M+H]+ (C12H9F3NO requires 

240.0592). Data are consistent with those reported in the literature.9 

5.3.4 Synthesis of 6-(4-fluorophenyl)-2-pyridone (3.4)  

          This was prepared from 6-(4-fluorophenyl)-2-

methoxypyridine (2.8) (113.1 mg) and aqueous 48% HBr 

and after work up and recrystallisation gave 3.4 as white 

crystals (93.4 mg, 88%). Mp: 193-195 ºC. 1H{19F} NMR 

(400 MHz, CDCl3, 298 K): δ 6.36 (d, JH-H 6.9, 1H), 6.45 (d, 

JH-H 9.0, 1H), 7.11 (d, JH-H 8.7, 2H), 7.4 (t, JH-H 8.5, 1H), 7.67 (d, JH-H 8.8, 2H), 12.68 (br 

s, NH, 1H). 13C{1H} NMR (100 MHz, CDCl3, 298 K): δ 104.9 (CH), 116.2 (d, 2JC-F 21.3, 

CH), 118.5 (CH), 128.8 (d, 3JC-F 9.1, CH), 129.7 (C), 141.4 (CH), 146.1 (C), 163.8 (d, 

1JC-F 250.4, C), 165.4 (C). 19F NMR (376 MHz, CDCl3, 298 K): δ -110.6 (s, F). IR 

(selected bands, cm-1): 2913, 1651, 1614, 1509, 1226, 1158, 986, 831, 788, 723. MS (ES): 

m/z 190 [M]+. TOFMS (ES): m/z 190.0653 [M+H]+ (C11H9FNO 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 ºC. 1H NMR (400 MHz, 

CDCl3, 298 K): δ 2.26 (s, Me, 3H), 6.06 (dd, JH-H 6.7, 0.6, 1H), 

6.33 (dd, JH-H 9.0, 0.5, 1H), 7.21 (m, 4H), 7.33 (dd, JH-H 9.1, 6.8, 

1H), 12.17 (br s, NH, 1H). 13C{1H} NMR  (100 MHz, CDCl3, 

298 K): δ 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-1): 

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.10 

Synthesis of Novel Complexes Containing an OH-N^C Ligand 

General Procedure for Synthesis of [Pd(κ2-6-aryl-2-pyridinol)(µ-OAc)]2 

          The 6-aryl-2-pyridone (1 eq.) and Pd(OAc)2 (1 eq.) were combined in glacial acetic 

acid in a 10-mL flask equipped with a magnetic stir bar and stirred at 90 ºC 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(κ2-6-phenyl-2-pyridinol)(µ-OAc)]2 (3.6) 

          The flask was loaded with 3.1 

(0.017 g, 0.104 mmol), Pd(OAc)2 (0.023 

g, 0.104 mmol) and glacial acetic acid (3 

mL) and after work up gave 3.6 as a dark 

orange solid (0.026 g, 73%). Mp > 270 

ºC. 1H NMR (400 MHz, CDCl3, 298 K): 

δ 2.27 (s, O2CMe, 6H), 5.95 (d, JH-H 8.3, 2H), 6.72 (m, 4H), 6.84 (m, 6H), 7.28 (t, JH-H 

7.3, 2H), 9.63 (s, OH, 2H). 13C{1H} NMR (100 MHz, CDCl3, 298 K): δ 25.01 (O2CMe), 

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-1): 

3057, 1620, 1548, 1408, 1341, 1222, 801, 677. MS (ES): m/z 317 [Pd(LH)+MeCN]+, 358 

[Pd(LH)+2MeCN]+, 635 [Pd2(HLH)2+2MeCN]+. TOFMS (ASAP): m/z 279.0935 

[Pd(LH)]+ (C11H8NO106Pd requires 278.9678). Anal Calcd for C26H22N2O6Pd2: 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(κ2-6-(4-methylphenyl)-2-pyridinol)(µ-OAc)]2 (3.7) 

          The flask was loaded with 3.2 

(0.029 g, 0.158 mmol), Pd(OAc)2 (0.036 

g, 0.155 mmol) and glacial acetic acid (3 

mL) and after work up gave 3.7 as a dark 

yellow solid (0.036 g, 65%). Mp > 270 

ºC. 1H NMR (400 MHz, CDCl3, 298 K): 

δ 2.20 (s, Me, 6H), 2.26 (s, O2CMe, 6H), 5.98 (dd, JH-H 8.3, 0.9, 2H), 6.48 (s, 2H), 6.56 

(d, JH-H 8.0, 2H), 6.64 (dd, JH-H 7.7, 0.9, 2H), 6.71 (d, JH-H 7.9, 2H), 7.24 (t, JH-H 7.9, 2H), 

9.62  (s, OH, 2H). 13C{1H} NMR (125 MHz, CDCl3, 298 K): δ 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-1): 

1547, 1405, 1340, 1162, 787, 674. MS (ES): m/z 331 [Pd(LMe)+MeCN]+, 372 

[Pd(LMe)+2MeCN]+, 663 [Pd2(LMe)2+2MeCN]+. TOFMS (ASAP): m/z 1159.9000 

[Pd(LMe)]4
+ (C48H40N4O4

106Pd4 requires 1159.9189). Anal Calcd for C28H26N2O6Pd2: 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(κ2-6-(4-trifluoromethylphenyl)-2-pyridinol)(µ-OAc)]2 (3.8) 

          The flask was loaded with 3.3 

(0.017 g, 0.071 mmol), Pd(OAc)2 (0.016 

g, 0.071 mmol) and glacial acetic acid (3 

mL) and after work up gave 3.8 as a 

yellow solid (0.022 g, 77%). Crystals 

suitable for a single crystal X-ray 

diffraction study were grown from a dichloromethane solution of the complex layered 

with hexane. Mp > 270 ºC. 1H NMR (400 MHz, CDCl3, 298 K): δ 2.30 (s, O2CMe, 6H), 

6.09 (d, JH-H 8.4, 2H), 6.77 (dd, JH-H 7.6, 0.9, 2H), 6.93 (d, JH-H 8.0, 2H), 6.96 (s, 2H), 

7.05 (dd, JH-H 8.1, 0.9, 2H), 7.33 (t, JH-H 7.9, 2H), 9.66 (s, OH, 2H). Sample was 

insufficiently soluble for 13C{1H}; therefore, selective 13C data was acquired by an HSQC 

experiment. HSQC NMR (125 MHz, CDCl3, 298 K): δ 25.2 (O2CMe), 109.8 (CH), 110.9 

(CH), 121.6 (CH), 122.1 (CH), 127.2 (CH), 140.9 (CH). 19F NMR (376 MHz, CDCl3, 

298 K): δ -63.2 (s, CF3). IR (selected bands, cm-1): 3050, 1545, 1412, 1317, 1240, 1118, 

1073, 794, 722, 678. MS (ES): m/z 385 [Pd(LCF3)+MeCN]+, 426 [Pd(LCF3)+2MeCN]+, 

771 [Pd2(LCF3)2+2MeCN]+. TOFMS (ASAP): m/z 807.9313 [M]+ (C28H20F6N2O6
106Pd2 
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requires 807.9299). Anal Calcd for C28H20F6N2O6Pd2: 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(κ2-6-(4-fluorophenyl)-2-pyridinol)(µ-OAc)]2 (3.9) 

          The flask was loaded with 3.4 

(0.029 g, 0.155 mmol), Pd(OAc)2 (0.035 

g, 0.155 mmol) and glacial acetic acid (3 

mL) and after work up gave 3.9 as a 

yellow solid (0.042 g, 77%). Mp: > 270 

ºC. 1H{19F} NMR (400 MHz, CDCl3, 

298 K): δ 2.28 (s, O2CMe, 6H), 6.06 (dd, JH-H 8.3, 0.9, 2H), 6.38 (d, JH-H 2.4, 2H), 6.53 

(dd, JH-H 8.5, 2.2, 2H), 6.62 (dd, JH-H 7.6, 0.9, 2H), 6.83 (d, JH-H 8.6, 2H), 7.3 (t, JH-H 7.9, 

2H), 9.53 (s, OH, 2H). 13C{1H} NMR (125 MHz, CDCl3, 298 K): δ 25.0 (O2CMe), 109.1 

(CH), 109.2 (CH), 111.9 (d, 2JC-F 23.0, CH), 117.7 (d, 2JC-F 20.5, CH), 123.7 (d, 3JC-F 8.5, 

CH), 140.5 (CH), 141.2 (d, 3JC-F 2.0, C), 148.9 (C), 160.2 (d, 1JC-F 255.6, C), 161.2 (C), 

165.0 (C), 184.7 (O2CMe). 19F NMR (376 MHz, CDCl3, 298 K): δ -109.0 (s, F). IR 

(selected bands, cm-1): 1544, 1412, 1248, 1188, 1159, 855, 788, 679. MS (ES): m/z 335 

[Pd(LF)+MeCN]+, 376 [Pd(LF)+2MeCN]+, 671 [Pd2(LF)2+2MeCN]+. TOFMS (ASAP): 

1173.8048 [Pd(LF)]4
+ (C44H28F4N4O4

106Pd4 requires 1173.8218). 

5.3.10 Synthesis of [Pd(κ2-6-(2-methylphenyl)-2-pyridinol)(µ-OAc)]2 (3.10) 

          The flask was loaded with 3.5 

(0.029 g, 0.158 mmol), Pd(OAc)2 

(0.036 g, 0.155 mmol) and glacial 

acetic acid (3 mL) and after work up 

gave 3.10 as a dark yellow solid 

(0.045 g, 68%). Mp: > 270 ºC. 1H 

NMR (400 MHz, CDCl3, 298 K): δ 2.24 (s, O2CMe, 6H), 2.29 (s, Me, 6H), 5.96 (dd, JH-

H 8.3, 0.9, 2H), 6.67 (m, 4H), 6.74 (t, JH-H 7.7, 2H), 6.92 (d, JH-H 6.6, 2H), 7.30 (t, JH-H 

8.0, 2H), 9.77 (s, OH, 2H). 13C{1H} NMR (125 MHz, CDCl3, 298 K): δ 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 (O2CMe). IR (selected bands, cm-

1): 1544, 1406, 1340, 1221, 1163, 1019, 798, 676. MS (ES): m/z 331 [Pd(LMe)+MeCN]+, 

372 [Pd(LMe)+2MeCN]+, 663 [Pd2(LMe)2+2MeCN]+. TOFMS (ASAP): m/z 1159.9000 

[Pd(LMe)]4
+ (C48H40N4O4

106Pd4 requires 1159.9189). 
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Tetrameric Complexes with the General Formula [Pd(μ:κ2-6-aryl-2-pyridonate)]4 

5.3.11 Synthesis of [Pd(μ:κ2-6-phenyl-2-pyridonate)]4 (3.11) 

          A 5-mL round bottom flask, open to 

the air, was loaded with 3.6 (9 mg, 0.013 

mmol) and CDCl3 (0.5 mL). A stopper was 

attached and the mixture left to stand at 

room temperature for 24 h. The reaction 

was monitored by 1H NMR spectroscopy 

revealing a mixture of 3.11 and unreacted 

3.6. After 48 h, 1H NMR spectrum showed 

no further change. All volatiles were 

removed under reduced pressure and the 

remaining solid was re-dissolved in CDCl3 (0.5 mL) and left for 24 h. The process of 

solvent removal and dissolving in CDCl3 was repeated three more times to afford pure 

3.11 as a yellow solid (7 mg, 95%). Mp > 270 ºC.  1H NMR (400 MHz, CDCl3, 298 K): 

δ 5.92 (dd, JH-H 8.6, 0.9, 1H), 6.74 (dd, JH-H 7.4, 1.0, 1H), 6.93 (m, 2H), 7.01 (m, 1H), 

7.17 (m, 1H), 7.37 (d, JH-H 7.7 Hz, 1H). 13C{1H} (125 MHz, CDCl3, 298 K): δ 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-1): 1609, 1543, 1479, 1435, 1028, 

790. MS (ES): m/z 1130 [M]+. Anal Calcd for C46H34N4O4Pd4: 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(μ:κ2-6-(4-methylphenyl)-2-pyridonate)]4 (3.12) 

          Based on the procedure 

described for 3.11, using 3.7 (20 

mg, 0.029 mmol) in CDCl3 (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 ºC. 1H NMR 

(400 MHz, CDCl3, 298 K): δ 2.17 

(s, Me, 3H), 5.88 (dd, JH-H 8.6, 1.0, 



Chapter 5 

217 
 

1H), 6.68 (dd, JH-H 7.3, 1.0, 1H), 6.71 (dd, JH-H 0.7, 1H), 6.96 (dd, JH-H 7.8, 0.7, 1H), 6.99 

(dd, JH-H 7.3, 8.5, 1H), 7.24 (d, JH-H 7.8, 1H). 13C{1H} (125 MHz, CDCl3, 298 K): δ 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-1): 1609, 1542, 

1481, 1455, 1031, 785. MS (ES): m/z 1159 [M]+. TOFMS (ASAP): m/z 1185.8998 [M]+ 

(C50H42N4O4
106Pd4 requires 1185.9345). Anal Calcd for C50H42N4O4Pd4.1.6CHCl3: 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(μ:κ2-6-(4-trifluoromethylphenyl)-2-pyridonate)]4 (3.13) 

          Based on the 

procedure described for 

3.11, using 3.8 (22 mg, 

0.027 mmol) in CDCl3 (4 

mL), gave 3.13 as a yellow 

solid (13 mg, 69%). To 

allow full conversion of 3.8 

to 3.13 the process of 

solvent removal and heating 

at 50 °C in CDCl3 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 ºC. 1H NMR (400 MHz, CDCl3, 298 

K): δ 6.03 (dd, JH-H 8.6, 0.9, 1H), 6.87 (dd, JH-H 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 13C{1H}; therefore, 

selective 13C data was acquired by a DEPT 135 experiment. DEPT 135 NMR (125 MHz, 

CDCl3, 298 K): δ 107.3 (CH), 116.3 (CH), 123.4 (CH), 124.8 (CH), 128.2 (CH), 139.1 

(CH). 19F NMR (376 MHz, CDCl3, 298 K): δ -62.6 (s, CF3). IR (selected bands, cm-1): 

1613, 1544, 1484, 1461, 1314, 1121, 790. MS (ES): m/z 1374 [M]+. TOFMS (ASAP): 

m/z 1374.7856 [M]+ (C48H24F12N4O4
106Pd4 requires 1374.4048). Anal Calcd for 

C48H24F12N4O4Pd4: 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(μ:κ2-6-(4-fluorophenyl)-2-pyridonate)]4 (3.14) 

          Based on the procedure described for 3.11, using 3.9 (28 mg, 0.04 mmol) in CDCl3 

(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 CDCl3 was repeated up to 5 times. 
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Mp > 270 ºC. 1H{19F} NMR (400 

MHz, CDCl3, 298 K): δ 5.84 (dd, 

JH-H 8.6, 0.9, 1H), 6.55 (d, JH-H 

2.5, 1H), 6.61 (dd, JH-H 7.3, 0.9, 

1H), 6.86 (dd, JH-H 8.5, 2.5, 1H), 

6.98 (t, JH-H 7.3, 1H), 7.30 (d, JH-

H 8.6, 1H). Sample was 

insufficiently soluble for 

13C{1H}; therefore, selective 13C 

data was acquired by an HSQC 

experiment. HSQC NMR (125 

MHz, CDCl3, 298 K): δ 105.3 (CH), 114.5 (CH), 124.7 (CH), 118.7 (CH), 124.0 (CH), 

138.6 (CH). 19F NMR (376 MHz, CDCl3, 298 K): δ -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]+ (C44H24F4N4O4
106Pd4 requires 1174.7897). 

Dimeric Complexes with the General Formula [Pd(-6-aryl-2-pyridonate)(κ2-6-

aryl-2-pyridinol)]2 

5.3.15 Synthesis of [Pd(-6-phenyl-2-pyridonate)(κ2-6-phenyl-2-pyridinol)]2 (3.15) 

          A small-sized Schlenk flask, 

equipped with a magnetic stir bar, 

was evacuated and backfilled with 

nitrogen. The flask was loaded 

with 3.1 (16 mg, 0.09 mmol), 3.6 

(30.2 mg, 0.045 mmol) and CDCl3 

(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 ºC. 1H 

NMR (400 MHz, CDCl3, 298 K): δ 5.67 (d, JH-H 8.3, 2H), 5.85 (d, JH-H 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, JH-H 7.1, 4H), 7.44 (t, JH-H 7.2, 

2H) 7.49 (t, JH-H 7.7, 2H), 7.97 (d, JH-H 7.2, 4H), 12.35 (s, OH, 2H). 13C{1H} NMR (125 

MHz, CDCl3, 298 K): δ 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-1): 3051, 1682, 1593, 1568. TOFMS (ASAP): m/z 893.0577 

[M+H]+ (C44H32N4O4
106Pd2 requires 893.0513). Anal Calcd for C44H32N4O4Pd4: 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(-6-(4-methylphenyl)-2-pyridonate)(κ2-6-(4-methylphenyl)-

2-pyridinol)]2 (3.16) 

           Based on the procedure 

described for 3.15 using 3.2 (8 mg, 

0.04 mmol) and 3.7 (15 mg, 0.02 

mmol) gave 3.16 as a yellow solid 

(11 mg, 58%). Crystals suitable for 

single crystal X-ray diffraction 

were grown by slow evaporation of 

a chloroform solution of the complex. Mp > 270 ºC. 1H NMR (400 MHz, CDCl3, 298 K): 

δ 2.05 (s, N^C-Me, 6H), 2.32 (s, N^O-Me, 6H), 5.70 (s, 2H), 5.72 (d, JH-H 8.4, 2H), 6.47  

(d, JH-H 7.6, 2H), 6.55 (d, JH-H 7.3, 2H), 6.63 (d, JH-H 8.5, 2H), 6.67 (m, 4H), 7.12 (t, JH-H 

7.9, 2H), 7.19 (d, JH-H 7.6, 4H), 7.42 (t, JH-H 7.6, 2H), 7.95 (d, JH-H 7.7, 4H), 12.27 (s, OH, 

2H). 13C{1H} (125 MHz, CDCl3, 298 K): δ 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-1): 1596, 1571, 

1435, 1313,786. MS (ES): m/z 949 [M]+. TOFMS (ASAP): m/z 951.1226 [M]+ 

(C48H40N4O4
106Pd2 requires 951.1157). Anal Calcd for C48H40N4O4Pd2·1.1CHCl3: 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(-6-(4-trifluoromethylphenyl)-2-pyridonate)(κ2-6-(4-

trifluoromethylphenyl)-2-pyridinol)]2 (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 ºC. 1H NMR (400 MHz, CDCl3, 298 K): δ 5.83 (dd, JH-H 8.4, 

1.0, 2H), 6.03 (s, 2H), 6.60 (dd, JH-H 7.7, 1.0, 2H), 6.80 (m, 6H), 7.00 (dd, JH-H 7.8, 1.0, 

2H), 7.20 (t, JH-H 7.9, 2H), 7.6 (dd, JH-H 7.1, 8.4, 2H), 7.67 (d, JH-H 8.2, 4H), 8.10 (d, JH-
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H 8.0, 4H), 12.12 (s, OH, 2H). 

Sample was insufficiently 

soluble for 13C{1H}; therefore, 

selective 13C data was acquired 

by a DEPT 135 experiment. 

DEPT 135 (125 MHz, CDCl3, 

298 K): δ 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). 19F NMR (376 MHz, CDCl3, 298 K): δ -62.5 (s, CF3), -

63.2 (s, CF3). IR (selected bands, cm-1): 1601, 1570, 1437, 1314, 1115, 791. MS (ES): 

m/z 1166 [M]+. TOFMS (ASAP): m/z 1167.0142 [M]+ (C48H28F12N4O4
106Pd2 requires 

1167.0026). Anal Calcd for C48H28F12N4O4Pd2: 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(-6-(4-fluorophenyl)-2-pyridonate)(κ2-6-(4-fluorophenyl)-

2-pyridinol)]2 (3.18) 

           Based on the procedure 

described for 3.15 using 3.4 (11 

mg, 0.056 mmol) and 3.9 (20 mg, 

0.028 mmol) gave 3.18 as a dark 

yellow solid (27 mg, 97%). 

Crystals suitable for single crystal 

X-ray diffraction were grown by 

slow evaporation of a chloroform solution of the complex. Mp > 270 ºC. 1H{19F} NMR 

(400 MHz, CDCl3, 298 K): δ 5.52 (d, JH-H 2.6, 2H), 5.82 (dd, JH-H 8.3, 1.0, 2H), 6.46 (dd, 

JH-H 7.8, 0.9, 2H), 6.48 (dd, JH-H 8.6, 2.5, 2H), 6.71 (dd, JH-H 8.4, 1.2, 2H), 6.73 (dd, JH-H 

7.2, 1.3, 2H), 6.77 (d, JH-H 8.6, 2H), 7.10 (td, JH-H 8.8, 2.1, 4H), 7.17 (t, JH-H 7.9, 2H), 

7.49 (dd, JH-H 8.4, 7.2, 2H), 8.00 (td, JH-H 8.9, 2.1, 4H), 12.11 (s, OH, 2H). Sample was 

insufficiently soluble for 13C{1H}; therefore, selective 13C data was acquired by HMQC 

and HMBC experiments. HMQC (100 MHz, CDCl3, 298 K): δ 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, CDCl3): δ 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). 19F NMR (376 MHz, 

CDCl3, 298 K): δ -110.4 (s, F), -113.1 (s, 1F). IR (selected bands, cm-1): 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]+ (C44H28F4N4O4
106Pd2 requires 967.0154). 

Monomeric Complexes with the General Formula [Pd(κ2-HLR)(κ1-OAc)(3,5-

lutidine)] 

5.3.19 Synthesis of [Pd(κ2-6-phenyl-2-pyridinol)(κ1-OAc)(3,5-lutidine)] (3.19) 

          A 5-mL round bottom flask, equipped with a 

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 CDCl3 (4 mL). A stopper was attached and the 

mixture was left to stir at room temperature for 3 min. The 

reaction was monitored by 1H 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 ºC (dec.). 1H NMR (400 MHz, 

CDCl3, 298 K): δ 1.94 (s, O2CMe, 3H), 2.33 (s, py-Me, 6H), 5.98 (d, JH-H 6.5, 1H), 6.46 

(d, JH-H 6.6, 1H), 6.82 (t, JH-H 7.3, 1H), 7.03 (app t, 2H), 7.35 (d, JH-H 7.5, 1H), 7.44 (s, 

1H), 7.56 (t, JH-H 7.5, 1H), 8.72 (s, 2H), OH is not observable. 13C{1H} (125 MHz, CDCl3, 

298 K): δ 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 (O2CMe). IR (selected bands, cm-1): 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]+ (C20H20N2O3
106Pd requires 443.0592). 

FABMS: m/z 383 [M-OAc]+. Anal Calcd for C20H20N2O3Pd.0.36CHCl3: 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(κ2-6-(4-methylphenyl)-2-pyridinol)(κ1-OAc)(3,5-lutidine)] 

(3.20) 

          Based on the procedure described for 3.19, using 

3.7 (35 mg, 0.05 mmol) and 3,5-lutidine (11 mg, 0.10 

mmol), gave 3.20 as a dark brown solid (44 mg, 94%). 

Mp 103-104 ºC. 1H NMR (400 MHz, CDCl3, 298 K): δ 

1.92 (s, O2CMe, 3H), 2.09 (s, p-Me, 3H), 2.35 (s, py-Me, 

6H), 5.79 (s, 1H), 6.43 (d, JH-H 7.4, 1H), 6.85 (d, JH-H 

7.40, 1H), 7.00 (d, JH-H 6.7, 1H), 7.25 (d, JH-H 8.9, 1H), 7.46 (s, 1H), 7.54 (t, JH-H 8.2, 
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1H), 8.72 (s, 2H) , OH is not observable. 13C{1H} NMR (125 MHz, CDCl3, 298 K): δ 

18.3 (py-Me), 21.8 (p-Me), 23.7 (O2CMe), 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-1): 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 C21H22N2O3Pd: 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(κ2-6-(4-trifluoromethylphenyl)-2-pyridinol)(κ1-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 

mmol), gave 3.21 as a dark yellow solid (17 mg, 90%). 

Mp 108-109 ºC. 1H NMR (400 MHz, CDCl3, 298 K): δ 

1.96 (s, O2CMe, 3H), 2.34 (s, py-Me, 6H), 6.22 (s, 1H), 

6.51 (br s, 1H), 7.06 (br s, 1H), 7.27 (d, JH-H 8.5, 1H), 

7.43 (d, JH-H 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 13C{1H}; therefore, selective 13C data was acquired 

by an HMQC experiment. HMQC NMR (100 MHz, CDCl3, 298 K, 298 K): δ 18.1 (py-

Me), 23.5 (O2CMe), 109.1 (CH), 112.7 (CH), 121.6 (CH). 122.5 (CH), 128.9 (CH), 140.0 

(CH), 140.3 (CH), 150.3 (CH). 19F NMR (376 MHz, CDCl3, 298 K): δ -62.9 (s, CF3). IR 

(selected bands, cm-1): 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-OAc]+ (C19H16F3N2O106Pd requires 451.0250). FABMS: m/z 450 [M-OAc]. Anal 

Calcd for C21H19F3N2O3Pd.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(κ2-6-(4-fluorophenyl)-2-pyridinol)(κ1-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 

mmol), gave 3.22 as a dark yellow solid (27 mg, 93%). 

Mp 76 ºC (dec.). 1H{19F} NMR (400 MHz, CDCl3, 298 

K): δ 1.93 (s, O2CMe, 3H), 2.32 (s, py-Me, 6H), 5.67 (d, 

JH-H 2.1, 1H), 6.41 (d, JH-H 7.4, 1H), 6.73 (dd, JH-H 8.6, 
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2.6, 1H), 6.90 (d, JH-H 6.4, 1H), 7.32 (d, JH-H 8.5, 1H), 7.44 (s, 1H), 7.52 (t, JH-H 7.7, 1H), 

8.72 (s, 2H) , OH is not observable. 13C{1H} NMR (100 MHz, CDCl3, 298 K): δ 18.3 

(py-Me), 23.5 (O2CMe), 107.7 (CH), 111.7 (CH), 111.7 (d, 2JC-F 22.8, CH), 119.3 (d, 2JC-

F 19.5, CH), 124.2 (d, 3JC-F 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, 1JC-F 253.2, C), 168.9 (C), 176.3 (O2CMe). 19F NMR 

(376 MHz, CDCl3, 298 K): δ -110.3 (s, F). IR (selected bands, cm-1): 2920, 1714, 1601, 

1583, 1567, 1451, 1251, 1191, 792, 698. MS (ES): m/z 401 [M-OAc]+. FABMS: m/z 400 

[M-OAc]+. 

Dimeric Complexes with the General Formula [Pd(κ2-LR)(3,5-lutidine)]2(-OH2) 

5.3.23 Synthesis of [Pd(κ2-6-phenyl-2-pyridone)(3,5-lutidine)]2(-OH2) (3.23) 

          A small vial open to the air was 

loaded with 3.19 (10 mg, 0.023 

mmol), dissolved in dichloromethane 

(0.7 mL) and layered with hexane (3 

mL). A cap was attached and the 

mixture left to stand at room 

temperature for one day. The cap was 

then pierced and the solvent mixture 

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 ºC. 1H NMR 

(400 MHz, CDCl3, 298 K): δ 2.12 (s, py-Me, 12H), 6.04 (br s, 2H), 6.18 (d, JH-H 7.5, 2H), 

6.61 (br s, 2H), 6.78 (dt, JH-H 7.7, 0.1, 2H), 6.99 (t, JH-H 7.4, 2H), 7.19 (s, 2H), 7.24 (m, 

2H), 7.28 (d, JH-H 7.6, 2H), 8.95 (s, 4H), 13.39 (br s, H2O, 2H). Sample was insufficiently 

soluble for 13C{1H}; therefore, selective 13C data was acquired by an HMQC experiment. 

HMQC NMR (100 MHz, CDCl3, 298 K): δ 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-1): 2983, 1569, 1480, 1271, 791. MS (ES): m/z 319 

[Pd(LH)+MeCN)]+, 424 [Pd(LH)(3,5-lutidine)+MeCN)]+, 869 [Pd3(LH)3+MeCN]+, 935 

[Pd3(LH)3(3,5-lutidine)]+. FABMS: m/z 382 [Pd(LH)(3,5-lutidine)]+, 767 [M-OH2]+. Anal 

Calcd for C36H34N4O3Pd2.0.3CH2Cl2: 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(κ2-6-(4-methylphenyl)-2-pyridone)(3,5-lutidine)]2(-OH2) 

(3.24) 

          Based on the procedure 

described for 3.23, using 3.20 (10 

mg, 0.022 mmol) gave 3.24 as 

yellow crystals (7 mg, 72%). Mp > 

270 oC. 1H NMR (400 MHz, 

CDCl3, 298 K): δ 2.08 (s, p-Me, 

6H), 2.11 (s, py-Me, 12H), 5.95 (br 

s, 2H), 5.99 (s, 2H), 6.52 (br s, 2H), 

6.80 (d, JH-H 7.6, 2H), 7.17 (m, 6H), 8.98 (s, 4H) 13.36 (br s, H2O, 2H). Sample was 

insufficiently soluble for 13C{1H}; therefore, selective 13C data was acquired by a DEPT 

135 experiment. DEPT 135 NMR (100 MHz, CDCl3, 298 K): δ 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-1): 2917, 1586, 1482, 1448, 795. MS (ES): m/z 

397 [Pd(LMe)(3,5-lutidine)]+, 795 [M-OH2]+, 1085 [Pd3(LMe)3(3,5-lutidine)2]+. FABMS: 

m/z 795 [M-OH2]+. Anal Calcd for C38H38N4O3Pd2.0.5CH2Cl2: 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(κ2-6-(4-trifluoromethylphenyl)-2-pyridone)(3,5-lutidine)]2 

(-OH2) (3.25) 

          Based on the procedure 

described for 3.23, using 3.21 

(15 mg, 0.029 mmol) gave 

3.25 as yellow crystals (8 mg, 

67%). Mp > 270 oC. 1H NMR 

(400 MHz, CDCl3, 298 K): δ 

2.16 (s, py-Me, 12H), 6.13 (br 

s, 2H), 6.38 (br s, 2H), 6.69 (br 

s, 2H), 7.36 (m, 8H), 8.92 (s, 4H), 14.28 (br s, H2O, 2H). 13C{1H} NMR (100 MHz, 

CDCl3, 298 K): δ 18.12 (py-Me), 104.8 (CH), 115.8 (CH), 121.3 (q, 3JC-F 3.2, CH), 122.1 

(CH), 123.9 (q, 1JC-F 274.5, CF3), 128.5 (q, 2JC-F 34.2, C), 128.9 (q, 3JC-F 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). 19F 

NMR (376 MHz, CDCl3, 298 K): δ -62.6 (s, CF3). IR (selected bands, cm-1): 2925, 1592, 
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1455, 1315, 1122, 1069, 783. MS (ES): m/z 451 [Pd(LCF3)(3,5-lutidine)]+, 492 

[Pd(LCF3)(3,5-lutidine)+MeCN]+, 903 [M-H2O]+, 1246 [Pd3(LCF3)3(3,5-lutidine)2]+. 

TOFMS (ES): m/z 903.0804 [M-OH2]+ (C38H30F6N4O2
106Pd2 requires 903.0347). Anal 

Calcd for C38H32F6N4O3Pd2: 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(κ2-6-(4-fluorophenyl)-2-pyridone)(3,5-lutidine)]2(-OH2) 

(3.26) 

          Based on the procedure 

described for 3.23, using 3.22 (13 

mg, 0.028 mmol) gave 3.26 as 

yellow crystals (9 mg, 78%). Mp 

> 270 oC. 1H{19F} NMR (400 

MHz, CDCl3, 298 K): δ 2.11 (s, 

py-Me, 12H), 5.88 (d, JH-H 1.8, 

2H), 6.00 (d, JH-H 8.2, 2H), 6.46 

(d, JH-H 6.7, 2H), 6.70 (dd, JH-H 8.6, 2.5, 2H), 7.20 (m, 4H), 7.25 (s, 4H), 8.95 (br s, 4H), 

14.18 (br s, H2O, 2H). Sample was insufficiently soluble for 13C{1H}; therefore, selective 

13C data was acquired by a DEPT 135 experiment. DEPT 135 NMR (100 MHz, CDCl3, 

298 K): δ 18.15 (py-Me), 102.7 (CH), 111.3 (d, 2JC-F 22.0, CH), 114.6 (CH), 119.1 (d, 

2JC-F 18.9, CH), 123.5 (CH), 138.3 (CH), 139.8 (CH), 150.3 (CH). 19F NMR (376 MHz, 

CDCl3, 298 K): δ -112.2 (s, F). IR (selected bands, cm-1): 2923, 1568, 1543, 1442, 1249, 

1189, 1008, 854, 792, 696. MS (ES): m/z 442 [Pd(LF)(3,5-lutidine)+MeCN]+, 737 

[Pd2(LF)2(3,5-lutidine)]+,  803 [M-OH2]+, 1096 [Pd3(LF)3(3,5-lutidine)2]+. FABMS: m/z 

400 [Pd(LF)(3,5-lutidine)]+, 801 [M-OH2]+. 

Monomeric Complexes with the General Formula [Pd(κ2-HLR)(κ1-X)(PPh3)] (X = 

OAc or H2O) 

5.3.27 Synthesis of [Pd(κ2-6-phenyl-2-pyridinol)(κ1-OAc)(PPh3)] (3.27) 

          Complex 3.6 (23.6 mg, 0.035 mmol, 1 eq.) and PPh3 (18.9 mg, 0.072 mmol, 2.1 

eq.) were combined in CDCl3 (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 1H 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.) ºC. 1H{31P} NMR (400 

MHz, CDCl3, 298 K): δ 1.29 (s, O2CMe, 3H), 6.36 

(dt, JH-H 8.1, 7.0, 1H), 6.41 (dd, JH-H 7.9, 0.9, 1H), 

6.47 (d, JH-H 8.2, 1H), 6.81 (t, JH-H 7.1, 1H), 7.12 (d, 

JH-H 7.1, 1H), 7.29 (t, JH-H 7.7, 6H), 7.36 (app t, 1H, 

3H), 7.55 (t, JH-H 8.0, 3H), 7.73 (d, JH-H 7.7, 6H), 

13.19 (br s, OH, 1H). 13C{1H} NMR (100 MHz, 

CDCl3, 298 K): δ 22.9 (O2CMe), 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, 1JP-C 50.4, C), 135.6 (d, 2JP-C 11.7, 

CH), 139.4 (CH), 141.1 (CH), 148.0 (C), 148.5 (C), 161.1 (C), 167.6 (C), 176.9 (O2CMe). 

31P NMR (162 MHz, CDCl3, 298 K): δ 43.1 (s, PPh3). IR (selected bands, cm-1): 1610, 

1567, 1480, 1433, 1354, 1269, 1235, 1094, 800, 689. MS (ES): m/z 538 [M-OAc]+, 1076 

[Pd(LH)(PPh3)]2
+. FABMS: m/z 537 [M-OAc]+. Anal Calcd for 

C31H26NO3PPd.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(κ2-6-(4-methylphenyl)-2-pyridinol)(κ1-OAc)(PPh3)] (3.28) 

          Based on the procedure described for 3.27, 

using 3.7 (53.2 mg, 0.076 mmol, 1 eq.) and PPh3 (42 

mg, 0.160 mmol, 2.1 eq.), gave 3.28 as a pale yellow 

solid (42 mg, 91%). Mp 116-117 ºC. 1H{31P} NMR 

(400 MHz, CDCl3, 298 K): δ 1.35 (s, O2CMe, 3H), 

1.64 (s, p-Me, 3H), 6.28 (s, 1H), 6.50 (dd, JH-H 8.25, 

0.7, 1H), 6.68 (dd, JH-H 7.9, 0.6, 1H), 7.13 (d, JH-H 

7.6, 1H), 7.30 (d, JH-H 7.9, 1H), 7.36 (tt, JH-H 7.6, 1.4, 6H), 7.42 (tt, JH-H 7.2, 2.2, 3H), 

7.59 (t, JH-H 8.1, 1H), 7.79 (d, JH-H 6.6, 6H), 13.10 (br s, OH, 1H). 13C{1H} NMR (100 

MHz, CDCl3, 298 K): δ 20.9 (p-Me), 22.9 (O2CMe), 108.7 (CH), 110.7 (CH), 123.5 (CH), 

125.2 (CH), 128.2 (d, 3JP-C 11.1, CH), 130.5 (d, 1JP-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 (O2CMe). 31P NMR (162 MHz, CDCl3, 298 K): δ 42.7 (s, PPh3). IR (selected 

bands, cm-1): 1567, 1481, 1434, 1352, 1282, 1234, 1096, 794, 692. MS (ES): m/z 552 [M-

OAc]+, 1105 [Pd(LMe)(PPh3)]2
+, 1349 [Pd3(LMe)3(PPh3)2]+. MS (ASAP): m/z 553.0755 

[M-OAc]+ (C30H25NOP106Pd requires 553.0742). Anal Calcd for 
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C32H28NO3PPd.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(κ2-6-(4-trifluoromethylphenyl)-2-pyridinol)(κ1-

OAc)(PPh3)] (3.29) 

          Based on the procedure described for 3.27, 

using 3.8 (15 mg, 0.019 mmol, 1 eq.) and PPh3 (10.2 

mg, 0.04 mmol, 2.1 eq.), gave 3.29 as a pale yellow 

solid (19 mg, 73%). Crystals suitable for single 

crystal X-ray diffraction were grown by slow 

evaporation of a chloroform solution of the complex. 

Mp 128-129 ºC. 1H{31P} NMR (400 MHz, CDCl3, 

298 K): δ 1.40 (s, O2CMe, 3H), 6.61 (d, JH-H 8.3, 1H), 6.74 (s, 1H), 7.10 (d, JH-H 8.1, 1H), 

7.24 (d, JH-H 7.5, 1H), 7.38 (app t, 6H), 7.45 (tt, JH-H 7.4, 2.4, 3H), 7.48 (d, JH-H 8.1, 1H), 

7.67 (t, JH-H 7.9, 1H), 7.80 (d, JH-H 7.2, 6H), 13.16 (s, OH, 1H). 13C{1H} NMR (100 MHz, 

CDCl3, 298 K): δ 22.8 (O2CMe), 109.9 (CH), 112.6 (CH), 121.1 (CH), 123.3 (CH), 123.5 

(d, 1JC-F 274.0, CF3), 128.3 (d, 3JC-P 4.2, CH), 128.7 (d, 2JC-F 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 (O2CMe). 31P NMR (162 MHz, CDCl3, 298 K): δ 41.7 (s, 

PPh3). 19F NMR (376 MHz, CDCl3, 298 K): δ -63.2 (s, CF3). IR (selected bands, cm-1): 

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-2OAc]+. FABMS: m/z 605 

[M-OAc]+. Anal Calcd for C32H25F3NO3PPd.0.46CHCl3: 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(κ2-6-(4-fluorophenyl)-2-pyridinol)(κ1-OAc)(PPh3)] (3.30) 

          Based on the procedure described for 3.27, 

using 3.9 (20.2 mg, 0.029 mmol, 1 eq.) and PPh3 (15 

mg, 0.058 mmol, 2 eq.), gave 3.30 as a pale yellow 

solid (42 mg, 91%). Crystals suitable for single 

crystal X-ray diffraction were grown by slow 

evaporation of a chloroform solution of the complex. 

Mp 120-121 ºC. 1H{31P} NMR (400 MHz, CDCl3, 

298 K): δ 1.39 (s, O2CMe, 3H), 6.15 (dd, JH-F 10.5, 2.6, 1H), 6.54 (d, JH-H 8.23, 1H), 6.60 

(dt, JH-H 8.3, JH-F 2.5, 1H), 7.09 (d, JH-H 7.4, 1H), 7.39 (m, 7H), 7.46 (tt, JH-H 7.22, 1.2, 
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3H), 7.62 (t, JH-H 7.9, 1H), 7.79 (d, JH-H 7.2, 6H), 13.03 (s, OH, 1H). 13C{1H} NMR (100 

MHz, CDCl3, 298 K): δ 22.8 (O2CMe), 109.0 (CH), 111.1 (CH), 111.5 (d, 2JC-F 22.4, 

CH), 124.8 (d, 3JC-F 8.1, CH), 125.1 (d, 2JC-F 20.3, CH), 128.4 (d, 3JC-P 11.2, CH), 130.1 

(d, 1JC-P 49.5, C), 130.8 (CH), 135.5 (d, 2JC-P 12.7, CH), 141.2 (CH), 144.2(C), 150.5(C), 

160.2(C), 160.8 (d, 1JC-F 252.4, C), 167.5(C), 176.9 (O2CMe). 31P NMR (162 MHz, 

CDCl3, 298 K): δ 41.0 (s, PPh3). 19F NMR (376 MHz, CDCl3, 298 K): δ -111.2 (s, F). IR 

(selected bands, cm-1): 1613, 1563, 1481, 1450, 1435, 1285, 1094, 906, 793, 691. MS 

(ES): m/z 558 [M-OAc]+, 1113 [2M-2OAc]+, 1407 [Pd3(L)3(PPh3)2]+. TOFMS (ES): m/z 

556.0469 [M-OAc]+ (C29H22FNOP106Pd requires 556.0458). 

5.3.31 Synthesis of [Pd(κ2-6-(4-trifluoromethylphenyl)-2-pyridone)(κ1-OH2)(PPh3)] 

(3.31) 

          A small vial open to the air was loaded with 3.29 

(20 mg, 0.03 mmol), dissolved in wet dichloromethane 

(1 mL) and layered with hexane (3 mL). A cap was 

attached and the mixture left to stand at room 

temperature for two days forming a yellow powder on 

the base of the vial. The remaining solution was 

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 ºC. 1H{31P} NMR (400 MHz, 

CDCl3, 298 K): δ 5.45 (d, JH-H 8.4, 1H), 6.53 (d, JH-H 6.6, 1H), 6.66 (dd, JH-H 7.0, 8.5, 

1H), 6.75 (s, 1H), 6.95 (t, JH-H 7.6, 6H), 7.20 (m, 4H), 7.41 (d, JH-H 7.1, 6H), 7.74 (d, JH-

H 7.2, 1H), H2O protons are not observable. Sample was insufficiently soluble for 

13C{1H}; therefore, selective 13C data was acquired by HMQC and DEPT 135 

experiments. HMQC and DEPT 135 NMR (100 MHz, CDCl3, 298 K): δ 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). 31P NMR (162 MHz, CDCl3, 298 K): δ 40.1 (PPh3). 19F NMR (376 MHz, 

CDCl3, 298 K): δ -62.9 (s, CF3). IR (selected bands, cm-1): 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]+ (C30H22F3NOP106Pd requires 606.0381), 

1213.0853 [2M-2OH]+ (C60H44F6N2O2P2
106Pd2 requires 1213.8019). 
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Mono- and Dimeric Complexes Derived from Saturated Aqueous NaCl Solution 

5.3.32 Synthesis of [Pd(κ2-6-phenyl-2-pyridinol)(3,5-lutidine)Cl] (3.32a) and 

[Pd(μ:κ2-6-phenyl-2-pyridonate)(3,5-lutidine)(κ2-6-phenyl-2-pyridinol)(μ-

Cl)] (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: 1H NMR (400 MHz, CDCl3, 298 K): δ 2.37 

(s, py-Me, 6H), 5.91 (dd, JH-H 7.8, 1.0, 1H), 6.60 (dd, JH-

H 8.3, 1.1, 1H), 6.84 (td, JH-H 7.8, 1.5, 1H), 7.06 (td, JH-H 

7.5, 1.5, 1H), 7.17 (dd, JH-H 7.6, 1.0, 1H), 7.39 (dd, 7.8, 

1.4, 1H), 7.49 (s, 1H), 7.64 (t, JH-H 7.9, 1H), 8.59 (s, 2H), 

11.98 (s, OH, 1H). 13C{1H} NMR (100 MHz, CDCl3, 298 

K): δ 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-Cl)+MeCN]+. TOFMS (ASAP): m/z 383.0426 [M-Cl]+ 

(C18H17N2O106Pd requires 383.0376). 

          3.32b: 1H NMR (400 MHz, CDCl3, 298 

K): δ 2.21 (s, py-Me, 6H), 5.88  (dd, JH-H 7.9, 1.1, 

1H), 6.49 (dd, JH-H 8.3, 1.1, 1H), 6.51 (dd, JH-H 

9.4, 1.1, 1H), 6.64 (dd, JH-H 7.9, 1.6, 1H), 6.73 

(dt, JH-H 7.8, 1.4, 1H), 6.90 (dd, JH-H 7.5, 1.2, 1H), 

6.93 (dd, JH-H 8.1, 1.2, 1H), 7.00 (m, 2H), 7.09 

(dd, JH-H 7.7, 0.9, 1H), 7.32 (dd, JH-H 7.7, 1.5, 

1H), 7.34 (dd, JH-H 7.7, 1.4, 1H), 7.44 (s, 1H), 7.47 (dd, JH-H 8.5, 1.2, 1H), 7.60 (t, JH-H 

8.2, 1H), 8.45 (s, 2H), 13.44 (s, OH, 1H). Sample was insufficiently soluble for 13C{1H}; 

therefore, selective 13C data was acquired by a DEPT 135 experiment. DEPT 135 NMR 
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(100 MHz, CDCl3, 298 K): δ 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-Cl)+MeCN]+. TOFMS (ES): m/z 552.9218 [Pd(LH)+H]2
+ (C22H14N2O2

106Pd2 

requires 552.9129), 593.9490 [(Pd(LH))2+MeCN]+ (C24H18N3O2
106Pd2 requires 

593.9473). 

5.3.33 Synthesis of [Pd(κ2-6-(4-methylphenyl)-2-pyridinol)(3,5-lutidine)Cl] (3.33a) 

and [Pd(μ:κ2-6-(4-methylphenyl)-2-pyridonate)(3,5-lutidine)(κ2-6-(4-methyl 

phenyl)-2-pyridinol)(μ-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: 1H NMR (400 MHz, CDCl3, 298 K): δ 2.10  

(s, p-Me, 3H), 2.38  (s, py-Me, 6H), 5.72 (s, 1H), 6.57 

(dd, JH-H 8.1, 1.1, 1H), 6.88 (dd, JH-H 7.9, 0.9, 1H), 7.12 

(dd, JH-H 7.6, 1.1, 1H), 7.28 (d, JH-H 7.8, 1H), 7.50 (s, 1H), 

7.62 (t, JH-H 7.9, 1H), 8.60 (s, 2H), 11.94 (s, OH, 1H). 

13C{1H} NMR (100 MHz, CDCl3, 298 K): δ 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-Cl]+, 438 [(M-Cl)+MeCN]+. TOFMS (ES): m/z 

397.0540 [M-Cl]+ (C19H19N2O106Pd requires 397.0532). 

          3.33b: 1H NMR (400 MHz, CDCl3, 298 

K): δ 1.97 (s, p-Me, 3H), 2.05 (s, p-Me, 3H), 

2.21 (s, py-Me, 6H), 5.66 (s, 1H), 6.45 (dd, JH-

H 8.0, 0.9, 1H), 6.47 (dd, JH-H 8.1, 1.1, 1H), 

6.65 (s, 1H), 6.82 (m, 3H), 7.04 (dd, JH-H 7.5, 

0.9, 1H), 7.19 (d, JH-H 7.9, 1H), 7.22 (d, JH-H 

7.8, 1H), 7.43 (m, 2H), 7.57 (t, JH-H 7.8, 1H), 

8.50 (s, 2H), 13.36 (s, OH, 1H). Sample was 

insufficiently soluble for 13C{1H}; therefore, selective 13C data was acquired by a DEPT 
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135 experiment. DEPT 135 NMR (100 MHz, CDCl3, 298 K): δ 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-Cl)+MeCN]+. TOFMS (ES): m/z 688.0269 [M-

Cl]+ (C31H28N3O2
106Pd2 requires 688.0255). 

5.3.34 Synthesis of [Pd(κ2-6-(4-trifluoromethylphenyl)-2-pyridinol)(3,5-lutidine) 

Cl] (3.34a) and [Pd(μ:κ2-6-(4-trifluoromethylphenyl)-2-pyridonate)(3,5-

lutidine)(κ2-6-(4-trifluoromethylphenyl)-2-pyridinol)(μ-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: 1H NMR (400 MHz, CDCl3, 298 K): δ 2.39 

(s, py-Me, 6H), 6.12 (s,1H), 6.70 (dd, JH-H 8.4, 1.2, 1H), 

7.24 (dd, JH-H 8.6, 0.9, 1H), 7.32 (d, JH-H 8.0, 1H), 7.48 

(d, JH-H 8.2, 1H), 7.54 (s, 1H), 7.71 (t, JH-H 8.2, 1H), 8.56 

(s, 2H), 12.09 (s, OH, 1H). Sample was insufficiently 

soluble for 13C{1H}; therefore, selective 13C data was 

acquired by an HMQC experiment. HMQC NMR (100 MHz, CDCl3, 298 K): δ 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). 19F NMR (376 MHz, CDCl3, 298 K): δ -63.01 (s, CF3). MS (ES): m/z 

451 [M-Cl]+, 492 [(M-Cl)+MeCN]+. TOFMS (ES): m/z 451.0257 [M-Cl]+ 

(C19H16F3N2O106Pd requires 451.0250). 

          3.34b: 1H NMR (400 MHz, CDCl3, 

298 K): δ 2.20  (s, py-Me, 6H), 6.06 (s,1H), 

6.59 (dd, JH-H 8.4, 0.9, 1H), 6.60 (dd, JH-H 

8.4, 0.9, 1H), 6.97 (dd, JH-H 7.4, 1.0, 1H), 

7.16 (s, 1H), 7.25 (m, 3H), 7.48 (m, 4H), 

7.67 (t, JH-H 8.1, 1H), 8.47 (s, 2H), 13.35 (s, 

OH, 1H). Sample was insufficiently soluble 

for 13C{1H}; therefore, selective 13C data was acquired by an HMQC experiment. HMQC 

NMR (100 MHz, CDCl3, 298 K): δ 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). 19F NMR (376 MHz, CDCl3, 298 K): 

δ -62.5 (s, CF3), -62.9 (s, CF3). MS (ES): m/z 836 [(M-Cl)+MeCN]+. TOFMS (ES): m/z 

795.9704 [M-Cl]+ (C31H22F6N3O2
106Pd2 requires 795.9690). 

5.3.35 Synthesis of [Pd(κ2-6-phenyl-2-pyridinol)(PPh3)Cl] (3.35) 

          A round bottom flask equipped with stirrer bar 

and open to the air was loaded with 3.27 (50 mg, 

0.084 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 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 ºC. 1H{31P} NMR (400 MHz, CDCl3, 298 K): δ 6.42 (td, JH-H 7.2, 

1.6, 1H), 6.51 (dd, JH-H 8.0, 1.1, 1H), 6.64 (dd, JH-H 8.2, 1.1, 1H), 6.90 (td, JH-H 7.3, 1.1, 

1H), 7.27 (dd, JH-H 7.7,  0.9, 1H), 7.37 (app t, JH-H 7.8, 6H), 7.45 (app tt, JH-H 7.2, 1.8, 

4H), 7.67 (t, JH-H 7.8, 1H), 7.79 (d, JH-H 7.7, 6H), 12.29 (s, OH, 1H). 13C{1H} NMR (100 

MHz, CDCl3, 298 K): δ 109.7 (CH), 111.4 (CH), 124.2 (CH), 124.6 (CH), 128.1 (CH), 

128.2 (d, 3JC-P 10.6, CH), 130.9 (d, 4JC-P 3.1, CH), 130.8 (d, 1JC-P 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). 31P NMR 

(162 MHz, CDCl3, 298 K): δ 44.9 (s, PPh3). IR (selected bands, cm-1): 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-Cl]+ (C29H23NOP106Pd requires 538.0552), 

1077.1091 [2(M-Cl)+H]+ (C58H46N2O2P2
106Pd2 requires 1077.1124). 

5.3.36 Synthesis of [Pd(κ2-6-(4-methylphenyl)-2-pyridinol)(PPh3)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 ºC. 1H{31P} NMR (400 MHz, CDCl3, 298 K): δ 1.63 (s, Me, 3H), 6.29 (s, 1H), 

6.60 (dd, JH-H 8.2, 0.8, 1H), 6.70 (d, JH-H 7.8, 1H), 7.21 (dd, JH-H 7.7, 0.8, 1H), 7.32 (d, 

JH-H 7.9, 1H), 7.38 (app t, JH-H 7.7, 6H), 7.45 (tt, JH-H 7.3, 2.2, 3H), 7.65 (t, JH-H 7.7, 1H), 
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7.80 (app d, JH-H 7.1, 6H), 12.22 (s, OH, 1H). 

13C{1H} NMR (100 MHz, CDCl3, 298 K): δ 21.0 

(Me), 109.3 (CH), 110.8 (CH), 123.8 (CH), 125.3 

(CH), 128.1 (d, 3JC-P 10.3, CH), 130.7 (d, 4JC-P 3.1, 

CH), 130.8 (d, 1JC-P 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). 31P NMR (162 MHz, 

CDCl3, 298 K): δ 44.8 (s, PPh3). IR (selected bands, cm-1): 1563, 1434, 1215, 1168, 1090, 

1030, 792, 742, 701, 687. MS (ES): m/z 1103 [2(M-Cl)]+. TOFMS (ES): m/z 552.0727 

[M-Cl]+ (C30H25NOP106Pd requires 552.0709), 1105.1411 [2(M-Cl)+H]+ 

(C60H50N2O2P2
106Pd2 requires 1105.1437). Anal Calcd for C30H25ClNOPPd.0.3CH2Cl2: 

C, 59.29; H, 4.20; N, 2.28; found: C, 59.55; H, 4.02; N, 2.60%. 

5.3.37 Synthesis of [Pd(κ2-6-(4-trifluoromethylphenyl)-2-pyridinol)(PPh3)Cl] (3.37) 

          Based on the procedure described for 3.35, 

using 3.29 (43 mg, 0.065 mmol) gave 3.37 as a 

yellow solid (33 mg, 79%). Crystals suitable for a 

single crystal X-ray diffraction study were grown 

from a dichloromethane solution of the complex 

layered with hexane. Mp: 208 ºC. 1H{31P} NMR 

(400 MHz, CDCl3, 298 K): δ 6.72 (dd, JH-H 8.3, 0.9, 

1H), 6.80 (s, 1H), 7.13 (dd, JH-H 8.1, 0.9, 1H), 7.32 (dd, JH-H 7.6, 0.8, 1H), 7.39 (app tt, 

JH-H 7.2, 1.3, 6H), 7.47 (tt, JH-H 7.3, 1.1, 3H), 7.52 (d, JH-H 8.2, 1H), 7.72 (t, JH-H 7.9, 1H), 

7.78 (d, JH-H 7.3, 6H), 12.36 (s, OH, 1H). 13C{1H} NMR (100 MHz, CDCl3, 298 K): δ 

110.6 (CH), 112.8 (CH), 121.2 (CH), 123.5 (q, 1JC-F 274.2, C), 123.6 (CH), 128.3 (d, 3JC-

P 11.2, CH), 128.9 (q, 2JC-F 32, C), 130.0 (d, 1JC-P 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). 31P NMR (162 

MHz, CDCl3, 298 K): δ 44.9 (s, PPh3). 19F NMR (376 MHz, CDCl3, 298 K): δ -63.3 (s, 

CF3). IR (selected bands, cm-1): 1435, 1314, 1290, 1157, 1114, 1092, 1069, 798, 688, 

655. MS (ES): m/z 1211 [2(M-Cl)]+. TOFMS (ES): m/z 606.0472 [M-Cl]+ 

(C30H22F3NOP106Pd requires 606.0426), 1213.0975 [2(M-Cl)+H]+ 

(C60H44F6N2O2P2
106Pd2 requires 1213.0872). Anal Calcd for C30H22ClF3NOPPd: 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(κ2-6-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 

nitrogen and loaded with 3.32a (~95% pure) (0.039 g, 

0.093 mmol), AgPF6 (0.024 g, 0.093 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 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 ºC (decomp.). 1H NMR 

(400 MHz, CDCl3, 298 K): δ 2.40 (s, py-Me, 6H), 5.94 (d, JH-H 7.9, 1H), 6.61 (d, JH-H 8.4, 

1H), 6.83 (td, JH-H 7.4, 1.2, 1H), 7.15 (d, JH-H 7.5, 1H), 7.37 (dd, JH-H 7.8, 1.2, 1H), 7.57 

(s, 1H), 7.67 (t, JH-H 8.0, 1H), 8.62 (s, 2H), 11.70 (br s, OH, 1H). 13C{1H} NMR (100 

MHz, CDCl3, 298 K): δ 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). 31P NMR (162 MHz, CDCl3, 298 K): δ -15.3 (t, JP-F 973.2, 

PO2F2). 19F NMR (376 MHz, CDCl3, 298 K): δ -80.0 (d, JF-P 976.2, PO2F2). IR (selected 

bands, cm-1): 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]+ (C18H17N2O2
106Pd requires 383.0376). 

5.3.39 Synthesis of [Pd(κ2-6-phenyl-2-pyridinol)(3,5-lutidine)(MeCN)]OTf (3.39) 

          Based on the procedure described for 3.38, 

using 3.32a (~95% pure) (0.048 g, 0.11 mmol) and 

AgOSO2CF3 (30 mg, 0.11 mmol) gave 3.39 as a 

yellow solid (45 mg, 71%). Mp: 151 ºC (decomp.). 

1H NMR (400 MHz, CDCl3, 298 K): δ 2.02 (s, 

MeCN, 3H), 2.37 (s, py-Me, 6H), 5.90 (d, JH-H 8.3, 

1H), 6.67 (d, JH-H 8.2, 1H), 6.83 (t, JH-H 7.3, 1H), 7.07 (t, JH-H 7.2, 1H), 7.16 (d, JH-H 7.3, 

1H), 7.35 (dd, JH-H 7.7, 1.1, 1H), 7.53 (s, 1H), 7.68 (t, JH-H 7.4, 1H), 8.57 (s, 2H), 10.39 

(br s, OH, 1H). Sample was insufficiently soluble for 13C{1H}; therefore, selective 13C 
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data was acquired by an HMQC experiment. HMQC NMR (100 MHz, CDCl3, 298 K): δ 

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). 19F NMR (376 MHz, 

CDCl3, 298 K): δ -78.1 (s, OTf). IR (selected bands, cm-1): 2035, 1621, 1569, 1425, 1222, 

1154, 1026, 802, 756, 699. MS (ES): m/z 383 [M-MeCN]+, 767 [2(M-MeCN)]+, 149 

[OSO2CF3]-. TOFMS (ES): m/z 383.0461 [M-MeCN]+ (C18H17N2O2
106Pd requires 

383.0376), 767.0651 [2(M-MeCN)]+ (C36H34N4O4
106Pd2 requires 767.0772). 

5.3.40 Synthesis of [Pd(κ2-6-phenyl-2-pyridinol)(PPh3)(MeCN)]PF6 (3.40) 

          A small-sized Schlenk flask equipped 

with a magnetic stir bar was evacuated and 

backfilled with nitrogen and loaded with 3.35 

(59.5 mg, 0.1 mmol), AgPF6 (26.2 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 3.40 (60 mg, 82%) as a dark 

yellow solid. Mp: 95 ºC (decomp.). 1H{31P} NMR (400 MHz, CDCl3, 298 K): δ 1.88 (s, 

MeCN, 3H), 6.42 (d, JH-H 7.8, 1H), 6.45 (t, JH-H 7.9, 1H), 6.85 (d, JH-H 7.9, 1H), 6.95 (t, 

JH-H 7.6, 1H), 7.29 (d, JH-H 7.6, 1H), 7.36 (d, JH-H 7.3, 1H), 7.44 (t, JH-H 7.6, 6H), 7.52 (t, 

JH-H 7.3, 3H), 7.71 (t, JH-H 8.1, 1H), 7.73 (d, JH-H 7.5, 6H), 9.44 (br s, OH, 1H). 13C{1H} 

NMR (100 MHz, CDCl3, 298 K): δ 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-P 10.6, CH), 127.6 (d, 1JC-P 50.2, C), 

130.0 (CH), 133.4 (d, 2JC-P 12.8, CH), 137.5 (d, JC-P 14.7, CH), 140.6 (CH), 145.9 (C), 

146.2 (C), 159.5 (C), 163.5 (C). 31P NMR (162 MHz, CDCl3, 298 K): δ 44.4 (s, PPh3), -

144.1 (sept, 1JP-F 711, PF6). 19F NMR (376 MHz, CDCl3, 298 K): δ -72.6 (d, 1JF-P 714, 

PF6). IR (selected bands, cm-1): 1608, 1572, 1480, 1435, 1275, 1095, 830, 745, 691. MS 

(ES): m/z 538 [M-MeCN]+, 1076 [2(M-MeCN)]+, 145 [PF6]-. TOFMS (ES): m/z 538.0563 

[M-MeCN]+ (C29H23NOP106Pd requires 538.0552). 

5.3.41 Synthesis of [Pd(κ2-6-phenyl-2-pyridinol)(PPh3)(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. 1H{31P} NMR (400 MHz, CDCl3, 

298 K): δ 6.44  (app d, JH-H 3.8, 1H, 1H), 6.68 (d, JH-

H 8.3, 1H), 6.93 (sept, JH-H 3.7, 1H), 7.26 (d, JH-H 7.2, 

1H), 7.40 (t, JH-H 7.6, 6H), 7.47 (app t, JH-H 6, 3H, 

1H), 7.71 (t, JH-H 7.9, 1H), 7.78 (app d, JH-H 7.1, 6H), 

11.54 (br s, OH, 1H). 13C{1H} NMR (100 MHz, 

CDCl3, 298 K): δ 110.0 (CH), 111.4 (CH), 124.5 

(CH), 125.3 (CH), 128.4 (CH), 128.6 (d, 3JC-P 10.8, CH), 129.2 (d, 1JC-P 49.8, C), 131.3 

(CH), 135.5 (d, 2JC-P 11.4, CH), 138.8 (d, JC-P 14.8, CH), 141.8 (CH), 144.5 (C), 147.4 

(C), 159.9 (C), 156.8 (C). 31P NMR (162 MHz, CDCl3, 298 K): δ 42.6 (s, PPh3), -15.2 (t, 

1JP-F 970, PO2F2). 19F NMR (376 MHz, CDCl3, 298 K): δ -81.0 (d, 1JF-P 978, PO2F2). IR 

(selected bands, cm-1): 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]+ (C29H23NOP106Pd 

requires 538.0552). 

5.3.42 Synthesis of [Pd(κ2-6-phenyl-2-pyridinol)(PPh3)(MeCN)]BF4 (3.42) 

          Based on the procedure described for 

3.40, using 3.35 (60 mg, 0.1 mmol) and AgBF4 

(20 mg, 0.1 mmol) gave 3.42 as a yellow solid 

(55 mg, 83%). Mp: 133 ºC (decomp.). 1H{31P} 

NMR (400 MHz, CDCl3, 298 K): δ 1.82 (s, 

MeCN, 3H), 6.42 (t, JH-H 7.6, 1H), 6.47 (d, JH-H 

7.8, 1H), 6.86 (br s, 1H), 6.93 (t, JH-H 7.2, 1H), 

7.27 (d, JH-H 7.6, 1H), 7.43 (m, 6H), 7.49 (m, 4H), 7.69 (t, JH-H 7.6, 1H), 7.74 (d, JH-H 7.3, 

6H), 12.31 (br s, OH, 1H). Sample was insufficiently soluble for 13C{1H}; therefore, 

selective 13C data was acquired by an HMQC experiment. HMQC NMR (100 MHz, 

CDCl3, 298 K): δ 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). 31P NMR (162 MHz, CDCl3, 

298 K): δ 44.6 (s, PPh3). 19F NMR (376 MHz, CDCl3, 298 K): δ -151.6 (s, BF4). IR 

(selected bands, cm-1): 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]+ 

(C29H23NOP106Pd requires 538.0552), 1077.0858 [2(M-MeCN)]+ (C58H46N2O2P2
106Pd2 

requires 1077.0824). 

 



Chapter 5 

237 
 

5.3.43 Synthesis of [Pd(κ2-6-phenyl-2-pyridinol)(PPh3)(MeCN)]OTf (3.43) 

          Based on the procedure described for 

3.40, using 3.35 (60 mg, 0.1 mmol) and 

AgOSO2CF3 (26 mg, 0.1 mmol) gave 3.43 as a 

yellow solid (61 mg, 84%). Mp: 91 ºC 

(decomp.). 1H{31P} NMR (400 MHz, CDCl3, 

298 K): δ 1.81 (s, MeCN, 3H), 6.42 (t, JH-H 7.5, 

1H), 6.46 (d, JH-H 7.1, 1H), 6.94 (t, JH-H 7.4, 1H), 

6.97  (d, JH-H 8.3, 1H), 7.25 (d, JH-H 7.6, 1H), 7.44 (app t, JH-H 7.5, 6H, 1H), 7.52 (app t, 

JH-H 7.3, 3H), 7.68 (t, JH-H 7.9, 1H), 7.75 (d, JH-H 7.5, 6H), 11.03 (br s, OH, 1H). 13C{1H} 

NMR (100 MHz, CDCl3, 298 K): δ 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-P 11.3, CH), 127.7 (d, 1JC-P 50.4, C), 

129.9 (CH), 133.3 (d, 2JC-P 13.7, CH), 137.5 (d, JC-P 15.2, CH), 140.2 (CH), 146.3 (C), 

146.4 (C), 159.4 (C), 163.5 (C). 31P NMR (162 MHz, CDCl3, 298 K): δ 44.5 (s, PPh3). 

19F NMR (376 MHz, CDCl3, 298 K): δ -78.2 (s, OTf) IR (selected bands, cm-1): 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]+ (C29H23NOP106Pd requires 538.0552), 

1077.0862 [2(M-MeCN)]+ (C58H46N2O2P2
106Pd2 requires 1077.0824). 

5.3.44 Synthesis of [Pd(κ2-6-(4-methylphenyl)-2-pyridinol)(PPh3)(MeCN)]PF6 

(3.44) 

          Based on the procedure described for 

3.40, using 3.36 (45 mg, 0.08 mmol) and AgPF6 

(13.3 mg, 0.08 mmol) gave 3.44 as a yellow 

solid (55 mg, 93%). Mp: 129 ºC (decomp.). 

1H{31P} NMR (400 MHz, CDCl3, 298 K): δ 

1.62 (s, p-Me, 3H), 1.83  (s, MeCN, 3H), 6.23 

(s, 1H), 6.75 (d, JH-H 7.3, 1H), 6.82 (d, JH-H 8.3, 

1H), 7.24 (d, JH-H 7.6, 1H), 7.33 (d, JH-H 8.1, 1H), 7.44 (t, JH-H 7.3, 6H), 7.52 (app t, JH-H 

7.5, 3H), 7.69 (t, JH-H 8.1, 1H), 7.73 (d, JH-H 8.3, 6H), 9.11 (br s, OH, 1H). Sample was 

insufficiently soluble for 13C{1H}; therefore, selective 13C data was acquired by a DEPT 

135 experiment. DEPT 135 NMR (100 MHz, CDCl3, 298 K): δ 0.0 (MeCN), 19.2 (p-

Me), 108.4 (CH), 108.6 (CH), 122.6 (CH), 124.5 (CH), 127.0 (d, 3JC-P 11.2, CH), 129.9 

(CH), 133.5 (d, 2JC-P 12.6, CH), 138.5 (d, JC-P 14.7, CH), 140.5 (CH). 31P NMR (162 
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MHz, CDCl3, 298 K): δ 43.9 (s, PPh3), -144.1 (sept, 1JP-F 711, PF6). 19F NMR (376 MHz, 

CDCl3, 298 K): δ -72.5 (d, 1JF-P 714, PF6). IR (selected bands, cm-1): 1606, 1570, 1482, 

1435, 1290, 1095, 831, 794, 744, 691. MS (ES): m/z 552 [M-MeCN]+, 145 [PF6]-. 

TOFMS (ES): m/z 552.0720 [M-MeCN]+ (C30H25NOP106Pd requires 552.0709), 

1105.1368 [2(M-MeCN)]+ (C60H50N2O2P2
106Pd2 requires 1105.1437). 

5.3.45 Synthesis of [Pd(κ2-6-(4-methylphenyl)-2-pyridinol)(PPh3)(PO2F2)] (3.45) 

          The product 3.44 (40 mg, 0.054 mmol) was 

dissolved in chloroform and left for one day in an 

NMR tube. The solvent was then removed to afford 

3.45 (32 mg, 91%) as a yellow solid. Crystals 

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 ºC (decomp.). 1H{31P} NMR (400 MHz, CDCl3, 298 K): δ 1.65 (s, Me, 

3H), 6.23 (s, 1H), 6.64 (d, JH-H 8.7, 1H), 6.74 (d, JH-H 7.8, 1H), 7.20 (d, JH-H 7.6, 1H), 

7.31 (d, JH-H 7.9, 1H), 7.40 (app t, JH-H 7.6, 6H), 7.48 (tt, JH-H 7.4, 1.2, 3H), 7.68 (t, JH-H 

7.9, 1H), 7.77 (d, JH-H 7.1, 6H), 11.51 (br s, OH, 1H). Sample was insufficiently soluble 

for 13C{1H}; therefore, selective 13C data was acquired by a DEPT 135 experiment. DEPT 

135 NMR (100 MHz, CDCl3, 298 K): δ 20.9 (Me), 109.6 (CH), 110.8 (CH), 124.1 (CH), 

126.0 (CH), 128.5 (d, 3JC-P 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). 31P NMR (162 MHz, CDCl3, 298 K): δ 42.2 (s, PPh3), -15.0 (t, 

1JP-F 975, PO2F2). 19F NMR (376 MHz, CDCl3, 298 K): δ -81.1 (d, 1JF-P 984, PO2F2). IR 

(selected bands, cm-1): 1569, 1435, 1292, 1232, 1091, 1087, 842, 793, 748, 690. MS (ES): 

m/z 552 [M-PO2F2]+, 1105 [2(M-PO2F2)]+, 101 [PO2F2]-. TOFMS (ES): m/z 552.0720 

[M-PO2F2]+ (C30H25NOP106Pd requires 552.0709), 1105.1415 [2(M-PO2F2)]+ 

(C60H50N2O2P2
106Pd2 requires 1105.1437). 

5.3.46 Synthesis of [Pd(κ2-6-(4-methylphenyl)-2-pyridinol)(PPh3)(MeCN)]BF4 

(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 ºC 

(decomp.). 1H{31P} NMR (400 MHz, CDCl3, 298 K): δ 1.62 (s, p-Me, 3H), 2.00  (s, 

MeCN, 3H), 6.24 (s, 1H), 6.75 (d, JH-H 7.9, 1H), 6.87 (br s, 1H), 7.22 (d, JH-H 7.8, 1H), 

7.33 (d, JH-H 7.8, 1H), 7.45 (app t, JH-H 7.9, 6H), 7.50 (m, 3H), 7.70 (t, JH-H 8.1, 1H), 7.75 
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(app d, JH-H 7.7, 6H), 9.78 (br s, OH, 1H). 

Sample was insufficiently soluble for 13C{1H}; 

therefore, selective 13C data was acquired by an 

HMQC experiment. HMQC NMR (100 MHz, 

CDCl3, 298 K): δ 1.0 (MeCN), 20.8 (p-Me), 

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). 31P NMR (162 MHz, CDCl3, 298 K): δ 44.1 (s, PPh3). 19F NMR 

(376 MHz, CDCl3, 298 K): δ -151.6 (s, BF4). IR (selected bands, cm-1): 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]+ (C30H25NOP106Pd requires 

552.0709), 1105.1407 [2(M-MeCN)]+ (C60H50N2O2P2
106Pd2 requires 1105.1437). 

5.3.47 Synthesis of [Pd(κ2-6-(4-methylphenyl)-2-pyridonate)(PPh3)(BF2OH)] (3.47) 

          The product 3.46 (30 mg, 0.044 mmol) was 

dissolved in chloroform and left for one day in an 

NMR tube. The solvent was then removed to afford 

3.47 (26 mg, 96%) as a yellow solid. Crystals 

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. 1H{31P} NMR (400 MHz, CDCl3, 298 K): δ 

1.67 (s, Me, 3H), 3.48 (br s, OH, 1H), 6.23 (s, 1H), 6.70 (dd, JH-H 8.2, 0.9, 1H), 6.75 (d, 

JH-H 7.9, 1H), 7.17 (d, JH-H 7.6, 1H), 7.34 (d, JH-H 7.8, 1H), 7.46 (app tt, JH-H 7.2, 1.2, 6H), 

7.54 (tt, JH-H 7.6, 1.4, 3H), 7.64 (t, JH-H 7.9, 1H), 7.77 (app d, JH-H 7.2, 6H). Sample was 

insufficiently soluble for 13C{1H}; therefore, selective 13C data was acquired by a DEPT 

135 experiment. DEPT 135 NMR (100 MHz, CDCl3, 298 K): δ 20.0 (Me), 108.2 (CH), 

113.8 (CH), 122.8 (CH), 124.7 (CH), 128.1 (d, 3JC-P 9.9, CH), 130.3 (CH), 133.9 (d, 2JC-

P 12.7, CH), 139.1 (d, JC-P 14.2, CH), 140.2 (CH). 31P NMR (162 MHz, CDCl3, 298 K): 

δ 42.6 (s, PPh3). 19F NMR (376 MHz, CDCl3, 298 K): δ -149.4 (d, 2JF-F 13.7, BF2OH), -

149.5 (d, 2JF-F 13.7, BF2OH). IR (selected bands, cm-1): 1563, 1481, 1454, 1435, 1260, 

1094, 1017, 997, 799, 744, 691. MS (ES): m/z 552 [M-BF2OH]+, 1104 [2(M-BF2OH)]+, 

65 [BF2OH]-. TOFMS (ES): m/z 552.0768 [M-BF2OH]+ (C30H25NOP106Pd requires 

552.0709). 
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5.3.48 Synthesis of [Pd(κ2-6-(4-methylphenyl)-2-pyridinol)(PPh3)(MeCN)]OTf 

(3.48) 

          Based on the procedure described for 

3.40, using 3.36 (37 mg, 0.067 mmol) and 

AgOSO2CF3 (17.2 mg, 0.067 mmol) gave 3.48 

as a yellow solid (45 mg, 90%). Crystals 

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 ºC (decomp.). 1H{31P} NMR (400 MHz, CDCl3, 298 K): δ 1.62 (s, 

p-Me, 3H), 1.80  (s, MeCN, 3H), 6.23 (s, 1H), 6.75 (d, JH-H 8.6, 1H), 6.92 (d, JH-H 7.5, 

1H), 7.21 (d, JH-H 7.7, 1H), 7.32 (d, JH-H 7.9, 1H), 7.45 (t, JH-H 7.4, 6H), 7.52 (t, JH-H 7.4, 

3H), 7.67 (t, JH-H 7.8, 1H), 7.74 (d, JH-H 7.4, 6H), 10.61 (br s, OH, 1H). Sample was 

insufficiently soluble for 13C{1H}; therefore, selective 13C data was acquired by a DEPT 

135 experiment. DEPT 135 NMR (100 MHz, CDCl3, 298 K): δ -1.9 (MeCN), 19.1 (p-

Me), 108.1 (CH), 109.0 (CH), 122.4 (CH), 124.3 (CH), 126.9 (d, 3JC-P 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). 31P NMR (162 

MHz, CDCl3, 298 K): δ 44.0 (s, PPh3). 19F NMR (376 MHz, CDCl3, 298 K): δ -78.2 (s, 

OTf). IR (selected bands, cm-1): 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]+ (C30H25NOP106Pd requires 552.0709), 1105.1326 [2(M-

MeCN)]+ (C60H50N2O2P2
106Pd2 requires 1105.1437). 

5.3.49 Synthesis of [Pd(κ2-6-(4-trifluoromethylphenyl)-2-pyridinol)(PPh3)(MeCN)] 

PF6 (3.49) 

          Based on the procedure described for 

3.40, using 3.37 (40 mg, 0.062 mmol) and 

AgPF6 (15.7 mg, 0.062 mmol) gave 3.49 as a 

yellow solid (48 mg, 98%). Mp: 125 ºC 

(decomp.). 1H{31P} NMR (400 MHz, CDCl3, 

298 K): δ 1.77 (s, MeCN, 3H), 6.72 (s, 1H), 

6.92 (d, JH-H 7.2, 1H), 7.19 (d, JH-H 8.0, 1H), 

7.37 (d, JH-H 7.5, 1H), 7.46 (t, JH-H 7.2, 6H), 7.53 (d, JH-H 8.1, 1H), 7.54 (t, JH-H 7.5, 3H), 

7.74 (d, JH-H 7.7, 6H), 7.79 (t, JH-H 8.4, 1H), 9.74 (br s, OH, 1H). Sample was 
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insufficiently soluble for 13C{1H}; therefore, selective 13C data was acquired by a DEPT 

135 experiment. DEPT 135 NMR (100 MHz, CDCl3, 298 K): δ 0.0 (MeCN), 109.2 (CH), 

110.8 (CH), 120.3 (CH), 122.2 (CH), 127.1 (d, 3JC-P 11.1, CH), 130.0 (CH), 133.4 (CH), 

133.5 (d, 2JC-P 12.4, CH), 140.4 (CH). 31P NMR (162 MHz, CDCl3, 298 K): δ 43.4 (s, 

PPh3), -144.1 (sept, 1JP-F 712, PF6). 19F NMR (376 MHz, CDCl3, 298 K): δ -63.4 (s, CF3), 

-72.3 (d, 1JF-P 714, PF6). IR (selected bands, cm-1): 1436, 1319, 1164, 1119, 1095, 1072, 

834, 740, 691. MS (ES): m/z 606 [M-MeCN]+, 1213 [2(M-MeCN)]+, 145 [PF6]-. TOFMS 

(ES): m/z 606.0444 [M-MeCN]+ (C30H22F3NOP106Pd requires 606.0426), 1213.0739 

[2(M-MeCN)]+ (C60H44F6N2O2P2
106Pd2 requires 1213.0872). 

5.3.50 Synthesis of [Pd(κ2-6-(4-trifluoromethylphenyl)-2-pyridinol)(PPh3)(PO2F2)] 

(3.50) 

          The product 3.49 (40 mg, 0.05 mmol) was 

dissolved in chloroform and left for three hours in an 

NMR tube. The solvent was then removed to afford 

3.50 (33 mg, 93%) as a yellow solid. Crystals 

suitable for a single crystal X-ray diffraction study 

were grown from a solution of the complex 3.50 in 

dichloromethane/MeCN (95/5 v/v) layered with 

hexane. Mp: 115 ºC (decomp.). 1H{31P} NMR (400 MHz, CDCl3, 298 K): δ 6.72  (s, 1H), 

6.77 (d, JH-H 8.3, 1H), 7.18 (d, JH-H 8.1, 1H), 7.32 (d, JH-H 7.3, 1H), 7.42 (t, JH-H 8.1, 6H), 

7.50 (m, 4H), 7.76 (m, 7H), 11.63 (br s, OH, 1H). Sample was insufficiently soluble for 

13C{1H}; therefore, selective 13C data was acquired by an HMQC experiment. HMQC 

NMR (100 MHz, CDCl3, 298 K): δ 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). 31P NMR (162 MHz, 

CDCl3, 298 K): δ 42.0 (s, PPh3), -15.3 (t, 1JP-F 974, PO2F2). 19F NMR (376 MHz, CDCl3, 

298 K): δ -63.3 (s, CF3), -80.8 (d, 1JF-P 984, PO2F2). IR (selected bands, cm-1): 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-PO2F2]+ 

(C30H22F3NOP106Pd requires 606.0426), 1213.0837 [2(M-PO2F2)+H]+ 

(C60H44F6N2O2P2
106Pd2 requires 1213.0872), 443.9045 [M-(PPh3)]- (requires 443.9135). 
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5.3.51 Synthesis of [Pd(κ2-6-(4-trifluoromethylphenyl)-2-pyridinol)(PPh3)(MeCN)] 

BF4 (3.51) 

          Based on the procedure described for 

3.40, using 3.37 (40 mg, 0.062 mmol) and 

AgBF4 (12.1 mg, 0.062 mmol) gave 3.51 as a 

yellow solid (44 mg, 97%). Mp: 139 ºC 

(decomp.). 1H{31P} NMR (400 MHz, CDCl3, 

298 K): δ 1.81  (s, MeCN, 3H), 6.71 (s, 1H), 

6.98 (d, JH-H 7.3, 1H), 7.17 (d, JH-H 8.0, 1H), 

7.32 (d, JH-H 7.3, 1H), 7.45 (t, JH-H 8.2, 6H), 7.53 (m, 4H), 7.73 (m, 7H), 15.30 (br s, OH, 

1H). Sample was insufficiently soluble for 13C{1H}; therefore, selective 13C data was 

acquired by an HMQC experiment. HMQC NMR (100 MHz, CDCl3, 298 K): δ 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). 31P NMR (162 MHz, CDCl3, 298 K): δ 43.5 (s, PPh3). 19F NMR (376 

MHz, CDCl3, 298 K): δ -63.4 (s, CF3), -151.3 (s, BF4). IR (selected bands, cm-1): 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]+ (C30H22F3NOP106Pd 

requires 606.0426), 1213.0803 [2(M-MeCN)]+ (C60H44F6N2O2P2
106Pd2 requires 

1213.0872). 

5.3.52 Synthesis of [Pd(κ2-6-(4-trifluoromethylphenyl)-pyridonate)(PPh3)(BF2OH)] 

(3.52) 

          The product 3.51 (35 mg, 0.048 mmol) was 

dissolved in chloroform and left for eight hours in an 

NMR tube. The solvent was then removed to afford 

3.52 (29 mg, 89%) as a yellow solid. Crystals 

suitable for a single crystal X-ray diffraction study 

were grown from a solution of the complex 3.52 in 

dichloromethane/MeCN (95/5 v/v) layered with 

hexane. Mp: 211 ºC (decomp.). 1H{31P} NMR (400 

MHz, CDCl3, 298 K): δ 3.54 (br s, OH, 1H), 6.68 (s, 1H), 6.82 (dd, JH-H 8.3, 0.9, 1H), 

7.18 (dd, JH-H 8.1, 0.8, 1H), 7.28 (dd, JH-H 7.6, 0.9, 1H), 7.47 (app t, JH-H 8.1, 6H), 7.54 

(m, 4H), 7.72 (t, JH-H 8.3, 1H), 7.74 (d, JH-H 7.1, 6H). Sample was insufficiently soluble 

for 13C{1H}; therefore, selective 13C data was acquired by an HMQC experiment. HMQC 
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NMR (100 MHz, CDCl3, 298 K): δ 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).  31P NMR (162 MHz, 

CDCl3, 298 K): δ 41.9 (s, PPh3). 19F NMR (376 MHz, CDCl3, 298 K): δ -62.9 (s, CF3), -

149.5 (d, 2JF-F 13.7, BF2OH) , -149.6 (d, 2JF-F 13.7, BF2OH). IR (selected bands, cm-1): 

1567, 1481, 1435, 1318, 1156, 1118, 1096, 1070, 1040, 882, 800, 741, 690. MS (ES): m/z 

605 [M-BF2OH]+, 1213 [2(M-BF2OH)]+, 65 [BF2OH]-. TOFMS (ASAP): m/z 606.0445 

[M-BF2OH]+ (C30H22F3NOP106Pd requires 606.0426). TOFMS (ES): m/z 1213.1398 

[2(M-BF2OH)]+ (C60H44F6N2O2P2
106Pd2 requires 1213.0872). Anal Calcd for 

C30H22BF5NO2PPd: 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(κ2-6-(4-trifluoromethylphenyl)-2-pyridinol)(PPh3)(MeCN)] 

OTf (3.53) 

          Based on the procedure described for 

3.40, using 3.37 (40 mg, 0.062 mmol) and 

AgOSO2CF3 (15.9 mg, 0.062 mmol) gave 3.53 

as a yellow solid (49 mg, 99%). Crystals 

suitable for a single crystal X-ray diffraction 

study were grown from a solution of the 

complex 3.53 in dichloromethane/MeCN (95/5 

v/v) layered with hexane. Mp: 96 ºC (decomp.). 1H{31P} NMR (400 MHz, CDCl3, 298 

K): δ 1.88  (s, MeCN, 3H), 6.71 (s, 1H), 7.06 (d, JH-H 8.4, 1H), 7.19 (dd, JH-H 8.1, 0.9, 

1H), 7.33 (d, JH-H 7.5, 1H), 7.41 (app d, JH-H 8.1, 1H), 7.46 (t, JH-H 7.8, 6H), 7.54 (app tt, 

JH-H 7.7, 1.2, 3H), 7.74 (d, JH-H 8.1, 6H), 7.78 (t, JH-H 7.8, 6H), 11.19 (br s, OH, 1H). 

Sample was insufficiently soluble for 13C{1H}; therefore, selective 13C data was acquired 

by a DEPT 135 experiment. DEPT 135 NMR (100 MHz, CDCl3, 298 K): δ 0.0 (MeCN), 

109.0 (CH), 110.7 (CH), 120.2 (CH), 122.0 (CH), 127.0 (d, 3JC-P 11.1, CH), 130.0 (CH), 

133.1 (d, 2JC-P 11.7, CH), 133.7 (d, JC-P 14.6, CH), 140.4 (CH). 31P NMR (162 MHz, 

CDCl3, 298 K): δ 43.4 (s, PPh3). 19F NMR (376 MHz, CDCl3, 298 K): δ -63.5 (s, CF3), -

77.9 (s, OTf). IR (selected bands, cm-1): 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]+ (C30H22F3NOP106Pd requires 606.0426), 

1213.0800 [2(M-MeCN)]+ (C60H44F6N2O2P2
106Pd2 requires 1213.0872). Anal Calcd for 

C33H25F6N2O4PSPd.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, 7.55 mL, 1.6 M in 

hexanes) dropwise, stirred for 0.5 h, warmed to 0 °C 

for 10 minutes, re-cooled to -78 °C, treated with 

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 MgSO4. 

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. 1H NMR (400 MHz, 

CDCl3, 298 K): δ 0.88 (t, JH-H 7.2, 9H), 1.08, (t, JH-H 8.2, 6H), 1.33 (sext, JH-H 7.3, 6H), 

1.58 (m, 6H), 3.92 (s, OMe, 3H), 6.55 (dd, JH-H 8.3, 0.96, 1H), 6.97 (dd, JH-H 6.8, 0.92, 

1H), 7.38 (dd, JH-H 8.4, 6.8, 1H). 13C{1H} NMR (100 MHz, CDCl3, 298 K): δ 9.9 (CH2), 

13.7 (CH3), 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.11 

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 

mmol). The mixture was stirred for about an hour while cooling in 

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%). 1H NMR (400 MHz, CDCl3, 298 

K): δ 2.28 (s, Me, 6H), 7.06 (s, 1H), 7.65 (s, 1H). 13C{1H} NMR (100 MHz, CDCl3, 298 

K): δ 22.3 (Me), 122.0 (C), 132.6 (CH), 134.8 (CH), 136.8 (C). Data are consistent with 

those reported in the literature.12 
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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 

flask, a solution of 6-bromo-2-methoxypyridine (2.1) 

(1.69 g, 1.1 mL, 9 mmol) in dry diethyl ether (10 mL) 

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(PPh3)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 × 75 mL). The combined organic phases were washed 

with water (100 mL), brine (100 mL), dried over MgSO4, 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 oC. 1H NMR (400 MHz, CDCl3, 298 K): δ 

4.06 (s, OMe, 6H), 6.71 (dd, JH-H 8.2, 0.5, 2H), 7.42 (dd, JH-H 7.4, 0.6, 2H), 7.54 (t, JH-H 

7.8, 1H), 7.65 (t, JH-H 8.1, 2H), 8.07 (dd, JH-H 7.8, 1.8, 2H), 8.75 (app t, JH-H 1.6, 1H). 

13C{1H} NMR (100 MHz, CDCl3, 298 K): δ 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-1): 1575, 1463, 1419, 1303, 1255, 1237, 1019, 778, 684. MS (ES): m/z 293 

[M]+. TOFMS (ES): m/z 293.1262 [M]+ (C18H16N2O2 requires 293.1245). Data are 

consistent with those reported in the literature.13 

          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) (0.55 g, 2.08 mmol), 

bis(triphenylphosphine)-palladium(II) 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 ºC 

under a nitrogen atmosphere for 48 h. After the reaction 

mixture had cooled to room temperature, saturated KF 

solution (10 mL) was added and the solution stirred for 

30 min. The precipitated solid was removed by filtration and washed with water (25 mL). 

NaHCO3 solution (10%, 50 mL) was then added to the combined filtrates, which were 

extracted with dichloromethane (2 x 100 mL), separated and dried over MgSO4. 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 ºC. 1H NMR 

(400 MHz, CDCl3, 298 K): δ 2.39 (s, Me, 6H), 3.87 (s, OMe, 6H), 6.59 (dd, JH-H 8.2, 0.6, 

2H), 6.94 (dd, JH-H 7.2, 0.6, 2H), 7.12 (s, 1H), 7.46 (s, 1H), 7.52 (dd, JH-H 8.2, 7.5, 2H). 

13C{1H} NMR (100 MHz, CDCl3, 298 K): δ 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-1): 2945, 1576, 1458, 1429, 1406, 1305, 1252, 1153, 1026, 861, 793, 

740. MS (ES): m/z 321 [M]+. TOFMS (ASAP): 321.1603 [M]+ (C20H20N2O2 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 ºC). The solution was then allowed to cool to room temperature and neutralised with 

saturated NaHCO3 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 ºC. 1H NMR (400 MHz, MeOD, 298 

K): δ 6.46 (d, JH-H 9.0, 2H), 6.68 (d, JH-H 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 13C{1H}. IR 

(selected bands, cm-1): 1643, 1554, 1159, 988, 775, 697. MS (ES): m/z 265 [M]+. TOFMS 

(ASAP): 265.0981 [M]+ (C16H12N2O2 requires 265.0932). 
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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 ºC). The solution was then allowed to cool to room temperature and neutralised with 

saturated NaHCO3 solution. The product was extracted with DCM (3 x 50 mL). Drying 

with MgSO4 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 ºC. 1H NMR (400 MHz, CDCl3, 298 K): δ 2.37 (s, 

Me, 6H), 6.26 (dd, JH-H 6.8, 0.8, 2H), 6.70 (dd, JH-H 9.1, 0.6, 2H), 7.17 (s, 1H), 7.42 (dd, 

JH-H 11.2, 8.9, 2H) 7.60 (s, 1H), 12.20 (br s, 2H). 13C{1H} NMR (100 MHz, CDCl3, 298 

K): δ 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-1): 3063, 1637, 1594, 1543, 1286, 

1154, 974, 801, 720. MS (ES): m/z 293 [M]+. TOFMS (ASAP): 293.1301 [M]+ 

(C18H16N2O2 requires 293.1245). 

5.4.7 Synthesis of [Pd2(κ2-1,3-bis(2-(6-methoxypyridyl)benzene)2(µ-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% yield). 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 ºC (dec.). 1H NMR (400 MHz, DMSO-d6, 298 K): δ 1.9 (s, O2CMe, 6H), 2.14 

(s, O2CMe, 6H), 3.76 (s, OMe, 12H), 6.18 (s, 2H), 6.51 (d, JH-H 8.04, 4H), 7.09 (s, 2H), 
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7.24 (d, JH-H 7.5, 4H), 7.70 (t, JH-H 8.0, 4H). Sample was insufficiently soluble for 

13C{1H}; therefore, selective 13C data was acquired by HSQC and  HMBC experiments. 

HSQC NMR (125 MHz, DMSO-d6, 298 K): δ 24.6 (O2CMe), 24.9 (O2CMe), 56.4 (OMe), 

103.0 (CH), 110.2 (CH), 118.1 (CH), 137.6 (CH), 141.3 (CH). HMBC NMR (125 MHz, 

DMSO-d6, 298 K): 140.1 (C), 152.8 (C), 163.0 (C), 165.1 (C), 174.6 (O2CMe), 179.3 

(O2CMe). IR (selected bands, cm-1): 1567, 1483, 1406, 1269, 1056, 787, 685. TOFMS 

(ES): m/z 1241.8824 [M]+ (C44H40N4O12
106Pd4 requires 1241.8796), 1182.8633 [M-

OAc]+ (C42H37N4O10
106Pd4 requires 1182.8663). 

5.4.8 Synthesis of  [Pd(κ2-1,3-bis(2-(6-methoxypyridyl)benzene))(µ-OAc)]2 (4.8) 

 

          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 ºC. 1H NMR (400 MHz, CDCl3, 298 K): δ 2.23 (s, O2CMe, 6H), 3,64 (s, OMe, 6H), 

4.06 (s, OMe, 6H), 5.78 (d, JH-H 8.0, 2H), 6.69 (d, JH-H 8.0, 2H), 6.91 (d, JH-H 7.5, 2H), 

7.16 (d, JH-H 8.1, 2H), 7.21 (d, JH-H 7.4, 2H), 7.25 (t, JH-H 7.6, 2H), 7.49 (d, JH-H 8.1, 2H), 

7.52 (s, 2H), 7.62 (t, JH-H 7.5, 2H). 13C{1H} NMR (125 MHz, CDCl3, 298 K): δ 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-1): 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]+ (C18H15N2O2
106Pd requires 397.0168). 
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5.4.9 Synthesis of [Pd2(4,6-bis(2-(6-methoxypyridonyl)m-xylene)(µ-OAc)(κ1-

OAc)2(µ-OH)] (4.9) 

          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 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 ºC. 1H NMR (400 MHz, 

CDCl3, 298 K): δ 1.61 (s, O2CMe, 6H), 1.70 (s, O2CMe, 3H), 2.25 (s, Me, 6H), 4.27 (s, 

OMe, 6H), 5.64 (s, OH, 1H), 6.82 (dd, JH-H 8.5, 0.9, 2H), 7.15 (dd, JH-H 7.4, 0.9, 2H), 7.35 

(s, 1H), 7.86 (dd, JH-H 8.4, 7.4, 2H), 9.30 (s, 1H). 13C{1H} NMR (100 MHz, CDCl3, 298 

K): δ 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 

(O2CMe), 183.1 (O2CMe). IR (selected bands, cm-1): 1574, 1543, 1474, 1380, 1322, 

1075, 1013, 798, 690. TOFMS (ES): m/z 669.0067 [M-OAc]+ (C24H27N2O7
106Pd2 requires 

668.9892), 650.9943 [(M-OAc)-OH]+ (C24H26N2O6
106Pd2 requires 650.9881), 425.0552 

[L+Pd]+ (C20H20N2O2
106Pd requires 425.0576). 

5.4.10 Synthesis of [Pd4(1,3-bis(2-pyridon-6-yl)benzene)2(OAc)4] (4.10) 

          A mixture of 1,3-bis(2-pyridon-6-yl)benzene (4.5) (6.5 mg, 0.025 mmol), 

Pd(OAc)2 (11.2 mg, 0.05 mmol) and acetic acid (1.5 mL) was stirred and heated at 80 ºC 

for 24 h. After being cooled to room temperature the orange precipitate was filtered and 

washed with HOAc and Et2O 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 ºC. 1H NMR (400 MHz, CDCl3, 298 
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K): δ 2.10 (s, O2CMe, 6H), 2.23 (s, O2CMe, 

6H), 6.18 (dd, JH-H 8.2, 0.8, 4H), 6.42 (s, 2H), 

6.54 (s, 2H), 6.64 (dd, JH-H 7.6, 0.7, 4H), 7.31 

(t, JH-H 7.6, 4H), 9.20 (s, OH, 4H). Sample was 

insufficiently soluble for 13C{1H}; therefore, 

selective 13C data was acquired by an HSQC 

experiment. HSQC NMR (125 MHz, CDCl3, 

298 K): δ 24.6 (O2CMe), 24.9 (O2CMe), 108.1 

(CH), 108.6 (CH), 115.9 (CH), 136.8 (CH), 

140.6 (CH). IR (selected bands, cm-1): 1723, 

1622, 1558, 1490, 1407, 1256, 1221, 1016, 

790, 725. TOFMS (ES): m/z 1186.8275 [M]+ (C40H32N4O12
106Pd requires 1186.8180). 

5.4.11 Synthesis of [Hg(1,3-bis(2-(6-methoxypyridyl)benzene))Cl] (4.11) 

          A mixture of 1,3-bis(2-(6-methoxypyridyl) 

benzene) (4.3)  (63 mg, 0.215 mmol) and mercury(II) 

acetate (66.6 mg, 0.209 mmol) in absolute ethanol (4.2 

mL) was heated under reflux for 24 h. Afterward a 

solution of lithium chloride (19.7 mg) in methanol (3.1 

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 ºC. 1H NMR (400 MHz, CDCl3, 298 K): δ 4.18 (s, OMe, 6H), 6.82 (dd, JH-

H 8.2, 0.65, 2H), 7.30 (dd, JH-H 7.4, 0.64, 2H), 7.50 (t, JH-H 7.7, 1H), 7.68 (t, JH-H 7.4, 2H), 

7.82 (d, JH-H 7.6 and dd, 4JH-Hg 68, 7.4, 2H). 13C{1H} NMR (125 MHz, CDCl3, 298 K): δ 

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-1): 2955, 1574, 1456, 1318, 1247, 

1019, 775, 725. TOFMS (ASAP): m/z 529.0629 [M]+ (C18H15Cl201HgN2O2 requires 

529.0528), 493.0843 [M-Cl]+ (C18H15
201HgN2O2 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(II) 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 

and Et2O, and dried to give the product 4.12 as a grey 

solid (84 mg, 40%). Crystals suitable for single crystal X-

ray diffraction were grown by slow diffusion of isopropyl 

ether into a solution of the complex in dichloromethane. Mp: 215-217 ºC. 1H NMR (500 

MHz, CDCl3, 298 K): δ 2.39 (s, Me, 6H), 4.07 (s, OMe, 6H), 6.76 (d, JH-H 8.3, 2H), 7.03 

(d, JH-H 7.2, 2H), 7.19 (s, 1H), 7.63 (t, JH-H 7.8, 2H). 13C{1H} NMR (125 MHz, CDCl3, 

298 K): δ 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-1): 2955, 1573, 

1463, 1389, 1268, 1252, 1012, 984, 801, 781, 724. TOFMS (ASAP): m/z 557.0953 [M]+ 

(C20H19Cl201HgN2O2 requires 557.0841), 521.1274 [M-Cl]+ (C20H19
201HgN2O2 requires 

521.1153). 

5.4.13 Synthesis of [Pd(1,3-bis(2-(6-methoxypyridyl)benzene))Cl] (4.13) 

          By Transmetallation: A suspension of compound 

[Hg(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(II) acetate (21.3 mg, 0.095 mmol) 

in dry dichloromethane (5 mL), and the mixture was left 

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 

mg). 

          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 ºC. 1H NMR (500 MHz, DMSO-d, 298 K): δ 3.96 (s, OMe, 6H), 7.07 

(d, JH-H 9.5, 2H), 7.23 (t, JH-H 8.2, 1H), 7.62 (app d, 2H, 2H), 8.11 (t, JH-H 8.2, 2H). Sample 

was insufficiently soluble for 13C{1H}; therefore, selective 13C data was acquired by an 

HSQC experiment. HSQC NMR (125 MHz, DMSO-d, 298 K): δ 56.1 (OMe), 106.4 

(CH), 111.7 (CH), 124.5 (CH), 124.7 (CH), 142.9 (CH). IR (selected bands, cm-1): 1601, 
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1568, 1480, 1271, 1105, 1026, 791, 746. MS (ES): m/z 397 [M-Cl]+. TOFMS (ASAP): 

m/z 397.0176 [M-Cl]+ (C18H15N2O2
106Pd requires 397.0168). 

          By Direct Synthesis with Na2[PdCl4]: 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 

Na2[PdCl4] (32 mg, 0.11 mmol), and a white precipitate immediately appeared. The 

mixture was heated at 118 ºC (reflux) for 24 h. After being cooled to room temperature, 

the brown precipitate was filtered and washed with MeOH, H2O, EtOH, and Et2O to yield 

30.2 mg (69%) of 4.13. The 1H and 13C{1H} 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(II) acetate (28.3 mg, 0.126 mmol) 

in dry dichloromethane (7 mL), and the mixture was left 

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 ºC. 1H NMR (400 MHz, DMSO-d, 298 K): δ 2.34 (s, 

Me, 6H), 3.79 (s, OMe, 6H), 6.55 (s, 1H), 6.65 (d, JH-H 8.4, 2H), 7.08 (d, JH-H 7.9, 2H), 

7.74 (t, JH-H 8.2, 2H). 13C{1H} NMR (125 MHz, DMSO-d, 298 K): δ 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-1): 3394, 1600, 1570, 1480, 1313, 1271, 

1105, 1027, 792, 747. MS (ES): m/z 425 [M-Cl]+. TOFMS (ES): m/z 425.0498 [M-Cl]+ 

(C20H19N2O2
106Pd requires 425.0481). 

          By Direct Synthesis with Na2[PdCl4]: 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 

Na2[PdCl4] (21 mg, 0.072 mmol), and a white precipitate immediately appeared. The 

mixture was heated at 118 ºC (reflux) for 24 h. After being cooled to room temperature, 

the brown precipitate was filtered and washed with MeOH, H2O, EtOH, and Et2O to yield 

12.8 mg (72%) of 4.14. 1H 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 Na2[PdCl4] (1 eq.) were placed 

in a microwave vial along with a mixture of AcOH/H2O 

(9:1; 3 mL). Nitrogen was bubbled through 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 ºC (for 4.3) or 150 ºC 

(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 ºC. 1H NMR (500 MHz, CDCl3, 

323K): δ 6.69 (dd, JH-H 8.2, 1.1, 2H), 7.14 (d, JH-H 8.3, 2H),, 7.15 (t, JH-H 6.8, 1H), 7.26 

(d, JH-H 7.8, 2H), 7.7 (t, JH-H 7.5, 2H), 10.82 (s, OH, 2H). Sample was insufficiently 

soluble for 13C{1H}; therefore, selective 13C data was acquired by an HSQC experiment. 

HSQC (125 MHz, CDCl3, 298 K): δ 110.5 (CH), 112.9 (CH), 123.7 (CH), 124.7 (CH), 

1401.3 (CH). IR (selected bands, cm-1): 3024, 1616, 1572, 1484, 1426, 1272, 1205, 1163, 

1003, 795, 743. TOFMS (ASAP): m/z 368.9868 [M-Cl]+ (C16H11N2O2
106Pd requires 

368.9855). 

5.4.16 Synthesis of [Pd(4,6-bis(2-pyridon-6-yl)m-xylene))Cl] (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 Na2[PdCl4] (1 eq.) were 

placed in a microwave vial along with a mixture of 

AcOH/H2O (9:1; 3 mL). Nitrogen was bubbled through 

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 ºC (for 4.4) or 

150 ºC (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 ºC. 1H NMR (500 MHz, CDCl3, 298 K): δ 2.55 (s, 

Me, 6H), 6.66 (d, JH-H 8.8, 2H), 6.79 (s, 1H), 7.29 (d, JH-H 7.9, 2H), 7.68 (t, JH-H 8.2, 2H), 
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11.04 (s, OH, 2H). Sample was insufficiently soluble for 13C{1H}; therefore, selective 13C 

data was acquired by an HSQC experiment. HSQC (125 MHz, CDCl3, 298 K): δ 22.8 

(Me), 110.9 (CH), 113.4 (CH), 133.7 (CH), 140.7 (CH). IR (selected bands, cm-1): 3013, 

1619, 1571, 1488, 1407, 1216, 1157, 770. TOFMS (ASAP): m/z 397.0187 [M-Cl]+ 

(C18H15N2O2
106Pd requires 397.0168). 

5.4.17 Synthesis of [Pd(1,3-bis(2-(6-methoxypyridyl)benzene))Cl] (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), AgPF6 (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 ºC 

(decomp.). 1H NMR (400 MHz, DMSO-d, 298 K): δ 1.98, (s, MeCN, 3H), 3.92 (s, OMe, 

3H), 7.05 (d, JH-H 8.5, 2H), 7.19 (t, JH-H 7.6, 1H), 7.57 (d, JH-H 7.7, 2H), 7.62 (d, JH-H 7.6, 

2H), 8.07 (t, JH-H 7.9, 2H). Sample was insufficiently soluble for 13C{1H}; therefore, 

selective 13C data was acquired by an HMQC experiment. HMQC NMR (100 MHz, 

DMSO-d, 298 K): δ -0.3 (MeCN), 57.0 (OMe), 107.9 (CH), 112.8 (CH), 125.3 (CH), 

126.2 (CH), 144.0 (CH). 31P NMR (162 MHz, DMSO-d, 298 K): δ -144.1 (sept, 1JP-F 712, 

PF6). 19F NMR (376 MHz, DMSO-d, 298 K): δ -70.14 (d, 1JF-P 710, PF6). IR (selected 

bands, cm-1): 1610, 1571, 1485, 1471, 1282, 1179, 1094, 1050, 998, 833, 775, 722. MS 

(ES): m/z 397 [M-MeCN)]+, 145 [PF6]-. TOFMS (ES): m/z 397.0181 [M-MeCN]+ 

(C18H15N2O2
106Pd 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 AgPF6 

(16.5 mg, 0.065 mmol) gave 4.18 as a brown solid 

(34 mg, 86%). Mp: 223-225 ºC. 1H NMR (400 MHz, 

DMSO-d, 298 K): δ 2.08, (s, MeCN, 3H), 2.60 (Me, 

3H), 4.01 (s, OMe, 3H), 6.99 (s, 1H), 7.16 (d, JH-H 9.1, 2H), 7.60 (d, JH-H 7.9, 2H), 8.14 



Chapter 5 

255 
 

(t, JH-H 8.5, 2H). Sample was insufficiently soluble for 13C{1H}; therefore, selective 13C 

data was acquired by an HMQC experiment. HMQC NMR (100 MHz, DMSO-d, 298 K): 

δ -0.6 (MeCN), 22.5 (Me), 57.3 (OMe), 107.0 (CH), 116.3 (CH), 133.8 (CH), 143.7 (CH). 

31P NMR (162 MHz, DMSO-d, 298 K): δ -144.1 (sept, 1JP-F 713, PF6). 19F NMR (376 

MHz, DMSO-d, 298 K): δ -70.12 (d, 1JF-P 714, PF6). IR (selected bands, cm-1): 1481, 

1460, 1274, 1106, 1029, 997, 829, 792, 721. MS (ES): m/z 425 [M-MeCN)]+, 145 [PF6]-

. TOFMS (ES): m/z 425.0490 [M-MeCN]+ (C20H19N2O2
106Pd requires 425.0481). 

5.4.19 Synthesis of [Pt(1,3-bis(2-(6-methoxypyridyl)benzene))Cl] (4.19) 

          1,3-bis(2-(6-methoxypyridyl)benzene) (4.3) (25 

mg, 0.085 mmol) and  K2[PtCl4] (35.5 mg, 0.085, 1 eq.) 

were placed in a microwave vial along with a mixture of 

AcOH/H2O (9:1; 3 mL). Nitrogen was bubbled through 

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 95 ºC 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 ºC. 1H NMR (400 MHz, DMSO-d, 298 K): δ 4.00 (s, OMe, 6H), 7.12 

(d, JH-H 8.4, 2H), 7.25 (t, JH-H 7.8, 1H), 7.64 (d, JH-H 7.7, 2H), 7.70 (d, JH-H 7.1, 2H), 8.14 

(t, JH-H 8.0, 2H). Sample was insufficiently soluble for 13C{1H}; therefore, selective 13C 

data was acquired by HSQC and HMBC experiments. HSQC (125 MHz, DMSO-d, 298 

K): δ 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): δ 141.6 (C), 155.4 (C), 165.2 (C), 167.3 (C). IR (selected 

bands, cm-1): 1612, 1654, 1483, 1430, 1281, 1098, 1030, 772. MS (ES): m/z 486 [M-Cl]+, 

528 [(M-Cl)+MeCN]. TOFMS (ES): m/z 486.0783 [M-Cl]+ (C18H15N2O2
195Pt requires 

486.0781). 

5.4.20 Synthesis of [Pt(4,6-bis(2-(6-methoxypyridonyl)m-xylene))Cl] (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] (41.5 mg, 0.1 mmol, 1 eq.) gave 

4.20 as a greenish yellow solid (10.3 mg, 19%). Mp: > 

270 ºC. 1H NMR (400 MHz, DMSO-d, 298 K): δ 2.60 (s, 

Me, 6H), 4.09 (s, OMe, 6H), 6.96 (s, 1H), 7.23 (d, JH-H 8.5, 2H), 7.60 (d, JH-H 7.9, 2H), 
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8.17 (d, JH-H 8.2, 2H). Sample was insufficiently soluble for 13C{1H}; therefore, selective 

13C data was acquired by an HSQC experiment. HSQC (125 MHz, DMSO-d, 298 K): δ 

22.1 (Me), 57.3 (OMe), 106.7 (CH), 116.2 (CH), 132.5 (CH), 144.0 (CH). IR (selected 

bands, cm-1): 1601, 1566, 1482, 1437, 1317, 1272, 1033, 796, 755. MS (ES): m/z 514 [M-

Cl]+, 554 [(M-Cl)+MeCN]. TOFMS (ES): m/z 514.1086 [M-Cl]+ (C20H19N2O2
195Pt 

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  K2PtCl4 (0.1 mmol, 1 eq.) were 

placed in a microwave vial along with a mixture of 

AcOH/H2O (9:1; 3 mL). Nitrogen was bubbled through 

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 ºC (for 4.3) or 

150 ºC (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 ºC. 1H NMR (500 MHz, DMSO-d, 298 K): δ 

6.87 (d, JH-H 8.7, 2H), 7.26 (t, JH-H 7.6, 1H), 7.60 (m, 4H), 8.00 (t, JH-H 7.8, 2H), 11.29 (s, 

OH, 2H). Sample was insufficiently soluble for 13C{1H}; therefore, selective 13C data was 

acquired by an HSQC experiment. HSQC (125 MHz, DMSO-d, 298 K): δ 111.6 (CH), 

111.8 (CH), 123.9 (CH), 124.2 (CH), 143.1 (CH). IR (selected bands, cm-1): 2977, 1621, 

1570, 1491, 1406, 1206, 1156, 791, 769. TOFMS (ASAP): m/z 458.0468 [M-Cl]+ 

(C16H11N2O2
195Pt 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 K2PtCl4 (1 eq.) were 

placed in a microwave vial along with a mixture of 

AcOH/H2O (9:1; 3 mL). Nitrogen was bubbled through 

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 ºC (for 4.4) or 

150 ºC (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 ºC. 1H NMR (400 MHz, DMSO-d, 298 K): δ 

2.55 (s, Me, 6H), 6.80 (d, JH-H 8.2, 2H), 6.90 (s, 1H), 7.43 (d, JH-H 7.7, 2H), 7.94 (t, JH-H 

8.2, 2H), 11.34 (s, OH, 2H). Sample was insufficiently soluble for 13C{1H}; therefore, 

selective 13C data was acquired by HSQC and HMBC experiments. HSQC NMR (125 

MHz, DMSO-d, 298 K): δ 22.2 (Me), 110.8 (CH), 114.5 (CH), 132.6 (CH), 142.4 (CH). 

HMBC NMR (125 MHz, DMSO-d, 298 K): δ 136.4 (C), 137.2 (C), 162.9 (C), 164.0 (C), 

166.7 (C). IR (selected bands, cm-1): 3054, 1620, 1573, 1488, 1201, 1164, 795, 745. 

TOFMS (ASAP): m/z 486.0783 [M-Cl]+ (C18H15N2O2
195Pt requires 486.0781). 

5.4.23 Synthesis of [4,6-bis(2-(6-methoxypyridonyl)m-xylene)(κ1-H)2][AuCl4]2 

(4.23) 

          H[AuCl4] (43 mg, 0.11 mmol, 2 eq.), 

dissolved in AcOH (1 mL),  was added to 4,6-

bis(2-(6-methoxypyridonyl)m-xylene 4.4 (17.5 

mg, 0.055 mmol) in AcOH (1 mL). The 

reaction mixture was then stirred at room 

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 ºC. 1H NMR (400 MHz, CD3CN, 298 K): δ 2.42 (s, Me, 3H), 

4.23 (s, OMe, 3H), 7.46 (d, JH-H 8.1, 1H), 7.48 (s, 1H), 7.50 (d, JH-H 7.7, 1H), 7.52 (s, 

1H), 8.50 (t, JH-H 8.0, 1H), 12.89 (br s, 1H, NH). 13C{1H} NMR (100 MHz, CD3CN, 298 

K): δ 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-1): 3100, 1617, 

1540, 1333, 1288, 1280, 1186, 1018, 809. MS (ES): m/z 321 [M]+, 267 [AuCl2]-. TOFMS 

(ASAP): m/z 321.1602 [M]+ (C20H22N2O2 requires 321.1681). 

5.4.24 Synthesis of [κ1-N,N-(4,6-bis(2-(6-methoxypyridonyl)m-xylene))(AuCl3)2] 

(4.24) 

          2.3 mg (0.027 mmol, 3 eq.) of NaHCO3 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 Et2O 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 ºC. 1H NMR (400 MHz, CD3CN, 298 K): δ 2.32 (s, Me, 3H), 

4.26 (s, OMe, 3H), 7.42 (dd, JH-H 8.6, 1.0, 1H), 7.48 (dd, JH-H 7.2, 1.1, 1H), 7.52 (s, 1H), 

8.10 (s, 1H), 8.31 (dd, JH-H 8.6, 7.5, 1H). Sample was insufficiently soluble for 13C{1H}; 

therefore, selective 13C data was acquired by an HMQC experiment. HMQC NMR (100 

MHz, CD3CN, 298 K): δ 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-1): 1571, 1478, 1433, 1323, 1264, 1246, 

1075, 798. MS (ES): m/z 321 [L]+, 515 [L+Au]+, 267 [AuCl2]-, 339 [AuCl4]-, 609 

[Au2Cl6]. TOFMS (ES): m/z 925.8959 [M]+ (C20H20
197Au2Cl6N2O2 requires 925.8957). 

5.4.25 Synthesis of [κ1-N-(4,6-bis(2-(6-methoxypyridonyl)m-xylene))(AuCl3)] (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 ºC. 1H NMR (400 MHz, CDCl3, 298 K): δ 2.24 (s, Me, 3H), 2.52 (s, Me, 

3H), 3.95 (s, OMe, 3H), 4.26 (s, OMe, 3H), 6.68 (d, JH-H 8.2, 1H), 7.11 (d, JH-H 8.4, 1H), 

7.24 (d, JH-H 7.4, 1H), 7.27 (s, 1H), 7.30 (d, JH-H 7.3, 1H) 7.66 (t, JH-H 8.0, 1H), 7.81 (s, 

1H), 8.07 (t, JH-H 8.0, 1H). 13C{1H} NMR (100 MHz, CDCl3, 298 K, 298 K): δ 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-1): 1574, 1485, 

1462, 1434, 1313, 1250, 1051, 978, 803. MS (ES): m/z 321 [L]+, 623 [M]+, 267 [AuCl2]-
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, 339 [AuCl4]-. TOFMS (ES): m/z 623.0334 [M]+ (C20H20
197AuCl3N2O2 requires 

623.0256), 645.0162 [M+Na]+ (C20H20
197AuCl3N2O2Na requires 645.0154). 
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Table A1: Crystal Data and Structure Refinement for 2.10, 2.11, 2.12, 2.13 and 2.14 

 2.10 2.11 2.12 2.13 2.14 

Identification code 15047 15085 15089 15041 15100 

Empirical formula C168 H158 N12 

O37 Pd12 

C30 H30 N2 O6 

Pd2 

C184 H154 Cl12 

F36 N12 O39 Pd12 

C28 H24 F2 N2 O6 

Pd2 

C30 H32 N2 O7 

Pd2 

Formula weight 4213.86 727.36 5543.39 735.29 745.38 

Temperature 150(2) K 150(2) K 150(2) K 150(2) K 150(2) K 

Wavelength 0.71073 Å 0.71073 Å 0.71073 Å 0.71073 Å 0.71073 Å 

Crystal system Orthorhombic Orthorhombic Orthorhombic Orthorhombic Tetragonal 

Space group Pbcn Pbcn Pbcn Pbcn I4(1)/a 

Unit cell 

dimensions 

a = 24.139(8) Å 

b = 15.258(5) Å 

c = 21.504(7) Å 

= 90° 

= 90° 

 = 90° 

a = 23.615(3) Å 

b = 14.849(2) Å 

c = 23.814(3) Å 

= 90° 

= 90° 

 = 90° 

a = 23.71(11) Å 

b = 14.625(7) Å 

c = 29.206(14) Å  

= 90° 

= 90° 

 = 90° 

a = 23.648(3) Å 

b = 15.128(2) Å 

c = 22.311(3) Å 

= 90° 

= 90° 

 = 90° 

a = 13.625(2) Å 

b = 13.625(2) Å 

c = 29.964(5) Å 

= 90° 

= 90° 

 = 90° 

Volume 7920(5) Å3 8351(2) Å3 10129(8) Å3 7981.9(19) Å3 5562.8(16) Å3 

Z 2 12 2 12 8 

Density 

(calculated) 

1.767 Mg/m3 1.736 Mg/m3 1.818 Mg/m3 1.836 Mg/m3 1.780 Mg/m3 

Absorption 

coefficient 

1.409 mm-1 1.339 mm-1 1.304 mm-1 1.412 mm-1 1.345 mm-1 

F(000) 4196 4368 5468 4368 2992 

Crystal size 0.34 x 0.08 x 0.03 

mm3 

0.19 x 0.12 x 0.03 

mm3 

0.43 x 0.14 x 0.04 

mm3 

0.20 x 0.05 x 0.03 

mm3 

0.21 x 0.15 x 0.10 

mm3 

Theta range for 

data collection 

1.58 to 26.00° 1.62 to 26.00° 1.39 to 26.00° 1.60 to 26.00° 

 

1.64 to 25.99° 

Index ranges -29<=h<=29,  

-18<=k<=18,  

-26<=l<=26 

-29<=h<=29,  

-18<=k<=18,  

-29<=l<=29 

-29<=h<=29,  

-18<=k<=18,  

-36<=l<=36 

-28<=h<=29,  

-18<=k<=18, 

 -27<=l<=27 

-16<=h<=16, 

 -16<=k<=16,  

-36<=l<=36 

Reflections 

collected 

59363 62520 73592 60060 21582 

Independent 

reflections 

7783 [R(int) = 

0.3130] 

8214 [R(int) = 

0.1851] 

9959 [R(int) = 

0.1219] 

7853 [R(int) = 

0.2616] 

2739 [R(int) = 

0.0658] 

Completeness to 

theta = 26.00° 

100.0 % 100.0 % 100.0 % 99.9 % 100.0 % 

Absorption 

correction 

Empirical Empirical Empirical Empirical Empirical 

Max. and min. 

transmission 

0.831 and 0.519 0.831 and 0.702 0.831 and 0.561 0.831 and 0.664 0.831 and 0.626 

Refinement 

method 

Full-matrix least-

squares on F2 

Full-matrix least-

squares on F2 

Full-matrix least-

squares on F2 

Full-matrix least-

squares on F2 

Full-matrix least-

squares on F2 

Data / restraints / 

parameters 

7783 / 3 / 529 8214 / 0 / 550 9959 / 32 / 700 

 

7853 / 0 / 547 2739 / 0 / 184 

Goodness-of-fit on 

F2 

0.870 0.886 0.988 0.781 0.989 

Final R indices 

[I>2sigma(I)] 

R1 = 0.0790,  

wR2 = 0.1259 

R1 = 0.0552,  

wR2 = 0.0777 

R1 = 0.0523,  

wR2 = 0.1072 

R1 = 0.0604,  

wR2 = 0.0783 

R1 = 0.0267,  

wR2 = 0.0648 

R indices (all data) R1 = 0.2088,  

wR2 = 0.1627 

R1 = 0.1207,  

wR2 = 0.0908 

R1 = 0.0903,  

wR2 = 0.1185 

R1 = 0.1733,  

wR2 = 0.1035 

R1 = 0.0337,  

wR2 = 0.0668 

Largest diff. peak 

and hole 

1.047 and  

-1.533 e.Å-3 

0.735 and  

-0.743 e.Å-3 

0.888 and  

-0.589 e.Å-3 

0.544 and  

-0.708 e.Å-3 

0.596 and  

-0.373 e.Å-3 
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Table A2: Crystal Data and Structure Refinement for 2.22, 2.25, 2.27, 2.28 and 2.29 

 2.22 2.25 2.27 2.28 2.29 

Identification code 15125 18001 18010 17014 17023 

Empirical formula C32 H27 F N O3 P 

Pd 

C32 H28 F6 N2 O 

P2 Pd 

C33 H28 F3 N2 

O4 P Pd S 

C26 H30 Au2 Cl8 

N2 O3 

C13 H13 Au Cl3 N 

O 

Formula weight 629.92 738.90 743.00 1096.05 502.56 

Temperature 150(2) K 150(2) K 150(2) K 150(2) K 150(2) K 

Wavelength 0.71073 Å 0.71073 Å 0.71073 Å 0.71073 Å 0.71073 Å 

Crystal system Triclinic Triclinic Triclinic Monoclinic Monoclinic 

Space group P-1 P-1 P-1 P2/n P2(1)/c 

Unit cell 

dimensions 

a = 9.601(3) Å 

b = 9.790(3) Å 

c = 14.907(5) Å 

= 89.679(6)° 

= 85.669(5)° 

 = 77.343(5)° 

a = 9.274(3) Å 

b = 10.735(4) Å 

c = 15.366(5) Å 

= 85.100(6)° 

= 88.465(6)° 

 = 88.155(6)° 

a = 9.152(2) Å 

b = 10.978(3) Å 

c = 15.539(4) Å 

= 90.010(4)° 

= 91.382(4)° 

 = 90.829(4)° 

a = 13.521(3) Å 

b = 7.0086(18) Å 

c = 18.362(5) Å 

= 90° 

= 107.467(4)° 

 = 90° 

a = 12.187(6) Å 

b = 7.903(4) Å 

c = 16.162(8) Å 

= 90° 

= 103.143(10)° 

 = 90° 

Volume 1363.2(8) Å3 1523.0(9) Å3 1560.6(7) Å3 1659.8(7) Å3 1515.9(12) Å3 

Z 2 2 2 2 4 

Density 

(calculated) 

1.535 Mg/m3 1.611 Mg/m3 1.581 Mg/m3 2.193 Mg/m3 2.202 Mg/m3 

Absorption 

coefficient 

0.781 mm-1 

 

0.781 mm-1 0.772 mm-1 9.505 mm-1 10.223 mm-1 

F(000) 640 744 752 1036 944 

Crystal size 0.24 x 0.10 x 0.04 

mm3 

0.33 x 0.23 x 0.15 

mm3 

0.48 x 0.30 x 0.12 

mm3 

0.40 x 0.12 x 0.06 

mm3 

0.12 x 0.08 x 0.03 

mm3 

Theta range for 

data collection 

2.13 to 26.00° 1.33 to 26.00° 1.86 to 26.00° 1.66 to 27.00° 1.72 to 26.00° 

Index ranges -11<=h<=11,  

-12<=k<=12,  

-18<=l<=18 

-11<=h<=11,  

-13<=k<=13,  

-18<=l<=18 

-11<=h<=11,  

-13<=k<=13, 

-19<=l<=18 

-16<=h<=17,  

-8<=k<=8,  

-23<=l<=23 

-14<=h<=15,  

-9<=k<=9,  

-19<=l<=19 

Reflections 

collected 

10637 11907 12095 13365 11398 

Independent 

reflections 

5281 [R(int) = 

0.0436] 

5897 [R(int) = 

0.0616] 

6055 [R(int) = 

0.0296] 

3624 [R(int) = 

0.0690] 

2969 [R(int) = 

0.1764] 

Completeness to 

theta = 26.00° 

98.9 % 98.6 % 98.6 % 99.9 % 100.0 % 

Absorption 

correction 

Empirical Empirical Empirical Empirical Empirical 

Max. and min. 

transmission 

0.831 and 0.683 0.831 and 0.547 0.831 and 0.648 0.831 and 0.309 0.831 and 0.419 

Refinement 

method 

Full-matrix least-

squares on F2 

Full-matrix least-

squares on F2 

Full-matrix least-

squares on F2 

Full-matrix least-

squares on F2 

Full-matrix least-

squares on F2 

Data / restraints / 

parameters 

5281 / 0 / 354 5897 / 6 / 399 6055 / 0 / 408 3624 / 0 / 188 2969 / 145 / 174 

Goodness-of-fit on 

F2 

0.969 1.001 1.030 0.979 0.866 

Final R indices 

[I>2sigma(I)] 

R1 = 0.0360,  

wR2 = 0.0746 

R1 = 0.0536,  

wR2 = 0.1193 

R1 = 0.0346,  

wR2 = 0.0851 

R1 = 0.0360,  

wR2 = 0.0707 

R1 = 0.0626,  

wR2 = 0.1029 

R indices (all data) R1 = 0.0433,  

wR2 = 0.0771 

R1 = 0.0673,  

wR2 = 0.1250 

R1 = 0.0396,  

wR2 = 0.0874 

R1 = 0.0475,  

wR2 = 0.0736 

R1 = 0.1196,  

wR2 = 0.1173 

Largest diff. peak 

and hole 

0.727 and  

-0.589 e.Å-3 

1.611 and  

-1.128 e.Å-3 

0.788 and  

-0.419 e.Å-3 

2.884 and  

-0.878 e.Å-3 

2.009 and  

-1.763 e.Å-3 
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Table A3: Crystal Data and Structure Refinement for 3.3, 3.8, 3.12, 3.13 and 3.16 

 3.3 3.8 3.12 3.13 3.16 

Identification code 16041 15117 15149 16082 16022 

Empirical formula C12 H8 F3 N O C28 H20 F6 N2 O6 

Pd2 

C48 H36 N4 O4 

Pd4 

C52 H28 Cl12 F12 

N4 O4 Pd4 

C48 H40 N4 O4 

Pd2 

Formula weight 239.19 807.26 1158.41 1851.78 949.64 

Temperature 150(2) K 150(2) K 150(2) K 150(2) K 150(2) K 

Wavelength 0.71073 Å 0.71073 Å 0.71073 Å 0.71073 Å 0.71073 Å 

Crystal system Orthorhombic Triclinic Monoclinic Tetragonal Monoclinic 

Space group Pbca P-1 Cc I4(1)/a C2/c 

Unit cell 

dimensions 

a = 14.160(2) Å 

b = 6.5322(11) Å 

c = 21.825(3) Å 

= 90° 

= 90° 

 = 90° 

a = 9.880(3) Å 

b = 12.466(4) Å 

c = 12.942(4) Å 

= 97.620(6)° 

= 109.714(6)° 

 = 109.828(6)° 

a = 15.121(6) Å 

b = 15.114(6) Å 

c = 17.441(6) Å 

= 90° 

= 103.392(6)° 

 = 90° 

a = 21.544(3) Å 

b = 21.544(3) Å 

c = 12.697(3) Å 

= 90° 

= 90° 

 = 90° 

a = 17.344(13) Å 

b = 14.670(10) Å 

c = 16.650(12) Å 

= 90° 

= 105.830(15)° 

 = 90° 

Volume 2018.7(5) Å3 1355.5(8) Å3 3878(2) Å3 5893.4(17) Å3 4076(5) Å3 

Z 8 2 4 4 4 

Density 

(calculated) 

1.574 Mg/m3 1.978 Mg/m3 1.984 Mg/m3 2.087 Mg/m3 1.548 Mg/m3 

Absorption 

coefficient 

0.139 mm-1 1.416 mm-1 1.880 mm-1 1.834 mm-1 0.933 mm-1 

F(000) 976 792 2272 3584 1920 

Crystal size 0.38 x 0.11 x 0.10 

mm3 

0.16 x 0.11 x 0.03 

mm3 

0.21 x 0.11 x 0.05 

mm3 

0.24 x 0.17 x 0.14 

mm3 

0.09 x 0.07 x 0.06 

mm3 

Theta range for 

data collection 

1.87 to 26.00° 1.74 to 26.00° 1.93 to 27.00° 1.86 to 27.00° 1.85 to 26.00° 

Index ranges -17<=h<=17,  

-8<=k<=8,  

-25<=l<=26 

-12<=h<=12,  

-15<=k<=15,  

-15<=l<=15 

-19<=h<=19,  

-19<=k<=19,  

-22<=l<=22 

-27<=h<=27,  

-27<=k<=27,  

-16<=l<=16 

-20<=h<=21,  

-18<=k<=18,  

-20<=l<=20 

Reflections 

collected 

14492 10676 15762 24015 15768 

Independent 

reflections 

1970 [R(int) = 

0.0904] 

5266 [R(int) = 

0.0757] 

8243 [R(int) = 

0.0669] 

3218 [R(int) = 

0.0631] 

3999 [R(int) = 

0.2895] 

Completeness to 

theta = 26.00° 

99.7 % 98.8 % 99.6 % 100.0 % 99.9 % 

Absorption 

correction 

Empirical Empirical Empirical Empirical Empirical 

Max. and min. 

transmission 

0.962 and 0.547 0.831 and 0.636 0.831 and 0.515 0.831 and 0.623 0.831 and 0.516 

Refinement 

method 

Full-matrix least-

squares on F2 
Full-matrix least-

squares on F2 
Full-matrix least-

squares on F2 
Full-matrix least-

squares on F2 
Full-matrix least-

squares on F2 

Data / restraints / 

parameters 

1970 / 0 / 154 5266 / 0 / 399 8243 / 2 / 544 3218 / 1 / 217 3999 / 54 / 264 

Goodness-of-fit on 

F2 

0.924 0.965 0.952 0.996 0.708 

Final R indices 

[I>2sigma(I)] 

R1 = 0.0514,  

wR2 = 0.1150 

R1 = 0.0620,  

wR2 = 0.1352 

R1 = 0.0463,  

wR2 = 0.0936 

R1 = 0.0372,  

wR2 = 0.0914 

R1 = 0.0734,  

wR2 = 0.1272 

R indices (all data) R1 = 0.0843,  

wR2 = 0.1257 

R1 = 0.0974,  

wR2 = 0.1477 

R1 = 0.0570,  

wR2 = 0.0966 

R1 = 0.0521,  

wR2 = 0.0962 

R1 = 0.2318,  

wR2 = 0.1622 

Largest diff. peak 

and hole 

0.332 and  

-0.272 e.Å-3 

3.221 and  

-0.820 e.Å-3 

1.336 and  

-1.137 e.Å-3 

1.025 and  

-0.779 e.Å-3 

1.965 and  

-0.629 e.Å-3 
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Table A4: Crystal Data and Structure Refinement for 3.17, 3.23, 3.24, 3.25 and 3.26 

 3.17 3.23 3.24 3.25 3.26 

Identification code 16042 16116 15144 16074 16119 

Empirical formula C48 H28 F12 N4 

O4 Pd2 

C216 H214 N24 

O23 Pd12 

C79 H82 Cl6 N8 

O6 Pd4 

C40 H36 Cl4 F6 

N4 O3 Pd2 

C151 H146 Cl6 F8 

N16 O18 Pd8 

Formula weight 1165.54 4790.91 1877.83 1089.33 3688.74 

Temperature 150(2) K 150(2) K 150(2) K 150(2) K 150(2) K 

Wavelength 0.71073 Å 0.71073 Å 0.71073 Å 0.71073 Å 0.71073 Å 

Crystal system Monoclinic Monoclinic Tetragonal Tetragonal Monoclinic 

Space group C2/c P2(1)/n P4(1)2(1)2 P4(1)2(1)2 P2(1)/n 

Unit cell 

dimensions 

a = 27.861(12) Å 

b = 16.017(7) Å 

c = 20.790(9) Å 

= 90° 

= 108.340(9)° 

 = 90° 

a = 12.811(3) Å 

b = 12.737(3) Å 

c = 29.904(8) Å 

= 90° 

= 97.407(5)° 

 = 90° 

a = 15.9341(19) Å 

b = 15.9341(19) Å 

c = 16.624(3) Å 

= 90° 

= 90° 

 = 90° 

a = 15.8758(12) Å 

b = 15.8758(12) Å 

c = 17.606(2) Å 

= 90° 

= 90° 

 = 90° 

a = 27.758(6) Å 

b = 8.3178(19) Å 

c = 32.580(8) Å 

= 90° 

= 94.497(5)° 

 = 90° 

Volume 8806(7) Å3 4839(2) Å3 4220.7(10) Å3 4437.4(7) Å3 7499(3) Å3 

Z 8 1 2 4 2 

Density 

(calculated) 

1.758 Mg/m3 1.644 Mg/m3 1.478 Mg/m3 1.631 Mg/m3 1.634 Mg/m3 

Absorption 

coefficient 

0.919 mm-1 1.161 mm-1 1.081 mm-1 1.118 mm-1 1.122 mm-1 

F(000) 4608 2414 1892 2168 3700 

Crystal size 0.11 x 0.09 x 0.05 

mm3 

0.13 x 0.12 x 0.06 

mm3 

0.36 x 0.28 x 0.24 

mm3 

0.17 x 0.13 x 0.08 

mm3 

0.37 x 0.10 x 0.02 

mm3 

Theta range for 

data collection 

1.49 to 26.00° 1.37 to 26.00° 1.77 to 26.99° 1.73 to 25.99° 1.47 to 26.00° 

Index ranges -34<=h<=34,  

-19<=k<=19,  

-25<=l<=25 

-15<=h<=15,  

-15<=k<=15,  

-36<=l<=36 

-20<=h<=20,  

-20<=k<=20,  

-21<=l<=21 

-19<=h<=19,  

-19<=k<=19,  

-21<=l<=21 

-33<=h<=34,  

-10<=k<=10,  

-39<=l<=40 

Reflections 

collected 

34022 36984 35330 35117 57004 

Independent 

reflections 

8654 [R(int) = 

0.3761] 

9494 [R(int) = 

0.1740] 

4611 [R(int) = 

0.0453] 

4370 [R(int) = 

0.1343] 

14738 [R(int) = 

0.2321] 

Completeness to 

theta = 26.00° 

100.0 % 99.9 % 99.9 % 100.0 % 99.9 % 

Absorption 

correction 

Empirical Empirical Empirical Empirical Empirical 

Max. and min. 

transmission 

0.831 and 0.341 0.831 and 0.671 0.831 and 0.698 0.831 and 0.624 0.831 and 0.611 

Refinement 

method 

Full-matrix least-

squares on F2 
Full-matrix least-

squares on F2 
Full-matrix least-

squares on F2 
Full-matrix least-

squares on F2 
Full-matrix least-

squares on F2 

Data / restraints / 

parameters 

8654 / 642 / 633 9494 / 9 / 466 4611 / 1 / 243 4370 / 2 / 242 14738 / 16 / 955 

Goodness-of-fit on 

F2 

0.709 0.841 1.048 0.819 0.754 

Final R indices 

[I>2sigma(I)] 

R1 = 0.0755,  

wR2 = 0.1009 

R1 = 0.0630,  

wR2 = 0.0908 

R1 = 0.0299,  

wR2 = 0.0808 

R1 = 0.0422,  

wR2 = 0.0813 

R1 = 0.0677,  

wR2 = 0.1042 

R indices (all data) R1 = 0.3041,  

wR2 = 0.1416 

R1 = 0.1586,  

wR2 = 0.1090 

R1 = 0.0343,  

wR2 = 0.0823 

R1 = 0.0720,  

wR2 = 0.0867 

R1 = 0.1734,  

wR2 = 0.1315 

Largest diff. peak 

and hole 

0.787 and  

-0.757 e.Å-3 

1.019 and  

-0.727 e.Å-3 

0.658 and  

-0.266 e.Å-3 

0.399 and  

-0.371 e.Å-3 

0.990 and  

-1.459 e.Å-3 
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Table A5: Crystal Data and Structure Refinement for 3.29, 3.30, 3.31, 3.32b and 3.33a 

 3.29 3.30 3.31 3.32b 3.33a 

Identification code 16112 16122 16125 17116 17105 

Empirical formula C32 H25 F3 N O3 

P Pd 

C33 H29 Cl4 F N 

O3 P Pd 

C30 H23 F3 N O2 

P Pd 

C29 H24 Cl N3 O2 

Pd2 

C19 H19 Cl N2 O 

Pd 

Formula weight 665.90 785.74 623.86 694.76 433.21 

Temperature 150(2) K 150(2) K 150(2) K 150(2) K 150(2) K 

Wavelength 0.71073 Å 0.71073 Å 0.71073 Å 0.71073 Å 0.71073 Å 

Crystal system Monoclinic Triclinic Monoclinic Monoclinic Monoclinic 

Space group P2(1)/c P-1 P2(1)/n P2(1)/c P2(1)/n 

Unit cell 

dimensions 

a = 9.832(3) Å 

b = 25.206(7) Å 

c = 11.789(3) Å 

= 90° 

= 104.428(5)° 

 = 90° 

a = 9.827(2) Å 

b = 12.534(3) Å 

c = 14.051(3) Å 

= 95.448(4)° 

= 99.091(4)° 

 = 110.698(3)° 

a = 10.655(8) Å 

b = 18.540(13) Å 

c = 13.793(10) Å 

= 90° 

= 112.721(9)° 

 = 90° 

a = 10.892(2) Å 

b = 21.388(4) Å 

c = 11.221(2) Å 

= 90° 

= 102.861(4)° 

 = 90° 

a = 9.7957(15) Å 

b = 18.712(3) Å 

c = 19.203(3) Å 

= 90° 

= 92.671(3)° 

 = 90° 

Volume 2829.5(13) Å3 1577.1(6) Å3 2513(3) Å3 2548.6(9) Å3 3516.0(9) Å3 

Z 4 2 4 4 8 

Density 

(calculated) 

1.563 Mg/m3 1.655 Mg/m3 1.649 Mg/m3 1.811 Mg/m3 1.637 Mg/m3 

Absorption 

coefficient 

0.767 mm-1 1.021 mm-1 0.854 mm-1 1.549 mm-1 1.215 mm-1 

F(000) 1344 792 1256 1376 1744 

Crystal size 0.34 x 0.11 x 0.04 

mm3 

0.22 x 0.18 x 0.07 

mm3 

0.22 x 0.16 x 0.06 

mm3 

0.46 x 0.07 x 0.05 

mm3 

0.14 x 0.13 x 0.06 

mm3 

Theta range for 

data collection 

1.62 to 27.00° 1.49 to 27.00° 1.94 to 25.99° 1.90 to 26.00° 1.52 to 26.00° 

Index ranges -12<=h<=12,  

-32<=k<=32,  

-15<=l<=14 

-12<=h<=12,  

-16<=k<=16,  

-17<=l<=17 

-13<=h<=13,  

-22<=k<=22,  

-17<=l<=16 

-13<=h<=13,  

-25<=k<=26,  

-13<=l<=13 

-12<=h<=12,  

-23<=k<=23,  

-23<=l<=23 

Reflections 

collected 

23631 13281 19253 19852 27136 

Independent 

reflections 

6158 [R(int) = 

0.0982] 

6742 [R(int) = 

0.0430] 

4918 [R(int) = 

0.1082] 

5003 [R(int) = 

0.1238] 

6887 [R(int) = 

0.1282] 

Completeness to 

theta = 26.00° 

99.8 % 98.0 % 99.9 % 99.8 % 99.9 % 

Absorption 

correction 

Empirical Empirical Empirical Empirical Empirical 

Max. and min. 

transmission 

0.831 and 0.638 0.831 and 0.718 0.831 and 0.595 0.837 and 0.595 0.837 and 0.630 

Refinement 

method 

Full-matrix least-

squares on F2 
Full-matrix least-

squares on F2 
Full-matrix least-

squares on F2 
Full-matrix least-

squares on F2 
Full-matrix least-

squares on F2 

Data / restraints / 

parameters 

6158 / 0 / 372 6742 / 0 / 398 4918 / 2 / 343 5003 / 0 / 336 6887 / 0 / 438 

Goodness-of-fit on 

F2 

0.834 0.989 0.956 1.013 0.843 

Final R indices 

[I>2sigma(I)] 

R1 = 0.0451,  

wR2 = 0.0769 

R1 = 0.0487,  

wR2 = 0.1188 

R1 = 0.0461,  

wR2 = 0.0939 

R1 = 0.0685,  

wR2 = 0.1473 

R1 = 0.0527,  

wR2 = 0.0823 

R indices (all data) R1 = 0.0742,  

wR2 = 0.0826 

R1 = 0.0663,  

wR2 = 0.1250 

R1 = 0.0685,  

wR2 = 0.1000 

R1 = 0.1174,  

wR2 = 0.1656 

R1 = 0.1017,  

wR2 = 0.0942 

Largest diff. peak 

and hole 

0.926 and  

-0.647 e.Å-3 

1.196 and  

-0.955 e.Å-3 

1.004 and  

-1.069 e.Å-3 

1.427 and  

-1.466 e.Å-3 

0.629 and  

-0.803 e.Å-3 
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Table A6: Crystal Data and Structure Refinement for 3.33b, 3.34a/b, 3.35, 3.36 and 3.37 

 3.33b 3.34a/b 3.35 3.36 3.37 

Identification code 17109 17066 17093 17084 17079 

Empirical formula C32 H32 Cl N3 O3 

Pd2 

C65 H68 Cl2 F9 

N5 O3 Pd3 

C29 H23 Cl N O P 

Pd 

C30 H25 Cl N O P 

Pd 

C30 H22 Cl F3 N 

O P Pd 

Formula weight 754.86 1528.34 574.30 588.33 642.31 

Temperature 150(2) K 150(2) K 150(2) K 150(2) K 150(2) K 

Wavelength 0.71073 Å 0.71073 Å 0.71073 Å 0.71073 Å 0.71073 Å 

Crystal system Orthorhombic Monoclinic Monoclinic Triclinic Triclinic 

Space group Pbca P2(1)/c P2(1)/c P-1 P-1 

Unit cell 

dimensions 

a = 22.577(4) Å 

b = 8.9363(15) Å 

c = 29.098(5) Å 

= 90° 

= 90° 

 = 90° 

a = 23.165(8) Å 

b = 16.647(6) Å 

c = 14.859(6) Å 

= 90° 

= 104.969(9)° 

 = 90° 

a = 9.300(6) Å 

b = 26.328(16) Å 

c = 19.889(12) Å 

= 90° 

= 90.736(11)° 

 = 90° 

a = 9.919(2) Å 

b = 11.441(2) Å 

c = 13.058(3) Å 

= 75.381(3)° 

= 68.558(3)° 

 = 66.261(3)° 

a = 10.092(3) Å 

b = 11.420(3) Å 

c = 13.353(4) Å 

= 73.876(5)° 

= 68.814(4)° 

 = 64.955(4)° 

Volume 5870.7(17) Å3 5536(3) Å3 4869(5) Å3 1252.9(5) Å3 1285.8(7) Å3 

Z 8 4 8 2 2 

Density 

(calculated) 

1.708 Mg/m3 1.834 Mg/m3 1.567 Mg/m3 1.559 Mg/m3 1.659 Mg/m3 

Absorption 

coefficient 

1.355 mm-1 1.148 mm-1 0.961 mm-1 0.936 mm-1 0.935 mm-1 

F(000) 3024 3080 2320 596 644 

Crystal size 0.46 x 0.09 x 0.06 

mm3 

0.43 x 0.18 x 0.03 

mm3 

0.24 x 0.19 x 0.10 

mm3 

0.41 x 0.27 x 0.20 

mm3 

0.47 x 0.13 x 0.07 

mm3 

Theta range for 

data collection 

1.40 to 26.00° 1.52 to 26.00° 1.28 to 26.00° 1.69 to 26.00° 1.65 to 26.00° 

Index ranges -27<=h<=27,  

-10<=k<=10,  

-35<=l<=34 

-28<=h<=28,  

-20<=k<=20,  

-18<=l<=18 

-11<=h<=11,  

-32<=k<=32,  

-24<=l<=24 

-12<=h<=12,  

-14<=k<=14,  

-16<=l<=16 

-12<=h<=12,  

-14<=k<=14,  

-16<=l<=16 

Reflections 

collected 

43502 42633 37058 9666 9980 

Independent 

reflections 

5763 [R(int) = 

0.1313] 

10872 [R(int) = 

0.3346] 

9575 [R(int) = 

0.2032] 

4854 [R(int) = 

0.0238] 

4987 [R(int) = 

0.0380] 

Completeness to 

theta = 26.00° 

100.0 % 99.9 % 99.9 % 98.6 % 98.5 % 

Absorption 

correction 

Empirical Empirical Empirical Empirical Empirical 

Max. and min. 

transmission 

0.831 and 0.652 0.831 and 0.260 0.831 and 0.262 0.831 and 0.614 0.831 and 0.522 

Refinement 

method 

Full-matrix least-

squares on F2 
Full-matrix least-

squares on F2 
Full-matrix least-

squares on F2 
Full-matrix least-

squares on F2 
Full-matrix least-

squares on F2 

Data / restraints / 

parameters 

5763 / 0 / 375 10872 / 643 / 654 9575 / 0 / 613 4854 / 0 / 317 4987 / 0 / 343 

Goodness-of-fit on 

F2 

0.930 0.819 0.986 1.058 1.014 

Final R indices 

[I>2sigma(I)] 

R1 = 0.0513,  

wR2 = 0.0899 

R1 = 0.0996,  

wR2 = 0.2048 

R1 = 0.0862,  

wR2 = 0.1502 

R1 = 0.0288,  

wR2 = 0.0734 

R1 = 0.0363,  

wR2 = 0.0851 

R indices (all data) R1 = 0.0904,  

wR2 = 0.1002 

R1 = 0.2291,  

wR2 = 0.2540 

R1 = 0.1849,  

wR2 = 0.1813 

R1 = 0.0317,  

wR2 = 0.0747 

R1 = 0.0421,  

wR2 = 0.0874 

Largest diff. peak 

and hole 

0.845 and  

-1.039 e.Å-3 

1.071 and  

-1.116 e.Å-3 

1.334 and  

-1.032 e.Å-3 

0.712 and  

-0.327 e.Å-3 

1.016 and  

-0.654 e.Å-3 
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Table A7: Crystal Data and Structure Refinement for 3.45, 3.47, 3.50, 3.52 and 3.53 

 3.45 3.47 3.50 3.52 3.53 

Identification code 17131 17142 17103 17120 17133 

Empirical formula C30 H25 F2 N O3 

P2 Pd 

C91 H77 B3 Cl2 

F6 N3 O6 P3 Pd3 

C30 H22 F5 N O3 

P2 Pd 

C30 H22 B F5 N 

O2 P Pd 

C33 H27 F6 N2 O5 

P Pd S 

Formula weight 653.85 1938.00 707.83 671.67 815.00 

Temperature 150(2) K 150(2) K 150(2) K 150(2) K 150(2) K 

Wavelength 0.71073 Å 0.71073 Å 0.71073 Å 0.71073 Å 0.71073 Å 

Crystal system Triclinic Triclinic Triclinic Triclinic Triclinic 

Space group P-1 P-1 P-1 P-1 P-1 

Unit cell 

dimensions 

a = 10.879(3) Å 

b = 11.322(3) Å 

c = 12.885(4) Å 

= 75.313(4)° 

= 87.316(4)° 

 = 64.787(4)° 

a = 12.116(3) Å 

b = 16.791(4) Å 

c = 20.905(5) Å 

= 85.631(5)° 

= 87.314(5)° 

 = 79.731(4)° 

a = 9.4012(17) Å 

b = 9.9015(18) Å 

c = 14.713(3) Å 

= 95.212(3)° 

= 91.273(3)° 

 = 92.115(3)° 

a = 10.5477(18) Å 

b = 10.9795(19) Å 

c = 12.522(2) Å 

= 68.704(3)° 

= 84.004(3)° 

 = 80.389(3)° 

a = 10.527(7) Å 

b = 12.594(8) Å 

c = 13.207(9) Å 

= 72.755(12)° 

= 80.016(12)° 

 = 83.365(12)° 

Volume 1385.6(7) Å3 4170.2(18) Å3 1362.5(4) Å3 1330.7(4) Å3 1643.1(19) Å3 

Z 2 2 2 2 2 

Density 

(calculated) 

1.567 Mg/m3 1.543 Mg/m3 1.725 Mg/m3 1.676 Mg/m3 1.647 Mg/m3 

Absorption 

coefficient 

0.832 mm-1 0.832 mm-1 0.868 mm-1 0.823 mm-1 0.756 mm-1 

F(000) 660 1956 708 672 820 

Crystal size 0.38 x 0.27 x 0.18 

mm3 

0.28 x 0.22 x 0.10 

mm3 

0.31 x 0.20 x 0.08 

mm3 

0.20 x 0.18 x 0.10 

mm3 

0.47 x 0.35 x 0.05 

mm3 

Theta range for 

data collection 

1.64 to 26.00° 1.52 to 26.00° 2.07 to 27.00° 1.75 to 26.00° 1.63 to 26.00° 

Index ranges -13<=h<=13,  

-13<=k<=13,  

-15<=l<=15 

-14<=h<=14,  

-20<=k<=20,  

-25<=l<=25 

-11<=h<=11,  

-12<=k<=12,  

-18<=l<=18 

-12<=h<=13,  

-13<=k<=13,  

-15<=l<=15 

-12<=h<=12,  

-15<=k<=15,  

-16<=l<=16 

Reflections 

collected 

10742 32319 11401 10499 12825 

Independent 

reflections 

5353 [R(int) = 

0.0455] 

16132 [R(int) = 

0.0816] 

5826 [R(int) = 

0.0376] 

5171 [R(int) = 

0.0426] 

6355 [R(int) = 

0.0853] 

Completeness to 

theta = 26.00° 

98.3 % 98.4 % 98.0 % 98.7 % 98.4 % 

Absorption 

correction 

Empirical Empirical Empirical Empirical Empirical 

Max. and min. 

transmission 

0.831 and 0.663 0.825 and 0.476 0.831 and 0.603 0.837 and 0.704 0.831 and 0.443 

Refinement 

method 

Full-matrix least-

squares on F2 

Full-matrix least-

squares on F2 
Full-matrix least-

squares on F2 
Full-matrix least-

squares on F2 
Full-matrix least-

squares on F2 

Data / restraints / 

parameters 

5353 / 0 / 353 16132 / 2 / 1057 5826 / 0 / 379 5171 / 1 / 370 6355 / 3 / 443 

Goodness-of-fit on 

F2 

1.015 0.909 1.009 0.973 1.001 

Final R indices 

[I>2sigma(I)] 

R1 = 0.0430,  

wR2 = 0.0972 

R1 = 0.0604,  

wR2 = 0.0976 

R1 = 0.0347,  

wR2 = 0.0771 

R1 = 0.0411,  

wR2 = 0.0846 

R1 = 0.0734,  

wR2 = 0.1682 

R indices (all data) R1 = 0.0529,  

wR2 = 0.1008 

R1 = 0.1055,  

wR2 = 0.1095 

R1 = 0.0407,  

wR2 = 0.0797 

R1 = 0.0513,  

wR2 = 0.0877 

R1 = 0.1064,  

wR2 = 0.1812 

Largest diff. peak 

and hole 

1.456 and  

-0.826 e.Å-3 

1.263 and  

-0.847 e.Å-3 

0.649 and  

-0.574 e.Å-3 

0.739 and  

-0.551 e.Å-3 

2.362 and  

-1.808 e.Å-3 
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Table A8: Crystal Data and Structure Refinement for 4.3, 4.4, 4.6, 4.7 and 4.8 

 4.3 4.4 4.6 4.7 4.8 

Identification code 15070 16064 15145 15059 16158 

Empirical formula C18 H16 N2 O2 C20 H20 N2 O2 C19 H20 N2 O3 C60 H88 N4 O20 

Pd4 S8 

C40 H36 N4 O8 

Pd2 

Formula weight 292.33 320.38 324.37 1867.42 913.53 

Temperature 150(2) K 150(2) K 150(2) K 150(2) K 150(2) K 

Wavelength 0.71073 Å 0.71073 Å 0.71073 Å 0.71073 Å 0.71073 Å 

Crystal system Monoclinic Monoclinic Monoclinic Tetragonal Tetragonal 

Space group P2(1)/c P2(1)/c P2(1)/c P43212 I4(1)/a 

Unit cell 

dimensions 

a = 14.975(2) Å 

b = 5.2759(8) Å 

c = 19.728(3) Å 

= 90° 

= 111.775(3)° 

 = 90° 

a = 11.905(4) Å 

b = 3.9067(13) Å 

c = 35.585(11) Å 

= 90° 

= 105.942(11)° 

 = 90° 

a = 15.174(2) Å 

b = 8.2104(13) Å 

c = 14.280(2) Å 

= 90° 

= 112.349(3)° 

 = 90° 

a = 14.236(3) Å 

b = 14.236(3) Å 

c = 32.572(8) Å 

= 90° 

= 90° 

 = 90° 

a = 29.555(4) Å 

b = 29.555(4) Å 

c = 19.150(4) Å 

= 90° 

= 90° 

 = 90° 

Volume 1447.4(4) Å3 1591.4(9) Å3 1645.4(5) Å3 6601(3) Å3 16727(5) Å3 

Z 4 4 4 4 16 

Density 

(calculated) 

1.341 Mg/m3 1.337 Mg/m3 1.309 Mg/m3 1.879 Mg/m3 1.451 Mg/m3 

Absorption 

coefficient 

0.089 mm-1 0.087 mm-1 0.089 mm-1 1.404 mm-1 0.913 mm-1 

F(000) 616 680 688 3792 7360 

Crystal size 0.21 x 0.13 x 0.04 

mm3 

0.29 x 0.07 x 0.04 

mm3 

0.29 x 0.10 x 0.06 

mm3 

0.12 x 0.08 x 0.07 

mm3 

0.45 x 0.06 x 0.05 

mm3 

Theta range for 

data collection 

1.46 to 26.00° 1.78 to 25.00° 1.45 to 26.00° 1.56 to 25.99° 1.27 to 24.64° 

Index ranges -18<=h<=18, 

 -6<=k<=6, 

 -24<=l<=24 

-14<=h<=14,  

-4<=k<=4,  

-41<=l<=42 

-18<=h<=18,  

-10<=k<=10,  

-17<=l<=17 

-17<=h<=17,  

-17<=k<=17,  

-40<=l<=40 

-23<=h<=24, 

0<=k<=34, 

0<=l<=22 

Reflections 

collected 

10700 10599 12410 51742 7060 

Independent 

reflections 

2858 [R(int) = 

0.0898] 

2806 [R(int) = 

0.1597] 

3228 [R(int) = 

0.0483] 

6493 [R(int) = 

0.1939] 

7060 [R(int) = 

0.0000] 

Completeness to 

theta = 26.00° 

100.0 % 100.0 % 99.9 % 100.0 % 99.8 % 

Absorption 

correction 

Empirical Empirical Empirical Empirical Empirical 

Max. and min. 

transmission 

0.981 and 0.609 0.981 and 0.426 0.981 and 0.718 0.831 and 0.642 0.831 and 0.439 

Refinement 

method 

Full-matrix least-

squares on F2 

Full-matrix least-

squares on F2 

Full-matrix least-

squares on F2 

Full-matrix least-

squares on F2 

Full-matrix least-

squares on F2 

Data / restraints / 

parameters 

2858 / 0 / 201 2806 / 0 / 221 3228 / 0 / 221 6493 / 271 / 294 7060 / 480 / 493 

Goodness-of-fit on 

F2 

0.970 0.773 0.961 0.914 0.773 

Final R indices 

[I>2sigma(I)] 

R1 = 0.0606,  

wR2 = 0.1258 

R1 = 0.0595,  

wR2 = 0.1029 

R1 = 0.0434,  

wR2 = 0.1034 

R1 = 0.0591,  

wR2 = 0.1134 

R1 = 0.0936,  

wR2 = 0.2278 

R indices (all data) R1 = 0.1047,  

wR2 = 0.1500 

R1 = 0.1210,  

wR2 = 0.1171 

R1 = 0.0600,  

wR2 = 0.1090 

R1 = 0.1002,  

wR2 = 0.1229 

R1 = 0.2948, wR2 

= 0.2857 

Largest diff. peak 

and hole 

0.275 and  

-0.235 e.Å-3 

0.239 and  

-0.272 e.Å-3 

0.290 and  

-0.255 e.Å-3 

0.592 and  

-0.596 e.Å-3 

1.512 and  

-0.826 e.Å-3 
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Table A9: Crystal Data and Structure Refinement for 4.9, 4.10, 4.12, 4.14′ and 4.15 

 4.9 4.10 4.12 4.14′ 4.15 

Identification code 15113 15060 16059 17082 16114 

Empirical formula C29 H46 N2 O14 

Pd2 

C41.50 H33.50 

Cl4.50 N4 O12 Pd4 

C20 H19 Cl Hg N2 

O2 

C20 H21 Cl3 Hg 

N2 O3 Pd 

C16 H11 Cl N2 O2 

Pd 

Formula weight 859.48 1365.35 555.41 750.73 405.12 

Temperature 150(2) K 150(2) K 150(2) K 150(2) K 150(2) K 

Wavelength 0.71073 Å 0.71073 Å 0.71073 Å 0.71073 Å 0.71073 Å 

Crystal system Monoclinic Triclinic Monoclinic Triclinic Monoclinic 

Space group P2(1)/n P-1 P2(1) P-1 P2(1)/c 

Unit cell 

dimensions 

a = 9.270(5) Å 

b = 18.657(10) Å 

c = 18.088(10) Å 

= 90° 

= 99.622(12)° 

 = 90° 

a = 12.1399(14) Å 

b = 12.2887(15) Å 

c = 14.6842(18) Å 

= 101.191(2)° 

= 92.400(3)° 

 = 100.440(3)° 

a = 11.284(3) Å 

b = 7.541(2) Å 

c = 12.231(4) Å 

= 90° 

= 115.394(5)° 

 = 90° 

a = 8.3632(18) Å 

b = 10.702(2) Å 

c = 13.359(3) Å 

= 77.173(4)° 

= 76.489(4)° 

 = 73.056(4)° 

a = 21.440(3) Å 

b = 7.1241(11) Å 

c = 21.233(3) Å 

= 90° 

= 119.494(2)° 

 = 90° 

Volume 3084(3) Å3 2106.7(4) Å3 940.2(5) Å3 1096.8(4) Å3 2822.9(7) Å3 

Z 4 2 2 2 8 

Density 

(calculated) 

1.851 Mg/m3 2.152 Mg/m3 1.962 Mg/m3 2.273 Mg/m3 1.906 Mg/m3 

Absorption 

coefficient 

1.242 mm-1 2.037 mm-1 8.344 mm-1 8.201 mm-1 1.511 mm-1 

F(000) 1752 1334 532 712 1600 

Crystal size 0.13 x 0.11 x 0.03 

mm3 

0.07 x 0.05 x 0.04 

mm3 

0.29 x 0.23 x 0.02 

mm3 

0.33 x 0.19 x 0.05 

mm3 

0.17 x 0.07 x 0.06 

mm3 

Theta range for 

data collection 

2.18 to 26.00° 1.71 to 26.00° 1.84 to 26.00° 1.59 to 26.00° 1.09 to 26.00° 

Index ranges -11<=h<=11, 

 -22<=k<=22, 

 -22<=l<=22 

-14<=h<=14,  

-15<=k<=15,  

-18<=l<=18 

-13<=h<=13,  

-9<=k<=9,  

-15<=l<=15 

-10<=h<=10,  

-12<=k<=13,  

-16<=l<=16 

-25<=h<=26,  

-8<=k<=8,  

-26<=l<=26 

Reflections 

collected 

24096 16638 7375 8566 21247 

Independent 

reflections 

6070 [R(int) = 

0.3311] 

8167 [R(int) = 

0.1149] 

3631 [R(int) = 

0.0984] 

4264 [R(int) = 

0.0580] 

5533 [R(int) = 

0.0967] 

Completeness to 

theta = 26.00° 

99.9 % 98.8 % 99.9 % 98.9 % 100.0 % 

Absorption 

correction 

Empirical Empirical Empirical Empirical Empirical 

Max. and min. 

transmission 

0.831 and 0.452 0.831 and 0.661 0.894 and 0.409 0.831 and 0.314 0.831 and 0.638 

Refinement 

method 

Full-matrix least-

squares on F2 

Full-matrix least-

squares on F2 

Full-matrix least-

squares on F2 

Full-matrix least-

squares on F2 

Full-matrix least-

squares on F2 

Data / restraints / 

parameters 

6070 / 319 / 360 8167 / 0 / 549 3631 / 98 / 240 4264 / 0 / 275 5533 / 0 / 397 

Goodness-of-fit on 

F2 

0.867 0.786 0.966 0.990 0.860 

Final R indices 

[I>2sigma(I)] 

R1 = 0.0966,  

wR2 = 0.2015 

R1 = 0.0641,  

wR2 = 0.1147 

R1 = 0.0515,  

wR2 = 0.1043 

R1 = 0.0433,  

wR2 = 0.0955 

R1 = 0.0489,  

wR2 = 0.0751 

R indices (all data) R1 = 0.1952,  

wR2 = 0.2329 

R1 = 0.1341,  

wR2 = 0.1284 

R1 = 0.0629,  

wR2 = 0.1110 

R1 = 0.0510,  

wR2 = 0.0987 

R1 = 0.0946,  

wR2 = 0.0843 

Largest diff. peak 

and hole 

1.787 and  

-2.147 e.Å-3 

0.988 and  

-0.764 e.Å-3 

1.646 and  

-1.650 e.Å-3 

1.708 and  

-1.318 e.Å-3 

0.746 and  

-0.605 e.Å-3 
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Table A10: Crystal Data and Structure Refinement for 4.23, 4.24 and 4.25 

 4.23 4.24 4.25 

Identification code 17044 17050 17057 

Empirical formula C22 H30 Au2 Cl8 

N2 O4 

C27 H37.50 Au2 

Cl6 N2 O3.75 

C20 H20 Au Cl3 

N2 O2 

Formula weight 1064.01 1056.72 623.70 

Temperature 150(2) K 150(2) K 150(2) K 

Wavelength 0.71073 Å 0.71073 Å 0.71073 Å 

Crystal system Monoclinic Monoclinic Monoclinic 

Space group P2(1)/m C2/c P2(1)/n 

Unit cell 

dimensions 

a = 8.056(6) Å 

b = 16.727(13) Å 

c = 12.022(9) Å 

= 90° 

= 99.450(16)° 

 = 90° 

a = 17.935(5) Å 

b = 13.073(4) Å 

c = 15.835(5) Å 

= 90° 

= 121.953(6)° 

 = 90° 

a = 7.220(2) Å 

b = 20.881(6) Å 

c = 14.454(4) Å 

= 90° 

= 99.118(6)° 

 = 90° 

Volume 1598(2) Å3 3150.3(16) Å3 2151.7(10) Å3 

Z 2 4 4 

Density 

(calculated) 

2.211 Mg/m3 2.228 Mg/m3 1.925 Mg/m3 

Absorption 

coefficient 

9.870 mm-1 9.848 mm-1 7.228 mm-1 

F(000) 1004 2014 1200 

Crystal size 0.23 x 0.14 x 0.04 

mm3 

0.24 x 0.06 x 0.04 

mm3 

0.40 x 0.12 x 0.10 

mm3 

Theta range for 

data collection 

1.72 to 26.00° 2.05 to 26.00° 1.73 to 26.00° 

Index ranges -9<=h<=9,  

-20<=k<=20,  

-14<=l<=14 

-22<=h<=22,  

-16<=k<=16,  

-19<=l<=19 

-8<=h<=8,  

-25<=k<=25,  

-17<=l<=17 

Reflections 

collected 

12621 12170 16778 

Independent 

reflections 

3252 [R(int) = 

0.2412] 

3107 [R(int) = 

0.1458] 

4230 [R(int) = 

0.2431] 

Completeness to 

theta = 26.00° 

99.9 % 99.9 % 100.0 % 

Absorption 

correction 

Empirical Empirical Empirical 

Max. and min. 

transmission 

0.831 and 0.182 0.850 and 0.465 0.831 and 0.388 

Refinement 

method 

Full-matrix least-

squares on F2 

Full-matrix least-

squares on F2 

Full-matrix least-

squares on F2 

Data / restraints / 

parameters 

3252 / 6 / 188 3107 / 146 / 166 4230 / 13 / 257 

Goodness-of-fit on 

F2 

0.992 0.922 0.909 

Final R indices 

[I>2sigma(I)] 

R1 = 0.0901,  

wR2 = 0.2047 

R1 = 0.0784,  

wR2 = 0.1760 

R1 = 0.0777,  

wR2 = 0.1508 

R indices (all data) R1 = 0.1289,  

wR2 = 0.2235 

R1 = 0.1372,  

wR2 = 0.1967 

R1 = 0.1424,  

wR2 = 0.1712 

Largest diff. peak 

and hole 

7.413 and  

-2.720 e.Å-3 

1.925 and  

-2.587 e.Å-3 

3.149 and  

-2.047 e.Å-3 
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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”. 

 


