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ABSTRACT 

 
 Reactions of furan, thiophene and alkyl carbonyl chlorides with unsubstituted and 

substituted pyrazoles produced the desired pyrazolyl ligands, [R2pyrazole-CO-R/] (R= H, 

Me, tBu, Ph, R/ = furan, thiophene, Me or tBu) in good yields. The reaction of these 

synthons with Pd(NCMe)2Cl2 as the metal precursor afforded the respective palladium(II) 

complexes in moderate to high yields. All compounds synthesised were characterised by 

a combination of 1H NMR, 13C NMR and IR spectroscopic techniques for structure 

elucidation. Microanalyses were performed to confirm the purity of the 

compounds. Single crystal X-ray crystallography of complexes bis{2-(3,5-dimethylpyraz

olyl-1-carbonyl)furan}PdCl2 ,1, and bis{2-(3,5-dimethylpyrazolyl-1-carbonyl)thiophene}

PdCl2, 2, was performed to determine the molecular structures of the compounds. The 

two structures show that the complexes formed are mononuclear. The ligands exhibit 

monodentate coordination with trans-geometry being favoured in the square planar 

complexes. 

 

Activation of some of the complexes, 1-4, with the methylaluminoxane (MAO) produced 

active catalysts for ethylene polymerisation at elevated temperatures giving high-density 

linear polyethylene. The optimum Al:Pd ratio was found to be 5000:1. The nature of the 

substituent on the pyrazolyl moiety affects the activity of these catalysts in ethylene 

polymerisation. In general, increase in steric bulk resulted in decreased catalytic activity 

and low molecular weight polyethylene. The use of the Lewis acid, B(C6F5)3, with 

catalyst 2 resulted in enhanced catalytic activity towards ethylene polymerisation. 



 x

 

When ethylaluminium dichloride, EtAlCl2, was used as the co-catalyst, these catalyst 

systems were found to be active towards ethylene oligomerisation producing mostly  C10 

and C12 oligomers. An optimum Al:Pd ratio of 1000: in the catalytic activity of catalyst 2 

was observed. The nature of the alkyl substituent on the pyrazolyl system also shows 

significant influence in the oligomerisation process. The activity of the catalysts as well 

as the nature of the oligomers produced greatly depends on the oligomerisation 

conditions. For example, increase in both temperature and pressure resulted on significant 

increase in turnover number of catalyst 1 and 2. Longer reaction times resulted in drastic 

drop in the catalytic activity of the complexes. 

 

When acetic acid was reacted with the appropriate pyrazole in the presence of a phase 

transfer catalyst, the bidentate bis-pyrazolyl acetic acid ligands, {(pyrazole)2CHCO2H}, 

L14, {(Me2pyrazole)2CHCO2H, L15, and {(tBu2pyrazole)2CHCO2H} L16 were obtained 

in good yields. The reaction of these ligands with Pd(NCMe)2Cl2 in a 1:1 ratio afforded 

the corresponding yellow complexes, Pd(L14)Cl2, 9, Pd(L15)Cl2, 10, and Pd(L16)Cl2, 

11, in moderate yields. 1H NMR, 13C NMR and IR spectroscopy have been used to 

characterise these compounds. Microanalysis confirmed the purity and empirical 

formulae of the complexes. Reaction of L14 with ethanol under acidic conditions 

produced the respective ester, bis(pyrazol-1-yl)ethyl acetate, (L17) in good yield. The 

acid dissociation constants of the ligands and their palladium(II) complexes have been 

determined by titration using dilute NaOH. Ka values within the range of 1.8 × 10-4 to 

1.75 × 10-2 were obtained. Acidity was found to decrease with increase in the electron 
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donor ability of the alkyl pyrazolyl substituents. In general, the palladium(II) complexes 

were more acidic than their corresponding ligands. 
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CHAPTER 1 

REVIEW OF LATE TRANSITION METAL CATALYZED OLEFIN 

OLIGOMERISATION AND POLYMERISATION AND THE ROLE OF  

CO-CATALYSTS 

 

1.1 General 

There is considerable effort to develop late transition-metal catalysts for 

oligomerisation and polymerisation of olefins both in the academic and industrial 

fields. Olefins particularly ethylene, propylene and butenes are the major building 

blocks of the petrochemical industry.1 This is because they are readily available, 

cheap and could be easily transformed into a range of useful products. The past two 

decades have been marked by the increasing importance of higher linear olefins, 

which are used in the preparation of biodegradable detergents, polymers, surfactants 

and lubricants.2 

 

Higher α-olefins are generally produced through thermal and catalytic cracking of 

paraffins, oligomerisation of ethylene, dimerization and metathesis of olefins, 

dehydration of alcohols, and electrolysis of C3-C30 straight chain carboxylic acids.3 

Polymerisation of the lower α-olefins especially ethylene and propylene leads to the 

production of their respective higher molecular weight polymers.  

 

Historically, heterogeneous catalysis is the most widely used route to making 

polymers in the polymer industry.4 Heterogeneous catalysts offer several important 

advantages over their soluble homogeneous counterparts in commercial production.5 

These include the ease of separation of the products from the catalysts. However, they 
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also exhibit a considerable number of disadvantages. For instance, heterogeneous 

catalysts possess multiple active sites, each of which has its own properties for 

monomer insertion, stereoselectivity, comonomer incorporation, chain propagation 

and transfer.6 These factors result in the production of non-uniform polymers and 

hence a substantial amount of empirical optimization of these catalysts is paramount 

in order to produce polymers of uniform molecular weights, composition and 

stereochemistry.7 

 

The last two decades have witnessed an increased impetus to develop homogeneous, 

single-site polymerisation and oligomerisation catalysts to address some of the 

problems associated with heterogeneous catalyts.8 These unique compounds have the 

general formula LnMR, where Ln is an organic ligand(s) that bind the metal centre (M) 

and consequently modifies the reactivity9 of the catalyst and R is the polymer chain or 

initiating group. By controlling the coordination environment of the metal centre, 

single site catalysts can regulate the molecular weight, molecular weight distribution, 

yield and comonomer incorporation in a manner that is impossible with 

heterogeneous catalysts.10 

 

This chapter is a review of the development of late transition metal compounds as 

single site catalysts for ethylene oligomerisation and polymerisation. It captures the 

structural properties of polyethylene, principles of ethylene oligomerisation and 

polymerisation and the development of nitrogen donor late transition metal complexes 

as catalysts for ethylene polymerisation. The role of organoaluminium and boron 

compounds as co-catalysts for metal-catalyzed olefin oligomerisation and 

polymerisation is also reviewed.  
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1.2 Ethylene oligomerisation and polymerisation  

Oligomerisation generally refers to reactions in which a substrate (monomer) is 

converted to a higher molecular weight product by a series of repetitive interactions, 

Equation 1.1. The simplest form of oligomerisation (n =2) is dimerization.11  

   

nA An
xA + yB AxBy                      Equation 1.1 

When the number of repeating units is large, (n ranges from hundreds to hundreds of 

thousands) the area of polymerisation is reached. Chemically polymers are long-chain 

molecules of very high molecular weights, often in the hundreds of thousands 

daltons.11 For this reason the term macromolecules is frequently used when referring 

to polymeric materials.12 Some thirty different basic types of polymers, formed by 

linking together of one monomer or copolymers, are now commercially available.13 

The end uses of polymers depend on their physical properties particularly chain length 

and varies from plastic buckets, electrical conductors to the production of artificial 

kidneys.14 Two of the largest volume polymers are polyethylene and polypropylene 

with polyethylene production alone in excess of 100 billion pounds per annum.15 It is 

for these two products that the discoveries of Ziegler in Germany and Natta in Italy 

remain significantly important in history. 

 

1.2.1. Types and properties of polyethylene  

The three major classes of polyethylene are classified according to their structure and 

stereochemistry. The three are high-density polyethylene (HDPE), linear low-density 

polyethylene (LLDPE) and low-density polyethylene (LDPE).16 
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The polymer produced depends entirely on the reaction conditions and the nature of 

the catalysts used.17 HDPE is a linear semi-crystalline ethylene homopolymer with a 

melting point of 135oC prepared by Ziegler-Natta and chromium based coordination 

polymerisation systems. LLDPE is a random copolymer of ethylene and other α-

olefins e.g. 1-butene, 1-hexene, or 1-octene produced mainly by Ziegler-Natta, 

chromium and metallocene catalysts. This type of polyethylene contains considerable 

amount of short-chain branching. The third type, LDPE is a highly branched ethylene 

homopolymer prepared under high temperature and pressure free radical process. 

These extreme conditions have limited the production of this type of polyethylene at 

commercial levels.18 

 

The physical and chemical properties of polyethylene produced depend entirely on 

their main chain stereochemistry. The dependence of physical and chemical properties 

of a polymer on its structure was predicted as early as 1929 by Staundinger.19 

However, it took another two decades before this phenomenon was confirmed by 

Schildknecht.20 The higher melting point (130-135oC) and higher density (0.941-

0.941 g/cm3) of HDPE as compared to the low melting point (106 –112oC) (and low 

density (0.915-0.941 g/cm3) of LDPE could be credited to the tacticity and more 

uniform structure of the former. 

 

1.2.2 Characterisation of polyethylene 

The elucidation of polyethylene structure involves the determination of their physical 

properties and microstructure. These include molecular weight distributions, extent of 

branching, melting point and glass transition temperatures.21 Molecular weight 

distribution is generally determined by gel permeation chromatography (GPC) based 
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on polystyrene standards. The two most important molecular weight averages are the 

number-average molecular weight Mn given by Equation 1.2 where Ni is the number 

of molecules of molecular weight Mi. 

   Mn = ∑iNiMi / ∑iNI                                                   Equation 1.2 

The weight-average molecular weight, Mw given by Equation 1.3 

      

Mw = ∑iNiMi
2

 / ∑iNiMi                        Equation 1.3 

 

For unimodal distributions, Mn is usually near the peak. The weight-average 

molecular weight is always larger than Mn. Narrow molecular weight distributions 

may have Mw being 1.5 – 2.0 times Mn.22 The ratio Mw/Mn, called the polydispersity 

index, provides a simplified definition of the molecular weight distribution.  

 

Polymer melting points and glass transition temperatures are commonly measured by 

thermal methods, which involve a combination of differential scanning calorimetry 

(DSC) and differential thermal analysis (DTA). Both methods yield peaks relating to 

endothermic and exothermic transitions and show changes in heat capacity. The DSC 

method also yields quantitative information relating to the enthalpy changes in the 

polymer. Other methods employed include dilatometry (volume - temperature and 

linear expansivity), mechanical strength (static and dynamic), dielectric and magnetic 

moments (dielectric loss and broad-line NMR) and melt viscosity.23 

 

The polyethylene structural analysis, which involves the extent of branching or 

linearity, is analysed by 1H and 13C NMR spectroscopic techniques. On the basis of 
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the NMR analysis of branching, it is possible to determine the relative probabilities of 

insertion or migration from each type of carbon atom in the polymer backbone.24 

 

1.3 Principles of ethylene oligomerisation and polymerisation 

1.3.1 Mechanistic considerations 

In the last four decades since the discovery of transition metal catalysts for olefin 

polymerisation by Ziegler and Natta, a considerable amount of research has been 

directed towards understanding the basic mechanistic steps involved in this process.25 

Attention has been focused on the process of monomer enchainment, which is 

generally agreed to occur through olefin co-ordination and followed by insertion into 

a metal-carbon bond.26  

 

Three general mechanistic proposals for the nature of this insertion have since 

emerged with the early transition metal catalysts, Scheme 1.1. The first is alkyl 

migration to the coordinated olefin27 and is known as Cossee-Arlman mechanism. The 

second type, put forward by Rooney and Green,28 involves an oxidative 1,2 hydride 

shift from the α-carbon of the polymer chain generating a metal–alkylidene hydride. 

Olefin coordination follows to generate a metallacyclobutane, and reductive 

elimination completes the chain propagation.  

 

The third mechanistic possibility is the olefin insertion where a α-hydrogen interacts 

with the metal centre only during the transition state of the C-C bond formation. This 

model is a hybrid of the Cossee-Arlman and modified Green-Rooney28 mechanisms. 
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Scheme 1.1 Proposed mechanisms for olefin coordination into early transition 

metal-alkyl bonds 

 

1.3.2 Ethylene oligomerisation and polymerisation mechanism using late 

transition α-diimine catalysts. 

Most mechanistic and theoretical work published to date has been directed at the α-

diimine complexes of Ni(II) and Pd(II). Insight into olefin polymerisation 

mechanisms has been gained through low-temperature NMR studies29 with these 

catalysts. Under these conditions it has been established that the entire process takes 
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place via three vital steps, olefin coordination to the metal centre, chain propagation 

and chain termination30 (Scheme 1.2).  

g
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Scheme 1.2. Ethylene polymerisation mechanism with late transition metal α-diimine 

complexes. 

 

The alkyl ethylene complex a, is the catalyst resting state. This is in sharp contrast to 

early metal catalysts where such intermediates are not observed. The turn-over 

limiting step is the migratory insertion of the monomer to form a 14 electron system b 

which can be rapidly trapped by ethylene to reform to an alkyl complex a. However, 

in the square planar complexes conversion of c to d must be an associative process 

due to the low stability of the three co-ordinate system. It has been observed that the 

rates of associated displacement and chain transfer (c to d) are greatly reduced by the 

steric bulk of the diimine ligands. This is achieved by blocking the axial approach of 

the olefin monomers. The subsequent result is a much higher rate of chain 

propagation than chain transfer rate, hence production of higher molecular weight 

polyethylene. On the other hand complex b can undergo β-hydride elimination to 
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yield c. This could undergo further reinsertion with opposite regiochemistry to 

produce a branched alkyl group in f. Trapping and insertion of f produces a methyl 

branch, while further chain migration, β-hydride elimination and readdition results in 

longer branches. In a chain transfer process, complex c can release an olefin to yield 

d, this route results in the production of linear polyethylene. This complex d can 

initiate a new chain (chain propagation) and hence constitutes a whole catalytic cycle 

involved in the ethylene polymerisation. 

 

1.3.3 Factors controlling the performance of the catalysts in ethylene 

oligomerisation and polymerisation 

Various factors that influence activity of catalysts and the nature of the products 

obtained in ethylene polymerisation have been extensively investigated. These include 

catalyst to co-catalyst ratios, catalyst concentration, pressure and temperature, solvent 

type, reaction time and the nature of the ligand system. The nature of the ligand 

backbone of the catalyst plays a role in regulating the steric and electronic features 

around the metal centre. It has been established that increasing the steric bulk of the 

diimine ligands results in increased molecular weight of the polymers obtained.29 This 

is by favouring chain propagation relative to chain transfer as earlier explained in 

section 1.2.1.  Brookhart et al.31 found that increasing the steric bulk of the diimine 

ligand by substituting  o-isopropyl groups for o-methyl resulted in increase of 

molecular weight from 110 000 to 390 000. However, there is a substantial body of 

evidence in literature that show reduced molecular weight with increased bulkiness 

contrary to theoretical calculations. One such example is the findings of Brookhart et 

al.32 in the ethylene polymerisation using cationic Pd(II) catalysts containing 

imine-phosphine ligands. It was observed that an increase of steric bulk at the 



 10

phosphorus from phenyl to o-toluene resulted in a drastic decrease of polymer 

molecular weight from 133 000 to 75 000.  

 

The extent of branching has also been established to be dependent on the steric 

parameters of the ligand system. For instance palladium catalysts show decreased 

branching with decrease in steric bulk resulting in a more linear polymer with 

increased melting point as was observed by Killian and coworkers29. In this study 

reduction of the number of branches per 1000 carbon atoms from 74 to 1.2 resulted in 

an increase in melting point from 97 to 132 oC. 

 

It is well known that temperature has great influence on olefin polymerisation, 

especially on catalyst activity and polymer molar mass. As temperature increases 

polymer molecular weight and melting point decrease. Chen et al.33 observed a drop 

in molecular weight from 101 000 at 0 oC to 52 000 at 40 oC. In general the increase 

in temperature would increase the catalyst activity if the catalyst is stable at higher 

temperature hence higher polymer yield. However, at very high temperatures low 

yields have been reported. This has been ascribed to catalyst decomposition and lower 

solubility of ethylene at elevated temperatures. The highest polymerisation activities 

occur in the temperature range from 25 to 40 oC. Malinoski and Brookhart34 recorded 

highest polymer yields at 25 and 40 oC (productivities up to 320 000 kg of polymer 

per mol of catalyst per h) with a significant drop in yield at 60 oC of about 100 000 kg 

of polymer per mol. of catalyst per hour. 

 

Pressure effect on the polymerisation process is well established especially the 

influence on the catalytic activity. Increase in the ethylene pressure results in an 
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increase in the polymer yield mainly due to the increase of the local concentration of 

the ethylene monomer.35a The relationship between the molecular weight of the 

polymer produced and the pressure is determined by the type of chain termination 

process involved. For chain termination via β-hydride elimination the molecular 

weight is linearly dependent on the ethylene pressure.35b Here, since β-hydride 

termination is independent of monomer concentration, the relative rates of 

propagation and termination, hence the molecular weight, would be strongly 

dependent on monomer concentration. Where chain transfer to monomer is 

predominant the molecular weight is observed to be independent on ethylene 

concentration. Here both propagation and termination rates would be dependent on 

upon monomer concentration hence monomer concentration dependency cancels out. 

In 1994 Brintzinger and co-workers reported35c a polymer with molecular weight 

independent on of monomer concentration consistent with termination through 

transfer to monomer using zirconocene complexes containing indenyl rings. 

Introduction of methyl groups to the second position of indenyl rings generated a 

catalyst that produced polymer with molecular weight strongly dependent on 

monomer concentration consistent with β-hydride transfer. 

 

Other factors that affect the catalytic activity and regulate the nature of the products 

formed include catalyst to co-catalyst ratio and reaction time. It has been found that 

Al:Pd ratio has a significant effect on ethylene polymerisation. The amount of 

co-catalyst required to produce the active catalyst varies from one catalyst precursor 

system to another. For some catalyst precursors, Al:Pd ratios as low as 100:136a has 

been reported to generate the active catalysts and activities as high as 3 × 106 
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kg/h.mol have been obtained. On the other hand, Al:Pd ratios as high as 4000:136b 

have also been reported for some palladium complexes.  

 

Reaction times have also been shown to influence the turn over frequencies depending 

on the catalyst life times. For catalysts with shorter life times, running polymerisation 

reactions for longer times significantly result in reduced productivity. Brookhart et 

al.34 observed that experiments run for 15 minutes at 25 oC resulted in low 

productivity of only 1 200 kg/h.mol. Ni in ethylene polymerisation using cationic 

Ni(II) and Pd(II) complexes containing bidentate pheneacyldiarylphosphine ligands. 

This was attributed to incomplete initiation of the catalyst species. The productivity 

reported after 45 minutes was significantly higher (23 000 kg/h.mol) suggesting that 

the number of active sites in solution is increasing with time. However, lower 

turnover frequencies were reported for 3 hours (9 000 kg/h.mol) as compared to 1 h 

(39 000 kg/h.mol) at 40 oC indicating that catalyst decomposition occurs even at 

lower temperatures. 

 

1.4.1 The role of co-catalysts in metal-catalysed olefin oligomerisation and 

polymerisation. 

Main-group organometallic compounds as co-catalysts in the Ziegler-Natta catalytic 

systems have played a substantial role in the development of the single-site olefin 

polymerisation.37a Later discoveries of new and more effective co-catalysts have 

contributed significantly to the fundamental understanding and technological 

developments in this field.37b  
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In general, the importance of the cocatalysts in metal catalysed olefin transformation 

is attributed to three major chemical processes. First is the conversion of the catalyst 

precursors to the active catalysts by the co-catalyst, activating species, (Scheme 1.3). 

Secondly, a successful activation requires special co-catalyst features that kinetically 

and thermodynamically favours the formation of the active species. Finally, the co-

catalyst, which becomes an anion forms the vital part of a catalytically active cation-

anion pair and significantly influences the polymerisation or oligomerisation 

efficiency and polymer or oligomer properties. 37b  

  

N

N

M
Cl

Cl
+ A

Cl
M

N

N +
A-Cl-

 

                           A = co-catalyst, M = metal centre, N-N = ligand backbone 

                                                          Scheme 1.3 

The current theoretical studies has led to increased understanding of the role played 

by these group of compounds in metal-catalysed olefin transformations.38  This 

section reviews the different types of activators and their principal role in olefin 

oligomerisation and polymerisation. 

 

1.4.2 Aluminium alkyls as catalytic activators. 

Organoaluminium compounds including trialkylaluminiums and alkylaluminium 

chlorides are the classical co-catalysts used in Ziegler-Natta oligomerisation and 

polymerisation catalysis.39 Today, a wide range of homogeneous catalysts based on 

aluminium alkyls as co-catalysts are employed in the polymerisation and 

oligomerisation of olefins.40  These compounds have been found to play a significant 

role in determining the nature of products formed when used with late transition metal 
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complexes in olefin transformations.  Daugulis et al.32 have reported that the use of 

ethylaluminium dichloride, EtAlCl2, as co-catalyst with cationic Pd(II) complexes 

containing imine-phosphine ligands produce only butenes. Activation using 

diethylaluminium chloride led to the production of butenes and trace amount of 

polymer. While use of modified MAO gave exclusively polymeric material. They 

attributed this differences in products obtained to the variations in Lewis acidity of the 

co-catalysts used. Cavell et al.41 also observed that AlMe3 is unable to activate these 

nickel complexes in ethylene oligomerisation. They suggested that this could be due 

to the low Lewis acidity of the compound. More recently, Speiser et al.42 reported the 

catalytic oligomerisation of ethylene based on nickel complexes with bidentate P, N 

phosphinitooxazoline and pyridine ligands using ethylaluminium dichloride, EtAlCl2, 

as co-catalyst. Turn-over frequencies as high as 50 000 with selectivities towards 

dimerization to butenes higher than 91% were obtained.  

 

Since its discovery, methyl aluminoxane, MAO has been widely used as co-catalyst 

for Ziegler-Natta type polymerisation.43 Its superb catalytic activity in olefin 

polymerisation has been attributed to its greater Lewis acidity as compared to the 

other alkyl aluminium compounds. To date, numerous publications abound in 

literature involving the use of MAO as co-catalyst in late-transition metal olefin 

polymerisation.5 However, despite its wide success in olefin polymerisation, MAO 

has several disadvantages: the need of large ratios of MAO to catalyst precursor (102 

to 104:1) to obtain high polymerisation activity leading to the high ash content (Al2O3) 

of the polymer products. On the same note, the exact nature of the species (ion pairs, 

free ions) including the role of the [MAO]- counter anion are important aspects of 

activation process under debate.44 Recently, based on spectroscopic techniques, 
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Pedeutour et al.45 reported the negative role of chloride counter anion in the activation 

process of Zirconocene chloride by MAO. They attributed this to the formation of a 

tight ion pair in which a strong interaction between chloride anion and zirconium 

vacant site, compound [1] still takes place and impedes olefin coordination and 

insertion. This might explain why replacement of chloride ligands by methyl groups 

allows much easier activation and hence higher activity.46 

 

 

+N

N

M

CH3

Cl
Al

Al

H3C
O

H3C

O

-

 

             [1] 

The disadvantages associated with MAO has seen the introduction of other 

aluminoxanes such as ethylaluminoxane and isobutylaluminoxane which are 

synthesised by partial hydrolysis of triethylaluminium (TEA) and 

triisobutylbutylaluminium (TIBA), generally referred to as modified 

methylaluminxanes (MMAO).47 However, these MMAOs, do not produce high 

activities as compared to the original MAO48 owing to their low Lewis acidity. It has 

been reported in literature that tetrakis(iso-octyl) aluminoxane [(i-octyl)2-O-Al-(i-

octyl)2]49 exhibits significant co-catalyst activity comparable to that obtained using 

MAO.  

 

1.4.3 Perfluoaryl boranes as co-catalysts 

In the early 1990s, Marks and Ewen,50 discovered that in combination with group 4 

metallocene alkyls, strongly Lewis acidic tris(pentafluorophenyl)borane, promotes 
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highly efficient olefin polymerisation. The eventual isolation and characterisation of 

the cationic active species of this reagent has resulted in the extensive research of this 

compound both in the academic and industrial fields.  Massey et al.51 recently 

reported cationic zirconocene ethylene polymerisation catalysts based on B(C6F5)3. 

They showed from solid state 13C NMR spectrum that the formation of electron 

deficient cationic species is similar to those generated by MAO and the other 

aluminium alkyls. They postulated that the higher activities reported is due to the high 

activation ability of the B(C6F5)3 as compared to the organoaluminium activators. The 

organoaluminium activators are characterised by the formation of chloride-bridged 

complex, which is not an active catalyst. 

 

 Lee et al.52 recently reported the Lewis acidities of the aluminium compounds, 

AlMe3, Al(C6F5)3 and boron reagent B(C6F5)3 based on the stretching frequencies of 

CN of the benzonitrile adducts formed. Their results show that the boron compound, 

B(C6F5)3,  is a stronger Lewis acid than the two aluminium compounds. However, 

high catalytic activity observed with B(C6F5)3  as compared to other simple Lewis 

acids has resulted in the hypothesis that high Lewis acidity alone cannot guarantee 

effective cocatalyst system. For instance, although BX3 reagents (X = F, Cl, Br, I) 

have comparable or even greater Lewis acidities than B(C6F5)3,
53 they are poor 

activators . This has been acredited to either coordination of the halide atoms to or 

irreversible transfer to the metal cations.75 Over the past few years, Marks and Piers54 

have developed a number of new and effective perfluoroarylborane activators as well 

as bifunctional boranes. Bis(pentafluorophenyl)borane, [HB(C6F5)2]2, tris(2,2,2-

perfluorobiphenyl)borane, bis(pentafluorophenyl)(2-perfluorophenyl)borane and 

tris(perfluoronaththyl)borane are among the examples. Recently, the bifunctional 
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perfluoroarylborane, octafluoro-9,10-bis(pentafluorophenyl)-9,10-diboroanthracene55 

compound [2] was reported. When combined with group 4 metallocenes and other 

single-site catalyst precursors, catalytic activity 20 times greater than B(C6F5)3  have 

been reported. 
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[2] 

 

1.5 Late transition-metal complexes as catalysts for ethylene oligomerisation. 

Catalytic oligomerisation is one of the most useful and commonly employed 

technologies for the conversion of the moderately cheap lower α-olefins (i.e. ethylene 

and butene) into industrially important higher olefins. The use of organometallic 

complexes as catalysts in this process has been widely studied.56 Numerous catalyst 

systems involving late transition metal complexes are known to oligomerise lower 

alkenes to higher molecular weight olefins. Group 8 transition metals complexes, 

ferrocene and ferrous chloride57 have been reported to convert ethylene to a mixture 

of butenes at 1-20 atm and at -10 to 50 oC. Recently,  Brookhart et al.58a reported a 

new Fe catalyst based on diimine tridentate pyridinebisimine ligand complex that 

oligomerise ethylene to higher olefins. They observed that by reducing the steric bulk 

of the ligand system, the catalysts oligomerise ethylene to linear α-olefins with 

remarkable high activity and selectivity. Turnover frequencies as high as 5 × 106 kg of 

oligomer per mol of Fe per hour were reported and were found to be dependent on 

catalyst structure, ethylene pressure and temperature. The Co complex of the same 
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ligand system was also reported to dimerise and isomerise ethylene to higher 

olefins.58b 

 

One of the most active catalytic reactions have been reported with Ni and carried out 

at temperatures as low as –100 oC.59 These nickel complexes have the general formula 

of  NiX2L2 (X = anionic ligand e.g. halogen, carboxyl, L = donor ligand e.g. PPh3) 

and are reacted with an excess of an alkyl aluminium halide species such as 

Al(C2H5)XCl3-x (X = 1, 2 or 3) or Et3Al2Cl3. Alternatively,  organo nickel compounds 

of the type NiRxX2-xLn (where x and n are generally equal to one or two) may be used 

to provide the active nickel species [3]. In this system, the dimeric π-allyl nickel 

halides or their mono-tertiary-phosphine adducts have been frequently used and the 

subsequent reactions with the alkyl-aluminium compounds well characterised.  

   

Al

CH3 CH3

CH3

Ni

CH3
 

    [3] 

      

Today, Ni based complexes constitute one of the most important catalyst systems for 

olefin oligomerisation because of their high regioselectivity and remarkable catalytic 

activity. Many chelated Ni complexes have been reported to be highly active and 

selective in the ethylene oligomerisation. Chelate complexes of the type, [4], have 

been reported to be very high active with linearity of 80% and the C8 oligomers as the 

major products.60  
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Keim et al.61 reported a very interesting Ni catalyst system, [5], which oligomerises 

ethylene at 50oC and 10-100 bar to α-olefins with 99% linearity and greater than 95% 

α-olefin content. Recently Cavell et al.41 reported a new system of Ni catalysts of the 

formula [Ni{RC(S)CR(S)R}2] and [Ni{RC(S)CR(S)R}PR3)X] (R = alkyl, aryl or 

CF3; X = Cl, Br or I), [6] that oligomerises ethylene, butene or propylene with 

preference to dimerization when activated with an appropriate cocatalyst.86  

 

  

Ni
PR3

XS

S
R

R

R

 

R  = alkyl, aryl or CF3
X = Cl, Br, or I 

 

       [6] 

They observed that the catalytic activity and selectivity in ethylene oligomerisation 

are significantly affected by changes in the donor ligand, PR3 while change in the 

halides, X, affected the catalytic activity only. For instance a change of PR3 from PEt3 

to PBu3 resulted in an increase in turnover number from 3 500 to 6 000 kg of 

oligomer per mol of Ni per hour.  

     

Ni(II) catalysts based on salicylaldiminato complexes have also been reported to 

oligomerise ethylene to higher olefins. Carlini et al.62 investigated the ability of Ni 
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complexes, [7] to oligomerise ethylene when activated with various organoaluminium 

compounds as co-catalysts. Activities as high as 1.65 × 106 when systems of type  [7] 

are activated with MAO (Al:Ni molar ratio of 100) with C4 –C8 being the main 

products are obtained.  

 

   

X
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    [7]  

It was observed that an increase in Al/Ni molar ratio to 1000 resulted in a significant 

increase in turnover frequency to 1 × 107 mol of converted ethylene per mol of Ni per 

hour, though only butenes were obtained. This suggests that an increase in co-catalyst 

concentration enhanced activity but favoured the production of lower molecular 

weight olefins. When activated by Et2AlCl (Al:Ni molar ratio of 20), an appreciable 

activity, (TOF = 1 × 105 mol C2H4/mol. Ni. h) was observed with oligomerisation 

favoured towards the formation of C4 and C6 oligomers. More recently, Brookhart et 

al.
63 reported cationic Ni(II) α-diimine complexes that are effective in ethylene 

oligomerisation. 

 

The use of Pd in ethylene oligomerisation is less prevalent presumably due to its low 

activity and poor selectivity.64 Few literature reports exist hitherto on Pd complexes as 

ethylene oligomerisation catalysts. The dimerisation of ethylene by 

tetrachlorobis(ethylene)dipalladium in non-hydroxyl media (benzene or dioxane) has 
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been reported.64 Recently, Liu and co-workers65 reported Pd(II) complexes containing 

P-N-O ligands [8] as ethylene oligomerisation catalysts.  
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     [8] 

This catalyst system does catalyse the conversion of ethylene to oligomers (C6-C16) 

though with low activity (49.5 g of product/mol. Pd.h) presumably due to the non-

symmetric P-N bidentate ligand. They also observed significant effect of the reaction 

conditions on the activity of these catalyst systems. For example, an increase of 

temperature from 30 to 110 oC resulted in an increase in activity from 2.6 to 49.5 g 

oligomer per mol of catalyst per hour with product distribution of C6-C8 and  C12-C16 

being obtained respectively.  

 

 Brookhart and co-workers34 recently reported the oligomerisation of ethylene by 

cationic Pd(II) complexes containing bidentate phenacyldiarylphosphine ligands [9] 

of the well known SHOP systems. The Pd analogues were found to be about an order 

of magnitude less active than their Ni counterparts.66 They also observed that when L 

= NCMe and Ar = C6H5, only butenes were generated while when Ar = 2,4,6-

(CH3)3C6H5, a mixture of butenes and hexenes were produced. In all cases the 
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products formed were greater than 90% α-olefin. However, these catalysts exhibit 

shorter lifetime as majority of the catalyst were found to deactivate after 1 h. 
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     [9] 

Kress et al.67 recently reported the oligomerisation of ethylene by cationic Pd(II) 

complexes containing unsymmetrical α-diimine ligand [10]. Activities of 105 

kg/mol.h of catalyst were obtained. The activity of this catalyst system increases 

markedly with increase in temperature. Interestingly, the nature of the oligomeric 

materials obtained (C4–C20) does not change significantly with the reaction 

conditions. 
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1.7 Late transition-metal complexes as catalysts for ethylene polymerisation. 

The discovery by Brookhart and co-workers of highly active Pd(II) and Ni(II) α-

diimine catalysts has resulted in renewed interests in the development of late 

transition metal catalysts for olefin polymerisation.29, 68 It is believed that the key to 

the production of high molecular weight polymers is the incorporation of bulky 

substituents onto the aryl rings. This has the overall effect of retarding the rate of 

ethylene associative chain transfer. 

 

One of the most recent reports of highly active late transition catalysts is that of group 

8 nitrogen-donor complexes. Systems of type [11] based on a five coordinate Fe 

centre supported by a neutral tridentate 2,6-bis(imino)pyridine ligand69 when 

activated with MAO show exceptionally high activity. Activities are comparable to, 

or even higher than those found for Group 4 metallocenes under similar conditions. 

The molecular weights of polyethylene produced show significant dependency on the 

aryl substituents. Increasing the size of these substituents or having substituents on 

both of the ortho positions of the aryl rings results in the formation of high molecular 

weight polyethylene. Chen et al.70 recently reported an Fe complex based on the same 

ligand backbone as ethylene polymerisation catalysts but using halogens instead of 

the alkyls as the substituents on the aryl rings. The halogen substituents impart not 

only steric effects but also electronic effects. As opposed to the small difference in 

electronic effect resulting from changing the alkyl substituents, the electronic effect 

resulting from varying the halogens is much more significant due to the large 

difference in their electronegativities. 
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     [11] 

The complex containing the chloro substituent was found to be more active (12.8 × 

103 kg/mol.h) than the bromo analogue (8.6 × 103 kg/mol.h). Gratifyingly, the bromo 

analogue was found to be more active in ethylene polymerisation (12.2 × 103 

kg/mol.h) than the iso-propyl substituted Fe complex (5.4 × 103 kg/mol.h) under 

similar conditions. This was attributed to the electron-withdrawing nature of the 

chloro and bromo substituents, which results in a more electrophilic Fe centres in the 

complexes. In this study, the Co(II) complex based on this ligand system was also 

reported to polymerise ethylene with lower activity (0.6 × 103 kg/mol.h) when treated 

with MAO than the respective Fe analogue. The other Group 8 ethylene 

polymerisation catalyst that has been reported is the Ru complex containing triphenyl 

phosphine donor ligand.71 This catalyst system shows low activity with branched 

polyethylene being produced.                                                                             

 

The Ni(II) dibromide complex of the type [12] when treated with MAO shows very 

high activity in ethylene polymerisation (11.0 × 103 kg/mol.h.bar).72 The formation of 

high molecular weight polymers is attributed to the steric protection of the vacant co-

ordination site provided by the bulky substituents. Polyethylene with molecular 

weights of 1.0 × 106 and degree of branching from linear to over 70 branches per 

1000 carbons under various polymerisation conditions have been reported for these 
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type of catalysts. The analogous Pd(II) [13] complexes show moderate activity 

producing highly branched amorphous polyethylene with up to 100 branches per 1000 

carbon atoms.  
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 Laine et al.73 have reported pyridnyl-based Ni(II) and Pd(II) complexes as catalysts 

for polymerisation of ethylene. The dimeric Ni(II) complex [14] showed moderate 

ethylene activity when activated with MAO.  
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They reported that activities for the system that contains the methyl substituents are 

one order of magnitude lower than that of the unsubstituted complex. This was 

attributed to the obstruction of the equatorial coordination sites by the methyl groups. 

Another interesting phenomenon observed is the dependence of the degree of polymer 

branching on the substituents on the ligand backbone. Decreasing the steric bulk in 

the aryl ring by replacing the two iso-propyl groups with methyls in the 2 and 6-

positions gives more linear polymers. The Pd(II) analogues of these complexes, [15], 

also produce active catalysts for ethylene polymerisation when activated with MAO. 
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   [15] 

Ni(II) and Pd(II) metal complexes based on bulky arylimino substituents on one side 

and a relatively unhindered heterocylic donor ligand on the other have also been 
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reported as ethylene polymerisation catalysts by Britovsek and co-workers.74 These 

ligands provide only half the steric protection of derivatives with bulky substituents 

on both  donor atoms. The activities reported for the Ni(II) iminopyridine [16], (0.69 

× 103 kg/mol Ni. h.) is considerably lower than those reported for similar (α-

diimine)NiBr2 complex, R = H and Ar = 2,6-diisopropylphenyl, (11.0 × 103 

kg/mol.Ni.h) described above.  
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   [16] 

More interesting in this study was the inactivity towards ethylene polymerisation 

reported for the pyrazine Ni(II) analogue, [17], though it is sterically identical to the 

iminopyridine catalyst [16]. The reduced basicity of the pyrazine nitrogen donor atom 

(pKa = 0.4 vs 5.2 for pyridine) which may lead to catalyst deactivation (via ligand 

dissociation) could account for this observation.75 Another explanation is the 

coordination of the non-coordinating nitrogen donor of the pyrazine moiety to the 

Lewis-acidic aluminium centre of the co-catalyst, MAO, leading to catalyst 

deactivation as well. 
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   [17] 

 

Currently our research group has embarked on the synthesis of Ni(II) and Pd(II) with 

pyrazole and pyrazolyl ligands and their evaluation as potential catalysts for ethylene 

polymerisation. The choice of the pyrazole ligand is based on the easily varied steric 

and electronic properties of the systems, which helps in fine-tuning the eventual 

properties of the complexes towards the desired active polymerisation catalysts. 

Darkwa et al.76 have reported the synthesis and ethylene polymerisation results of 

pyrazole Pd(II) complexes of type [18]. They reported moderate catalytic activity 

(1.768 × 103 kg/mol of Pd. h.) and high molecular weight polyethylene of up to 1 × 

106 comparable to the Brookhart systems. The catalyst system (3,5-tBu2pz)2Pd(Me)Cl 

was found to be the most active, a feature attributed to the existence of the Pd-Me 

bond while the others contain Pd-Cl bonds. The activities of the complexes were 

found to be temperature, pressure, time and catalyst concentration dependent. For 

instance the activity almost doubled when the temperature was increased from 30 oC 

to 70 oC.  
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    [18] 

The Ni(II) analogues77 of these systems have also been evaluated for ethylene 

polymerisation and were found to have activity comparable to that of their Pd(II) 

counterparts, but produce higher molecular weight polyethylene. For instance at 25oC 

and 5 atm ethylene pressure, catalyst (3,5-Me2pz)2PdCl2 showed activity of 2.14 ×102 

kg/mol.h with Mw of 5.53 ×105 compared to 2.50 ×102 kg/mol.h and Mw of 1.44 ×106 

produced by (3,5-Me2pz)2NiCl2 under similar experimental conditions.  

 

In an attempt to increase the elctrophilicity of the metal centre for easy coordination 

of ethylene to increase catalytic activity of the Pd complexes, Darkwa et al.78 

introduced electron withdrawing carbonyl linkers in the pyrazole systems. In this 

work, the ethylene polymerisation results by the benzenedicarbonyl and 

benzenetricarbonyl pyrazolyl Pd(II) complexes [19] were reported. Significantly, the 

activity of these complexes showed remarkable improvement as compared to the 

simple systems. For example, the turn-over number of compound [19] is reported as 

2591 kg/mol.h compared to 1005 kg/mol.h of the analogous  (3,5-tBu2pz)2PdCl2 

compound. It can thus be confidently concluded that the presence of the carbonyl 

functionality in the pyrazolyl ligands improves the electrophilic nature of the metal 

centre hence leading to higher catalytic activity. The dinuclear coordination 

environment of this system could also contribute to its observed higher activity. It is 



 30

on this basis, that we undertook to study the catalytic ability of monocarbonyl 

thiophene and furan pyrazolyl Pd(II) complexes in this thesis. 

    

O

O

Cl
Pd

Cl
Pd

R

R

NN

R

R

NN

Cl

Cl

 R = H, Me, tBu  

     [19] 

 

 

 

1.8 Objectives of this research work  

 

As part of the on-going research to develop other active nitrogen containing late 

transition metal catalysts for olefin catalysis worldwide, we set out to investigate the 

catalytic ability of monocarbonyl furan and thiophene pyrazolyl Pd(II) complexes in 

ethylene oligomerisation and polymerisation. Earlier findings have shown that the 

introduction of carbonyl functionalities in the pyrazole unit enhances the catalytic 

activity of the resultant complexes. However, the activity is also shown to be 

dependent on the structure of the complexes. Low activities are reported for the 

systems having a non-coordinating pyrazole unit. While on the other hand, higher 

activities were reported for dinuclear complexes. In this work therefore, we undertook 

to explore any significant effect that could arise from the donor atoms oxygen and 
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sulfur in the furan and thiophene units respectively on the coordination and eventual 

catalytic activity of their Pd(II) complexes. To further understand the role of these 

heterocyles, we attempted to synthesise the acyl pyrazolyl Pd(II) complexes with the 

aim of evaluating their catalytic activity in ethylene polymerisation. 

 

The second chapter of the thesis deals with the synthesis and characterisation of a 

series of substituted pyrazolyl ligands containing furoyl and thiophene carbonyl units. 

The synthesis and characterisation of their resultant Pd(II) complexes is also reported 

in this section. In addition, we also report the synthesis of the acyl pyrazolyl ligands 

and attempted preparation of their respective Pd(II) complexes. Chapter 3 reports the 

preliminary catalytic studies of some of the synthesised complexes in ethylene 

oligomerisation and polymerisation.  

 

In Chapter 4, we discuss the synthesis and characterisation of bis(pyrazolyl)acetic 

acid ligands and their Pd(II) complexes with the objective of testing their catalytic 

potential in ethylene oligomerisation and polymerisation. We also report the acidities 

of these ligands and their Pd(II) complexes. The ability of these bis(pyrazolyl)acetic 

acid ligands to undergo the classical esterification reactions is also investigated in this 

section. 
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CHAPTER 2 

SYNTHESIS AND CHARACTERISATION OF HETEROCYCLIC CARBONYL 

PYRAZOLYL PALLADIUM(II) COMPLEXES 

 
 
2.1 Introduction 

Pyrazole type heterocycles represent an important class of nitrogen containing donor 

ligands in coordination chemistry of late transition metal elements.1 They have been 

widely used as terminal ligands,2 bridging ligands3 and precursors for the synthesis of 

various multi-nitrogen bearing ligands in coordination chemistry, bioinorganic chemistry 

and organometallic chemistry. The synthesis, characterisation and molecular structures of 

pyrazole and pyrazolyl complexes with transition metals have been extensively 

reviewed.4 

 

Pyrazolyl ligands provide hard donor sites for transition metals hence suitable for 

stabilizing higher oxidation states metal complexes. Their donor ability also accounts for 

the ease of coordination of these ligands to transition metals.5 The five membered 

pyrazole ligands have also been used to modify π-deficient six membered heterocyclic 

ligands like pyridine6 and 1,10 phenanthroline.6 For example a planar tridentate 

bis(prazolyl-3-yl)pyridine has been synthesised by Gamez et al.7 and found to stabilize 

copper(II) complexes. Homoleptic bis-tridentate Ru(II) complexes of the ligand 3,5-

dimethylpyrazol-1-yl) bipyridine8 have also been prepared by the reaction of the ligand 

with ruthenium trichloride in a mixture of refluxing ethanol/water.  
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However, the best known pyrazolyl ligand is poly(pyrazol-1-yl)borates. This was first 

synthesised by Trofimenko and co-workers,4 and improved synthetic methods developed 

by Elguero and co-workers9 have led to extensive studies of the physical and chemical 

properties of transition metal complexes containing multidentate pyrazole and pyrazolyl 

ligands. These ligands are dominated by BR and BR2 linkers as is the case with 

hydrotris(3-tert-butylpyrazol-1-yl)borate10 and hydrotris(3-tert-butyl-5-methylpyrazol-1-

yl)borate.11 

 

The choice of the substituents and linkers in the pyrazolyl ligands affects the electron 

donor ability of the nitrogen atoms and hence the strength of the bonding to the ligated 

metal. The use of linkers hitherto was still limited to boron compounds. However, there 

are few examples of non boron linker compounds, such as 2,6-

bis(pyrazolylmethyl)pyridine12 and (2-hydroxy-3-t-butyl-methylphenyl)bis(3,5-

dimethylpyrazolyl)methane.13 Such modification of linkers confer different electronic 

properties on the ligand and the resultant complexes.  Darkwa and coworkers recently 

reported the use of the carbonyl linkers to modify the electronic nature of the pyrazolyl 

ligands. They observed enhanced catalytic behaviour in ethylene polymerisation of these 

pyrazolyl palladium complexes14 compared to their simple pyrazole palladium 

analogues.15 

 

In this Chapter, we report the synthesis and characterisation of furan and thiophene 

carbonyl pyrazolyl ligands as modifications of linkers in pyrazolyl ligands that could be 

used in ethylene oligomerisation and polymerisation reactions. The synthesis and 
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characterisation of their respective palladium(II) complexes is also discussed. This part of 

the thesis, also reports the successful synthesis of acyl pyrazolyl ligands and attempts to 

prepare their palladium(II) complexes. 

 

 
2.2 Materials and instrumentation  

All ligand and complex syntheses were performed under a nitrogen atmosphere using 

standard Schlenk techniques. All solvents were of analytical grade and were dried and 

distilled prior to use. Toluene and dichloromethane were dried and distilled from 

sodium/benzophenone and P2O5 respectively. The carbonyl linkers, 2-thiophene carbonyl 

chloride and 2-furoyl chloride were obtained from Sigma-Aldrich and used as received. 

The NMR spectra were recorded on a Varian Gemini 2000 instrument (1H at 200 MHz, 

13C at 50.3 MHz) at room temperature. The chemical shifts are reported in δ (ppm) and 

referenced to the residual CDCl3 in NMR solvent. Elemental analysis and IR 

spectroscopy were performed on a Carlo Erba NA analyzer and PerkinElmer, FT-IR 

Paragon 1000PC respectively at the Chemistry Department, University of the Western 

Cape. GC-MS analysis was performed using a Finnigan-Matt GCQ-Gas Chromatography 

equipped with an electron impact ionization source at 70eV, a 30 m HP-MS capillary 

column with a stationary phase based on 5 % phenyl-methylpolysiloxane. The X-ray 

crystal evaluation and data collection were performed on a Bruker CCD-1000 

diffractometer with Mo Kα (λ = 0.71073 Å) radiation and a diffractometer to crystal 

distance of 4.9 cm. 
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 2.3 Synthesis of the ligands 

 
2.3.1 2-(3,5-dimethylpyrazolyl-1-carbonyl)furan (L1) 

To a solution of 2-furoyl chloride (2.12 g, 15.60 mmol) in toluene (40 mL) was added 

3,5-dimethylpyrazole (1.49 g, 15.60 mmol) and Et3N (2 mL). The mixture was refluxed 

for 24 h, filtered to remove the Et3NH+Cl- by-product and the solvent removed in vacuo 

to give a white residue, which was purified by recrystallization from CH2Cl2/hexane. 

Yield = 2.52 g (85%). 1H NMR, (CDCl3): δ 2.29 (s, 3H, CH3, pz); 2.62 (s, 3H, CH3, pz); 

6.02 (s, 1H, pz); 6.61 (dd, 1H, furan, 4JHH = 1.6 Hz, 3JHH = 3.6 Hz); 7.71 (dd, 1H, furan, 

4JHH = 0.8 Hz, 3JHH = 3.6 Hz); 7.94 (dd, 1H, furan, 4JHH = 0.8 Hz, 3JHH = 3.8 Hz). 13C{1H} 

NMR (CDCl3): δ 13.2; 13.8; 110.4; 111.7; 123.4; 144.8; 146.9; 152.1; 156.1; 161.8. IR 

(Nujol, cm-1): ν(C=O) = 1702. EIMS (70 eV): m/z (%) = 190 (20) [M+]; 162 (100) [M+-

C2H4]; 95 (40) [M+-C5N2H7]; 67 (5) [M+-C6N2H7CO]. Anal. Calc. for C10H10N2O2: C, 

63.25; H, 5.32; N, 14.71. Found: C, 62.76; H, 4.88; N, 14.49%.  

 

2.3.2 2-(pyrazolyl-1-carbonyl) furan (L2) 

This compound was prepared in a similar manner to L1 by reacting 2-furoyl chloride 

(2.97 g, 22.12 mmol) and unsubstituted pyrazole (1.50 g, 22 mmol). Purification by 

column chromatography on silica gel with dichloromethane:hexane (1:1) as eluent gave a 

colourless oil, which solidified after a period of ten days at room temperature. Yield = 

2.40 g (75%). 1H NMR (CDCl3): δ 6.50 (dd, 1H, pz, 4JHH = 1.4 Hz, 3JHH = 3.0 Hz); 6.65 

(dd, 1H, furan, 4JHH = 1.8 Hz, 3JHH = 3.6 Hz); 7.78 (dd, 2H, pz, 4JHH = 1.6 Hz, 3JHH = 3.8 

Hz); 8.08 (dd, 1H, furan, 4JHH = 0.8 Hz, 3JHH = 3.8 Hz); 8.44 (dd, 1H, furan, 4JHH = 0.8 

Hz, 3JHH = 3.8 Hz). 13C{1H} NMR (CDCl3): δ 111.4; 117.4; 124.3; 132.6; 144.9; 145.9; 
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147.8; 161.8. IR (Nujol cm-1): ν(C=O) = 1685. EIMS (70 eV): m/z (%) = 162 (20) [M+]; 

134 (100) [M+-CN2H2]; 95 (40) [M+-C3N2H3]; 67 (5) [M+-C3N2H3CO]. Anal. Calc. for 

C8H6N2O2: C, 59.32; H, 3.72; N, 17.34. Found: C, 58.89; H, 3.35; N, 16.81%. 

 

The remaining ligands, L3 to L13, were prepared using the same procedure as L2. 

 

2.3.3 2-(3-methylpyrazolyl-1-carbonyl)furan (L3) 

This compound was prepared by reacting 2-furoyl chloride (1.42 g, 10.48 mmol) and 

3-methylpyrazole (1.2 g, 10.52 mmol) Yield = 1.42 (55%). 1H NMR (CDCl3): δ 2.36 (s, 

3H, CH3, pz); 6.30 (dd, 1H, pz 4JHH = 1.2 Hz, 3JHH = 2.6 Hz); 6.60 (dd, 1H, pz, 4JHH = 1.8 

Hz, 3JHH = 3.6 Hz); 7.75 (s, 1H, furan); 8.07 (dd, 1H, pz, 4JHH = 1.6 Hz, 3JHH = 3.8 Hz); 

8.32 (dd, 1H, furan, 4JHH = 1.6 Hz, 3JHH = 3.8 Hz). 13C{1H} NMR (CDCl3): δ 13.4; 109.5; 

111.9; 123.7; 130.0; 144.4; 147.3; 154.0. IR (nujol cm-1): ν(C=O) = 1701. EIMS (70 eV): 

m/z (%) = 176 (60) [M+]; 145 (100) [M+-CNH5]; 95 (30) [M+-C4N2H5]; 67 (5) [M+-

C4N2H5CO]. Anal. Calc. for C9H8N2O2: C, 61.46; H, 4.53; N, 15.91. Found: C, 61.08; H, 

4.30; N, 15.53%. 

 

2.3.4 2-(pyrazolyl-1-carbonyl)thiophene (L4) 

Compound L4 was synthesised by reacting 2-thiophene carbonyl chloride (1.44 g, 10.52 

mmol) and pyrazole (0.98 g, 10.52 mmol). Yield = 1.49 (81%). 1H NMR (CDCl3): δ 6.52 

(dd, 1 H, pz, 4JHH = 1.4 Hz, 3JHH = 3.0 Hz); 7.20 (dd, 1H, thiophene, 4JHH = 1.8 Hz 3JHH = 

3.6 Hz); 7.80 (dd, 2H, pz, 4JHH = 1.8 Hz 3JHH = 5.2 Hz); 8.45(dd, 2H, thiophene, 4JHH = 

1.8 Hz 3JHH = 3.8 Hz). 13C{1H} NMR (CDCl3): δ 110.5; 123.7; 130.0; 132.9; 144.4; 
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147.3; 155.4; 160.7. IR (nujol cm-1): ν(C=O) = 1690. 1701. EIMS (70 eV): m/z (%) = 178 

(25) [M+]; 149 (100) [M+-CNH3]; 111 (25) [M+-C3N2H3]; 83 (1) [M+-C3N2H3CO]. Anal. 

Calc. for C8H6N2OS:  C, 53.95; H, 3.46; N, 15.71. Found: C, 52.42; H, 2.98; N, 15.05%. 

 

2.3.5 2-(3,5-di-tert-butylpyrazolyl-1-carbonyl)furan (L5) 

This compound was prepared using 2-furoyl chloride (1.42 g, 10.52 mmol) and 3,5-di-

tert-butylpyrazole (2.9 g, 10.52 mmol). Yield = 2.31 g (80%). 1H NMR (CDCl3): δ 1.35 

(s, 9H, CH3, pz); 1.46 (s, 9H, CH3, pz); 6.18 (s, 1H, pz); 6.60 (dd, 1H, furan, 4JHH = 1.6 

Hz, 3JHH = 3.4 Hz); 7.71 (dd, 1H, furan, 4JHH = 0.8 Hz, 3JHH = 1.6 Hz); 7.82 (dd, 1H, 

furan, 4JHH = 0.8 Hz, 3JHH = 3.8 Hz). 13C{1H} NMR (CDCl3): δ 29.0; 29.3; 31.9; 32.8; 

105.5; 111.7; 123.1; 146.5; 156.1; 158.0; 161.6. IR (Nujol cm-1): ν(C=O) = 1716. EIMS (70 

eV): m/z (%) = 274 (45) [M+]; 244 (30) [M+-C2H6]; 232 (100) [M+-C3H6]; 217 (95) [M+-

C11N2H19]; 67 (5) [M+-C11N2H19CO]. Anal. Calc. for C16H22N2O2: C, 69.82; H, 8.36; N, 

10.18. Found: C, 69.77; H, 8.26; N, 10.02%. 

 

2.3.6 2-(3,5-dimethylpyrazolyl-1- carbonyl)thiophene (L6) 

This ligand was synthesised using 3,5-dimethylpyrazole (1.50 g, 15.60 mmol) and 2-

thiophene carbonyl chloride (2.28 g, 15.60 mmol). Yield = 2.41 g (75%). 1H NMR 

(CDCl3): δ 2.32 (s, 3H, CH3, pz); 2.63 (s, 3H, CH3, pz); 6.03 (s, 1H, pz); 7.15 (dd, 1H, 

thiophene, 4JHH = 1.6 Hz, 3JHH = 4.8 Hz); 7.71 (dd, 1H, thiophene, 4JHH = 1.4 Hz, 3JHH = 

4.8 Hz); 8.34 (d, 1H, thiophene, 4JHH = 1.4 Hz, 3JHH = 4.0 Hz). 13C{1H} NMR (CDCl3): δ 

13.3; 14.0; 110.8; 126.4; 127.9; 137.2; 144.5; 151.5; 156.0; 160.0. IR (Nujol cm-1): ν(C=O) 

= 1675. EIMS (70 eV): m/z (%) = 206 (100) [M+]; 178 (50) [M+-C2H4]; 111 (50) [M+-
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C5N2H7]; 83 (5) [M+-C6N2H7 CO]. Anal. Calc. for C10H10N2OS:  C, 58.32; H, 4.87; N, 

13.65. Found: C, 58.15; H, 4.26; N, 13.68%. 

 

2.3.7 2-(3,5-di-tert-butylpyrazolyl-1- carbonyl)thiophene (L7) 

 Compound L7 was prepared by reacting 3,5-di-tert-butylpyrazole (1.82 g, 10.34 mmol) 

with 2-thiophene carbonyl chloride (1.37 g, 9.35 mmol). Yield = 1.50 g (52%). 1H NMR 

(CDCl3): δ 1.37 (s, 9H, CH3, pz); 1.46 (s, 9H, CH3, pz); 6.17 (s, 1H, pz); 7.12 (dd, 1H, 

thiophene, 4JHH = 1.8 Hz, 3JHH = 5.2 Hz); 7.71 (dd, 1H, thiophene, 4JHH = 1. 4 Hz, 3JHH = 

5.2 Hz); 8.83 (dd, 1H, thiophene, 4JHH = 1.6 Hz, 3JHH = 4.0 Hz). 13C{1H} NMR (CDCl3): 

δ 28.9; 29.4; 32.1; 32.8; 106.0; 125.8; 137.2; 157.4; 159.7; 169.8. IR (Nujol cm-1): ν(C=O) 

= 1686. EIMS (70 eV): m/z (%) = 290 (63) [M+]; 275 (20) [M+-CH3]; 233 (65) [M+-

C4H9]; 191 (30) [M+-C7H15]; 111 (100) [M+-C11N2H19]; 83 (5) [M+-C11N2H19CO]. Anal. 

Calc. for C16H22N2OS: C, 65.98; H, 7.90; N, 9.62. Found: C, 65.86; H, 8.32; N, 9.34%. 

 

2.3.8 2-(3-methylpyrazolyl-1-carbonyl)thiophene (L8) 

This compound was synthesised using 3-methylpyrazole (1.23 g, 15.60 mmol) and 2-

thiophene carbonyl chloride (2.28 g, 15.60 mmol). Yield = 2.38 g (83%). 1H NMR 

(CDCl3): δ 2.40 (s, 3H, CH3, pz); 6.31 (d, 1H, pz, 3JHH = 3.8 Hz); 7.20 (d, 1H, thiophene, 

3JHH = 3.6 Hz); 7.76 (dd, 1H, thiophene, 4JHH = 1.4 Hz, 3JHH = 3.6 Hz); 8.42 (dd, 1H, pz 

4JHH = 1.8 Hz 3JHH =3.8 Hz). 8.44 (dd, 1H, pz 4JHH = 1.6 Hz, 3JHH = 3.6 Hz). 13C{1H} 

NMR (CDCl3): δ 13.5; 109.8; 126.7; 128.5; 136.3; 137.6; 141.8; 153.5; 158.1. IR (nujol, 

cm-1): ν(C=O) = 1682. EIMS (70 eV): m/z (%) = 162 (40) [M+]; 164 (100) [M+-C2H4]; 111 

(45) [M+-C4N2H5]; 83 (5) [M+-C4N2H5CO]. 
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2.3.9 2-(3,5-diphenylpyrazolyl-1- carbonyl)furan (L9) 

This compound was synthesised by reacting 2-furoyl chloride (0.90 g, 6.81 mmol) and 

3,5-diphenylpyrazole (1.50 g, 6.81 mmol). Yield = 0.36 g (50%). 1H NMR: δ 6.51 (s, 1H, 

pz); 6.65 (d, 1H, furan, 3JHH = 3.8 Hz); 7.31 (m, 10H, benzene); 7.74 (d, 1H, furan, 3JHH = 

4.4 Hz) 7.86(d, 1H, furan, 3JHH = 3.6 Hz). IR (nujol cm-1): ν(C=O) = 1690. EIMS (70 eV): 

m/z (%) = 314 (78) [M+]; 286 (100) [M+-C2H4]; 269 (50) [M+-C3H9]; 95 (20) [M+-

C15H11N2]; 67 (2) [M+-C15H11N2 CO]. Anal. Calc. for C20H14N2O2: C, 76.42, H, 4.49, N, 

8.91. Found: C, 75.72 H, 4.30, N, 8.60%. 

 

2.3.10 2-(3,5-diphenylpyrazolyl-1-carbonyl)thiophene (L10) 

Compound L10 was synthesised by reacting 2-thiophene carbonyl chloride (1.73 g, 11.85 

mmol) and 3,5-diphenylpyrazole (2.61 g, 11.86 mmol). Yield = 3.07 g (75%). 1H NMR: 

δ 6.61 (s, 1H, pz); 6.98 (d, 1H, thiophene, 3JHH = 3.6 Hz); 7.32 (m, 8H, ph); 7.63 (d, 1H, 

thiophene, 3JHH = 3.8 Hz); 7.82 (m, 2H, ph); 8.14 (d, 1H, thiophene, 3JHH = 3.8 Hz). 

13C{1H} NMR (CDCl3): δ 109.2; 125.9; 126.5; 127.5; 128.3; 128.8; 130.6; 131.2; 133.0; 

137.1; 137.9; 147.8; 153.1; 159.2. IR (Nujol cm-1): ν(C=O) = 1689. EIMS (70 eV): m/z (%) 

= 330 (100) [M+]; 302 (85) [M+-C2H4]; 189 (20) [M+-C13H9]; 111 (85) [M+-C15H11N2]; 

83 (4) [M+-C15H11N2CO]. Anal. Calc. for C20H14N2OS: C, 72.70; H, 4.27; N, 8.48. 

Found: C, 72.68; H, 4.05; N, 8.36%. 

 

2.3.11  (3,5-dimethylpyrazolyl-1- carbonyl)methane (L11) 

Ligand L11 was synthesised using 3,5-dimethylpyrazole (0.62 g, 6.41 mmol) and acetyl 

chloride (0.50 g, 6.41 mmol). Yield = 0.44 g (50%). 1H NMR (CDCl3): δ 2.22 (s, 3H, 



 45

CH3); 2.51 (s, 3H, CH3, pz); 2.64 (s, 3H, CH3, pz); 5.94 (s, 1H, pz). 13C{1H} NMR 

(CDCl3): δ 13.2; 14.0; 22.9; 110.6; 143.4; 151.4; 170.9. IR (nujol, cm-1): ν(C=O) = 1730. 

EIMS (70 eV): m/z (%) = 138 (100) [M+]; 110 (10) [M+-C2H4]; 95 (30) [M+-C3H7]; 43 

(4) [M+-C5N2H7]. 

  

2.3.12 Synthesis of  (3,5-di-tert-butylpyrazolyl-1- carbonyl)methane (L12) 

Ligand L10 was prepared by reacting 3,5-di-tert-butylpyrazole (1.23 g, 6.80 mmol) with 

acetyl chloride (0.72 g, 9.00 mmol). Yield = 1.29 g (65%). 1H NMR (CDCl3): δ 1.81 (s, 

9H, pz); 1.39 (s, 9H, pz); 2.68 (s, 3H, CH3); 6.10 (s, 1H, pz). 13C{1H} NMR (CDCl3): δ 

24.5; 28.7; 29.2; 31.7; 32.6; 105.7; 156.4; 162.4; 170.6. IR (nujol, cm-1): ν(C=O) = 1745. 

EIMS (70 eV): m/z (%) = 223 (75) [M+]; 180 (40) [M+-C3H6]; 165 (100) [M+-C4H9]; 108 

(10) [M+-C8H18]; 57 (4) [M+-C11N2H19]. 

 

2.3.13 (3,5-di-tert-butylpyrazolyl-1- carbonyl)ethane (L13) 

This compound was synthesised using 3,5-di-tert-butylpyrazole (1.70 g, 9.44 mmol) and 

propionyl chloride  (0.87 g, 9.44 mmol). Yield: 1.33 g (60%). 1H NMR (CDCl3): δ 1.18 

(t, 3H, CH3, 
3JHH = 3.0 Hz); 1.26 (s, 9H, pz); 1.41 (s, 9H, pz); 3.20 (q, 2H, CH2, 

3JHH = 5.8 

Hz); 6.09 (s, 1H, pz). 13C{1H} NMR (CDCl3): δ 9.1; 29.3; 29.9; 30.4; 32.4; 33.3; 106.0; 

157.0; 162.9; 174.7. IR (Nujol, cm-1): ν(C=O) = 1741. EIMS (70 eV): m/z (%) = 237 (100) 

[M+]; 207 (20) [M+-C2H6]; 165 (65) [M+-C5H12]; 138 (20) [M+-C7H15]; 57 (4) [M+-

C11N2H20]. Anal. Calc. for C14H15N2O: C, 71.14; H, 10.23; N, 11.86. Found: C, 71.45; H, 

10.01; N, 11.67%. 
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2.4 Synthesis of the complexes 

2.4.1 Dichloro{bis-2-(3,5-dimethylpyrazolyl-1-carbonyl)furan}palladium(II) (1) 

To a solution of Pd(NCMe)2Cl2 (0.20 g, 0.68 mmol) in dichloromethane (20 mL), 2-(3,5-

dimethylpyrazolyl-1-carbonyl)furan (0.26 g, 1.43 mmol) was added. The mixture was 

stirred at room temperature for 6 h. The solution was concentrated in vacuo to about 10 

mL and an analytically pure yellow powder was obtained upon addition of an equal 

volume of hexane. Yield = 0.28 g (79%). 1H NMR (CDCl3): δ 2.34 (s, 6H, CH3, pz); 2.44 

(s, 6H, CH3, pz); 6.03 (s, 2H, pz); 6.77 (d, 2H, furan, 3JHH = 3.6 Hz); 7.70 (d, 2H, furan, 

3JHH = 3.6 Hz); 7.91 (d, 2H, furan, 3JHH = 3.6 Hz). 13C{1H} NMR (CDCl3): δ 12.8; 15.1; 

110.9; 113.3; 126.8; 146.1; 147.1; 149.4; 154.8; 155.9. IR (Nujol cm-1): ν(C=O) = 1694. 

Anal. Calc. for C20H20N4O4PdCl2: C, 43.09; H, 3.59; N, 10.05. Found: C, 42.57; H, 3.20; 

N, 9.65%.  

 

2.4.2 Dichloro{bis-2-(3,5-dimethylpyrazolyl-1- carbonyl)thiophene}palladium(II) (2) 

Complex 2 was prepared in the same way as 1 using ligand L6 (0.50 g, 3.42 mmol) and 

PdCl2(NCMe)2 (0.45 g, 1.71 mmol). Recrystallization from dichloromethane-hexane 

gave yellow single crystals suitable for X-ray analysis. Yield = 0.61 g (62%). 1H NMR 

(CDCl3): δ 2.30 (s, 6H, CH3, pz); 2.32 (s, 6H, CH3, pz); 6.00 (s, 2H, pz); 7.29 (dd, 2H, 

thiophene, 4JHH = 1.6 Hz, 3JHH = 3.8 Hz); 7.73 (dd, 2H, thiophene, 4JHH = 1.6 Hz, 3JHH = 

3.8 Hz); 8.02 (dd, 2H, thiophene, 4JHH = 6 Hz, 3JHH = 3.8 Hz). 13C{1H} NMR (CDCl3): δ 

12.6; 14.4; 110.1; 126.4; 128.4; 136.2; 136.5; 140.1; 146.1; 155.2; 160.0. IR (Nujol cm-

1): ν(C=O) = 1688. Anal. Calc. for C20H20N4O2S2PdCl2: C, 40.83; H, 3.43; N, 9.51. Found: 

C, 40.84; H, 2.69; N, 9.53%. 
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2.4.3 Dichloro{bis-2-(3,5-di-tert-butylpyrazolyl-1-carbonyl)furan}palladium(II) (3) 

Complex 3 was prepared following the same procedure for complex 1 but using ligand 

L5 (0.37 g, 1.35 mmol) and Pd(NCMe)2Cl2 (0.18 g, 0.68 mmol). Yield = 0.25 g (52%). 

1H NMR (CDCl3 ): δ 1.32 (s, 18H, CH3, pz); 1.46 (s, 18H, CH3, pz); 6.17 (s, 2H, pz); 

6.58 (dd, 2H, furan, 4JHH = 1.7 Hz, 3JHH =  3.6 Hz); 7.71 (dd, 2H, furan, 4JHH = 1.8 Hz, 

3JHH = 3.4 Hz); 7.82 (dd, 2H, furan, 4JHH = 1.8 Hz, 3JHH = 3.4 Hz). 13C{1H} NMR 

(CDCl3): δ 28.8; 29.7; 30.5; 31.6; 100.1; 111.7; 119.3; 125.8; 137.2; 146.7; 156.1; 157.8. 

IR (Nujol cm-1): ν(C=O) = 1705. Anal. Calc. for C34H50N4O4PdCl6 .2CH2Cl2: C, 45.53; H, 

5.58; N, 6.25. Found: C, 46.05; H, 5.03; N, 6.55%.  

 
2.4.4 Dichloro{bis-2-(3,5-di-tert-butylpyrazolyl-1-carbonyl)thiophene}palladium(II) (4) 

This complex was prepared in the same way as complex 1 but using ligand L7 (0.44 g, 

1.52 mmol) and PdCl2(NCMe)2 (0.20 g, 0.76 mmol). Yield = 0.32 g (58%). 1H NMR 

(CDCl3): δ 1.32 (s, 18H, CH3, pz); 1.46 (s, 18H, CH3, pz); 6.19 (s, 2H, pz); 7.13 (dd, 2H, 

thiophene, 4JHH = 1.6 Hz, 3JHH = 5.0 Hz); 7.72 (dd, 2H, thiophene, 4JHH = 1.2 Hz, 3JHH = 

5.4 Hz); 8.26 (dd, 2H, thiophene, 4JHH = 1.6 Hz, 3JHH = 4.2 Hz). IR (Nujol cm-1): ν(C=O) = 

1694. Anal. Calc. for C32H46N2O2S2PdCl2: C, 49.05; H, 6.27; N, 7.63. Found: C, 48.75; 

H, 5.06; N, 7.66%.  

 

 

2.4.5 Dichloro{bis-2-(3-methylpyrazolyl-1-carbonyl)-furan}palladium(II) (5) 

To a solution of ligand L3 (0.68 g, 4.00 mmol) in dichloromethane (30 mL), 

Pd(NCMe)2Cl2 ( 0.50 g, 1.93 mmol) was added. A light brown precipitate was formed 

immediately. The resultant mixture was filtered and the yellow solid dried. Yield = 0.75 g 
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(75%). 1H NMR (dmso-d6): δ 2.30 (s, 3H, CH3, pz); 6.51 (d, 2H, pz, 3JHH = 2.8 Hz); 6.82 

(dd, 2H, furan, 4JHH = 1.6 Hz, 3JHH = 3.8 Hz); 8.01 (d, 2H, pz, 3JHH = 2.8 Hz); 8.16 (dd, 

2H, pz, 4JHH = 1.6 Hz, 3JHH =  3.8 Hz); 8.41 (d,  2H, furan, 3JHH =  2.8 Hz). IR (nujol cm-

1): ν(C=O) = 1703. Anal. Calc. for C21H19N4O4PdCl5 .1.5CH2Cl2: C, 35.78; H, 2.91; N, 

9.14. Found: C, 35.79; H, 2.22; N, 10.44%.  

 

2.4.6 Dichloro{bis-2-(pyrazolyl-1- carbonyl)furan}palladium(II) (6) 

Complex 6 was prepared in the same way as complex 5 using ligand L2 (0.80, 4.94 

mmol) and Pd(NCMe)2Cl2 ( 0.63 g, 2.47 mmol). Yield = 1.01 g (80%). 1H NMR (dmso-

d6): δ 6.64 (dd, 2H, pz, 4JHH = 1.6 Hz, 3JHH = 3.0 Hz); 6.78 (dd, 2H, furan, 4JHH = 1.6 Hz, 

3JHH = 3.6 Hz); 7.79 (dd, 4H, pz, 4JHH = 0.8 Hz, 3JHH = 3.6 Hz); 8.15 (dd, 2H, furan, 4JHH 

= 0.8 Hz, 3JHH = 3.0 Hz); 8.52 (dd, 2H, furan, 4JHH = 0.8 Hz, 3JHH = 1.8 Hz). 13C{1H} 

NMR (CDCl3): δ 106.4; 110.1; 112.2; 113.2; 117.8; 125.0; 130.5; 145.3; 147.1; 149.8; 

154.3; 159.4. IR (Nujol cm-1): ν(C=O) = 1712. Anal. Calc. for C16H12N4O4PdCl2: C, 38.31; 

H, 2.41; N, 11.17. Found: C, 38.06; H, 2.30; N, 10.33%.  

 

2.4.7 Dichloro{bis-2-(3,5-diphenylpyrazolyl-1- carbonyl)furan}palladium(II) (7) 

This compound was synthesised by reacting L8, 2-(3,5-diphenylpyrazolyl-1- 

carbonyl)furan (0.20 g, 0.64 mmol) and Pd(NCMe)2Cl2 (0.10 g, 0.32 mmol). Yield = 0.13 

g (50%). 1H NMR (dmso-d6): δ 6.85 (s, 1H, pz); 7.27 (d, 1H, furan, 3JHH = 3.6 Hz); 7.48 

(m, 10H, benzene); 7.96(d, 1H, furan, 3JHH = 3.8 Hz) 8.10(d, 1H, furan, 3JHH = 4.0 Hz). IR 

(nujol cm-1): ν(C=O) = 1690.  
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2.4.8 Dichloro{bis-2-(3,5-diphenylpyrazolyl-1- carbonyl)thiophene]palladium(II) (8) 

Compound 8 was synthesised using the same procedure as complex 1 by reacting 2-(3,5-

diphenylpyrazolyl-1-carbonyl)thiophene, L9 (0.50 g, 1.53 mmol) and Pd(NCMe)2Cl2 

(0.20 g, 0.77 mmol). ). Yield = 0.23 g (37%). 1H NMR (CDCl3): δ 7.20 (s, 1H, pz); 7.46 

(d, 1H, thiophene, 3JHH = 4.0 Hz); 8.16 (m, 10H, benzene); 8.37 (d, 1H, thiophene, 3JHH = 

3.6 Hz) 8.42 (d, 1H, thiophene, 3JHH = 3.8 Hz). 13C{1H} NMR (CDCl3): δ 109.2; 125.9; 

126.5; 127.5; 127.7; 128.4; 128.7; 130.5; 131.2; 133.0; 137.0; 137.9; 147.8; 153.1; 158.2. 

IR (Nujol cm-1): ν(C=O) = 1694. Anal. Calc. for C40H28N2O2S2PdCl2: C, 57.32; H, 4.37; N, 

6.63. Found: C, 56.82; H, 4.15; N, 6.16%.  

 

2.5 Results and discussion 

2.5.1 Synthesis and characterisation of furoyl and thiophene carbonyl pyrazolyl 

ligands and their palladium(II) complexes. 

Ligands L1 to L10 were prepared by reacting 2-furoyl chloride or 2-thiophene carbonyl 

chloride with an equivalent amount of the appropriate pyrazole in a 1:1 ratio with toluene 

as a solvent, Scheme 2.1. Triethylamine was used as a base to abstract the acidic N-H 

proton in the pyrazole, leading to the immediate formation of the insoluble Et3NH+.Cl- 

salt during the reaction. The reactions were refluxed for 24 h after which the Et3NH+.Cl- 

by-product formed was filtered off and the solvent removed in vacuo to obtain the crude 

products. 

Ligands L3 to L10 were purified by column chromatography on silica gel using solvent 

mixtures of dichloromethane and hexane as eluent in a ratio 1:1 and were obtained in 

moderate to high yields (53 to 82%). The use of a 3:2 solvent ratio instead of 1:1 for 
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purification of L5 resulted in remarkable increased yield from 18 to 80%. Ligands L1 

and L2 did not require purification using column chromatography and analytically pure 

compounds were obtained in high yields, (85 and 75% respectively), upon evaporation of 

the solvent in vacuo after the ammonium salt was removed by filtration. Attempts to 

reflux the reactions for longer periods neither improved the yields nor the purity of the 

products. All the ligands synthesised (L1–L10) showed good solubility in most polar 

solvents such as, dichloromethane, diethyl ether, chloroform and in aromatic solvents like 

toluene and benzene. However, they were all insoluble in hexane. A schematic route to 

the synthesis and the various variations of the ligands are provided in Scheme 2.1 

 

The reactions of ligands L1, L6, L5, L7, L2 L3, L9 and L10 with Pd(NCMe)2Cl2 in 2:1 

ratio in dichloromethane according to Scheme 2.2 produced complexes 1 to 8 

respectively. Complexes 1-4 and 7-8 were isolated as analytically pure solids in moderate 

to high yields (40 to 80%) after stirring for 6 h at room temperature followed by 

recrystallization from CH2Cl2/Hexane. Initial experiments to prepare the complexes using 

shorter reaction times such as 3 h produced a mixture of the complexes and the starting 

materials. Similar behaviour was observed when the reaction time was prolonged to 24 h 

indicating decomposition of the products to the palladium metal and the ligands. It is not 

clear to us why longer reaction times resulted in decomposition. It is interesting to note 
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Ligand X    R Ligand X R 

  L1 O   Me   L6 S Me 

  L2 O   H   L7 S tBu 

  L3 O   H, Me   L8 S H, Me 

  L4 S   H   L9 O Ph 

  L5 O   tBu   L10 S Ph 

 

     Scheme 2.1 

 

that unlike the other complexes, bis{2-(3,5-diphenylpyrazolyl-1-carbonyl)furan}PdCl2, 7, 

produced insoluble material on prolonged reaction time. This could be due to the 

formation of some dimeric complex. Complexes 5 and 6 were found to be insoluble in 

most organic solvents. The products were isolated as pure yellow solids in high yields (75 

and 80% respectively) upon filtration of the precipitates. This observation confirmed the 

role played by the bulkiness of the substituent groups in enhancing complex solubility. A 

similar trend has been reported in the synthesis of benzenedicarbonyl and 

benzenetricarbonyl complexes of palladium.14  
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Complex X    R Complex X R 

   1 O   Me   5 O Me, H 

   2 S   Me   6 O H 

   3 O   tBu   7 O Ph 

   4 S    tBu   8 S Ph 

 

    Scheme 2.2 

 

While there was no significant effect of the nature of the substituents on the percentage 

yield of the ligands reported, we observed a significant effect of the substituent bulkiness 

on the yield of the complexes. For instance, complex 3, bis{2-(3,5-di-tert-butylpyrazolyl-

1-carbonyl)furan}PdCl2 was obtained in 52% as compared to 79% for the corresponding 

methyl analogue, complex 1. The same trend was reported for the thiophene complexes 

with the diphenyl complex, 8 reported in 37% yield compared to 62% for the dimethyl 

analogue, complex 2. From the data collected, it was evident that increase in bulkiness on 
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the pyrazolyl ligands results in a decrease in percentage yield of the corresponding 

palladium(II) complexes. 

 

The compounds synthesised were characterised by a number of spectroscopic techniques 

and elemental analyses. The spectroscopic techniques employed include IR, 1H NMR, 

13C NMR and mass spectrometry. Infra red spectra of all the ligands prepared showed 

characteristic peaks of the carbonyl functional group within the ranges of 1675 cm-1 to 

1716 cm-1, Table 2.1. The absence of the N-H stretching band in the pyrazole moiety at 

3250 cm-1 confirmed the reaction between the carbonyl chloride and N-H functionality.  

 

The IR spectra of the complexes 1–8 showed some differences from their respective 

ligands especially the carbonyl functionality, with a general shift towards higher 

frequencies in the complexes as compared to their respective ligands. For example, in L1 

and its corresponding complex 1, the carbonyl stretching bands were observed at 1702 cm-1 

and 1723 cm-1 respectively, (Table 2.1, entry 1.). Figure 2.1 shows the IR spectrum of 

complex 2.  

 
 
 
 
 
 

Table 2.1.Selected IR carbonyl frequencies of the ligands and their respective complexes. 
Entry Ligand ν(C=O) cm-1 Complex ν(C=O) cm-1 

1 L1 1702 1 1723 

2 L6 1686 2 1694 
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3 L5 1694 3 1702 

4 L7 1708 4 1716 

5 L2 1697 6 1712 

6 L10 1689 8 1694 

 

 

The compounds synthesised were also characterised by 1H NMR spectroscopy. All the 

3,5-disubstituted pyrazolyl ligands showed two characteristic upfield singlet peaks at 

about 2.28 ppm and 2.61 ppm for the two methyl groups and 1.33 ppm and 1.44 ppm for 

the tert-butyl groups. A singlet peak at about 6.03 ppm was observed and assigned to the 

4-H of the pyrazole. Three doublet of doublets between 6.51 ppm and 7.15 ppm, 7.70 

ppm and 8.08 ppm, 7.91 ppm and 8.44 ppm were assigned to the hydrogens of the furan 

and thiophene units respectively. The splitting pattern observed corresponds to a AMX. 

Figures 2.2 represents the 1H NMR spectrum of ligand L6. 
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Figure 2.1. Infrared spectrum of complex 2
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The observation of doublet of doublets for the three heterocyclic ring hydrogens indicates  

that there is some interaction between the three protons of the heterocyclic systems in 

both the furan and thiophene. This was confirmed by the 2-Dimensional Correlation 

Spectroscopy (COSY) NMR spectrum of ligand L7, Figure 2.3. The coupling of the 

protons with one another (existence of correlation) is indicated by the contour of an off-

diagonal peak.  

 

From the 1H NMR spectral data of compounds L1–L10, it is clear that the carbonyl linker 

has a profound effect on both the thiophene and furan linkers as well as the pyrazole 

protons. This is evident from the downfield position of the protons adjacent to the 

carbonyl as compared to the protons at the 4-H position of the furan and thiophene. For 

L1, L2, L5 and L6, the protons adjacent to the carbonyl were recorded at 7.71 ppm, 8.08 

ppm, 7.72 ppm and 7.74 ppm as compared to the upfield signals of the fourth protons at 

6.61 ppm, 6.64 ppm, 6.60 ppm and 7.15 ppm respectively. 

 

 

1H NMR spectra of the complexes 1 to 6 showed both upfield and downfield shifts as 

compared to their corresponding ligands spectra. For example, in complex 2, the CH3 and 

the thiophene protons, were observed at 2.32 ppm and 8.02 ppm compared to 2.62 ppm 

and 8.33 ppm for the corresponding L6 respectively. However there was a general 

downfield shift towards higher frequency of the protons, for example signals at about 

6.79 ppm and 7.32 ppm for complexes 1 and 2 as compared to 6.59 ppm and 7.15 ppm of 

their corresponding ligands L1 and L6 respectively were recorded. More interesting was 
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the appearance of the two CH3 groups at about the same position (2.30 and 2.32 ppm in 

complex 2, Figure 2.4, as opposed to a wider separation in the ligand system at 2.31 and 

2.63 ppm as shown in Figure 2.2. 

 

 

Figure 2.2. 1H NMR of 2-(3,5-dimethylpyrazolyl-1-carbonyl)thiophene L6. 
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Figure 2.3. Homonuclear proton-proton shift correlation spectrum, COSY for L7. A 

cross-peak establishes correlation with a diagonal peak. 
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Figure 2.4 1H NMR spectrum of dichloro{bis-2-(3,5-dimethylpyrazolyl-1- carbonyl)thiophene}palladium(II) (2)
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13C NMR data were also obtained for both the ligands and their corresponding 

complexes. In the 3,5 substituted ligands, upfield peaks at about 14.4 ppm and 30 ppm 

for the methyl and tertiary butyl carbons were observed respectively. The signal of the 

carbonyl carbon in general was observed within the range of 159 to 161 ppm. These 

values were significantly lower than the average value of 166 ppm reported for similar 

complexes by Darkwa et al.14 We were unable to observe any peak that corresponds to 

this frequency in the respective complexes. This could be attributed to the low relaxation 

frequency of the carbonyl functionality in these compounds. Figure 2.5 shows the 13C 

NMR spectrum of complex 6. 
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                 Figure 2.5 13C NMR spectrum of dichloro{bis-2-(pyrazolyl-1- carbonyl)furan] palladium(II) (6)
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Electron impact mass spectrometry was used to characterise ligands L1 to L10. All the 

ligands show similar fragmentation patterns. In the substituted ligands, the substituent 

groups on the pyrazole structure are lost first, followed by the pyrazole structure, and 

finally the carbonyl, Scheme 2.3. Table 2.2 shows some of the important molecular ions 

of the different ligand systems. Ligand L7 shows molecular ion at m/z 290, Figure 2.6, 

this is the largest molecular ion and corresponds to the molecular mass of the compound. 

As shown in Scheme 2.3 compound L7 fragments by first losing the two tertiary butyl 

groups to form a fragment ion at m/z 176. This is followed by a loss of the pyrazole 

system to form Ar-CO, m/z 111 which is the base peak. The loss of CO to form a 

molecular ion M+ at 83, which corresponds to the thiophene molecular ion was observed. 

The same fragmentation pattern was reported for furan analogues e.g. L1.
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Scheme 2.3. Scheme showing the  fragmentation pattern of 2-(3,5-di-tert-butylpyrazolyl-

carbonyl)thiophene  L7. 
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Figure 2.6: Mass spectrum showing the fragmentation pattern of L7. 
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Table 2.2: Correlation of m/z values for the important molecular ions1 in the mass spectra 

of ligands L1–L10 

Compound Molecular 
ion 

a b c d 

   L1 
   L2              
   L3 
   L4 
   L5 
   L6 
   L7 
   L8 
   L9 
   L10 

190 
162 
176 
178 
274 
2062 

290 
192 
314 
3302 

175 
 
161 
 
217 
190 
233 
177 
237 
n.d 

1612 

 

 
 
160 
175 
176 
n.d 
160 
n.d 

95 
95 
95 
111 
95 
111 
1112 

111 
95 
111 

67 
67 
67 
83 
67 
83 
83 
83 
67 
83 

1 Refer to Scheme 2.3 for assignment of the fragment ions a, b, c and d. 
2Base peak of the respective compound 
  n.d not detected 
 

Attempts to synthesise the complexes (1–6) using Pd(COD)Cl2 as the palladium source 

were unsuccessful, only mixtures of the Pd(COD)Cl2 and the ligands were recovered. 

This is an indication that the ligands L1–L10 are weak electron donors as compared to 

COD. The same synthetic protocol had been used to obtain the palladium complexes of 

other substituted pyrazole systems,15 and this observation clearly depicts the electron 

withdrawing effect of the carbonyl linker on the pyrazole moiety hence reducing its donor 

ability. This is expected to result in increased electrophilicity of the metal centre, a factor 

we hope to exploit by investigating the catalytic ability of these complexes in 

polymerisation of ethylene. A similar scenario had been reported with the 

benzenedicarbonyl and benzenetricarbonyl linker pyrazolyl ligands while investigating 

their palladium complexes for ethylene polymerisation ability.17 
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Generally it is the cationic form of the organometallic complexes that is of interest in 

their various catalytic potential as olefin polymerisation catalysts. It is generally accepted 

that the reaction between the halo complexes and methylaluminoxane (MAO) in the 

presence of olefins yield the catalytically active species.16 This has resulted in the 

synthesis of discrete cationic α-diimine complexes of Pd(II) and Ni(II).17, 18 It has also 

been reported that complexes containing metal carbon bonds (alkyls) instead of the 

chloride or bromide yield more active catalysts in ethylene polymerisation.22 This has 

been attributed to the fact that such complexes do not require methylation/activation by 

the methylaluminoxane prior to the formation of the active species. On this basis, we 

made an effort to replace one of the chlorides with a methyl with an aim of producing a 

relatively more active catalyst precursor using complex 1.  

 

Since we could not use Pd(COD)MeCl and ligand L1 directly as discussed earlier, we 

attempted another synthetic route. In this procedure, complex 1 was directly reacted with 

tetramethyltin, Sn(Me4) in a 1:1 ratio. The yellow solution turned black within 15 

minutes after the addition of the tetramethyltin. 1H NMR spectral analysis of the resultant 

black compound obtained after solvent removal showed a mixture of the original 

complex 1 and ligand L1 in equal proportions. This confirms the decomposition of the 

complex to zerovalent palladium metal and the respective ligand L1. 

 

To fully investigate this decomposition, a 1H NMR  experiment was performed and the 

reaction monitored for a period of 24 h. Figure 2.7 shows the spectral data obtained and 
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shows complete decomposition of complex 1 to ligand L1. This experiment also confirms 

the weak donor ability of compounds L1 to L10 and the resultant instability of their 

respective complexes 1 to 8. The first and the second spectra represent the 1H NMR 

spectra of ligands L1 and its corresponding complex 1 respectively. The third spectrum 

was recorded fifteen minutes after the addition of an equivalent amount of tetramethyl tin 

into an NMR tube containing complex 1. The peak at about 0.61 ppm corresponds to the 

unreacted tetramethyl tin. Four peaks of equal intensity were observed at around the 

methyl region, 2.29, 2.34, 2.44 and 2.62 ppm. The first and the last (2.29 and 2.62 ppm) 

correspond to the ligand protons while the middle two (2.34 and 2.44 ppm) are the 

complex protons. This feature is also visible in the appearance of two downfield furan 

peaks at 6.58 and 6.76 ppm corresponding to the ligand and complex signals respectively. 

Interestingly, the other peaks at about 6.03, 7.71 and 7.91 ppm appear at the same signals 

in both the complex and ligand environments. It is clear from the spectrum recorded after 

1 h (spectrum number 4) that the complex is undergoing significant degradation to the 

original ligand as evidenced in drastic decrease in intensity of the complex peaks. The 

consumption of Sn(Me)4 is also witnessed from the disappearance of the peak at 0.61 

ppm. After 24 h, we see a complete decomposition of the complex to the ligand as only 

two ligand peaks were recorded (2.29 and 2.62 ppm). 

.  
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Figure 2.7 1H NMR spectra showing the decomposition of complex 1 to L1 by SnMe4. 

Ligand 

Complex 

15 Min 

1 hr 

24 hr 
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2.5.2 Synthesis and characterisation of alkyl carbonyl pyrazolyl ligands and their 

palladium(II) complexes 

In an attempt to investigate the effect of the heterocycles, furan and thiophene, in the 

pyrazolyl coordination chemistry and the catalytic activity of their palladium complexes 

as compared to the alkyl groups, we synthesised three acyl pyrazolyl ligands. In this case, 

we reacted the acetyl and propionyl chlorides with the appropriate pyrazoles, Scheme 2.4. 

Analytically pure compounds were isolated as colorless oils in moderate yields upon 

column chromatography on silica gel using CH2Cl2/Hexane as eluent in the ratio 2:1. 
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     Scheme 2.4 

 

Ligands L11, L12 and L13 were characterised by IR spectroscopy. It is interesting to 

note the high carbonyl frequency observed  (1730, 1745 and 1741 cm-1 respectively) in 

these compounds relative to the furan and thiophene analogues. For example L11 (1730 

cm-1) compared to L1 (1702 cm-1) and L12 (1745 cm-1) compared to L6 (1686 cm-1). 

This observation could be ascribed to the mesomeric effect or the delocalization of π 

electrons between the C=O and the heterocyclic systems, which results in reduced CO 
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bond order and subsequently lower force constant and leading to the low frequencies 

observed as compared to the acyl analogues.20 A similar trend has been reported in 

literature21 in which the C=O stretching frequencies of methyl ketone is observed at 

around 1720 cm-1 as compared to a lower frequencies at 1700 cm-1 for acetophenone 

bearing the aromatic phenyl substituent. 

 

The 1H NMR spectroscopy was also used to elucidate the structure of these compounds. 

In addition to the methyl and tertiary butyl peaks of the pyrazole substituents, L11 and 

L12 spectra exhibited a singlet at about 2.26 ppm and 2.69 ppm respectively assigned to 

the methyl adjacent to the carbonyl functionality. A triplet at about 1.19 ppm and a 

quartet at around 3.23 ppm were observed for L13 and assigned to the methyl and 

methylene protons respectively of the propionyl groups. 

 

Another interesting feature was observed in the 13C NMR spectra of compounds L11, 

L12 and L13. The signals for the carbonyl carbon in all the three compounds were higher 

than those of  the thiophene and furan compounds. Chemical shifts at 170.9, 170.6 and 

174. 7 ppm were observed for L11, L12 and L13 respectively. Figure 2.8 represents the 

13C NMR spectrum of ligand L13. This once again confirms the mesomeric effect 

described earlier in the IR analysis. Significantly, the chemical shifts obtained are lower 

than those reported for the methyl and propyl ketones of 206.0 ppm22 and 207.6 ppm 

respectively. This suggests that the pyrazolyl system too has an overall effect of lowering 

the carbonyl frequency as compared to the alkyl groups.
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Figure 2.8. 13C NMR spectrum of (3,5-ditertiarybutylpyrazolyl-1-carbonyl)ethane L13.
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From mass spectrometry data of ligands L11, L12 and L13, it is evident that these 

compounds exhibit similar fragmentation patterns to those of the furan and thiophene 

analogues, Scheme 2.5. For instance the molecular ion at 236, Figure 2.9, corresponds to 

the molecular mass of compound L13. It follows a similar pattern, which involves the 

loss of the two ditertiary butyl groups and the pyrazole system to produce a peak at m/z 

57 corresponding to CH3CH2-CO. 
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Scheme 2.5 Fragmentation pattern of (3,5-ditertiarybutylpyrazolyl-1-carbonyl)ethane 

L13 

 

We attempted to synthesise the palladium complexes using L11, L12 and L13 according 

to Scheme 2.6. Interestingly, we were unable to isolate the desired complexes but only a 

mixture of the starting materials as evident from spectral data. Recrystallization from 

CH2Cl2/Hexane produced only the ligands as was observed from 1H NMR spectral 

analysis. This was an indication that there was no reaction between the ligands and the 

metal precursor, Pd(NCMe)2Cl2. We can hence deduce that the electron donor ability of 
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ligands L11, L12 and L13 is not sufficient enough to stabilize their palladium(II) 

complexes. The reason behind this observed different electronic behavior as compared to 

the ligands L1-L10 is still unclear to us. 
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Figure 2.9 Mass spectrum showing the fragmentation pattern of L13 
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2.5.3 Molecular structure determination by single crystal X-ray analysis 

 
Single crystals suitable for X-ray analysis for ligand L1, complexes 1 and 2 were grown 

and used to determine the molecular structures of the respective compounds. The 

procedure for complex 1 is used to describe the general experimental method adopted in 

X-ray structural determination of all the compounds. 

 

Data collection 

 
A yellow crystal with approximate dimensions 0.43 x 0.32 x 0.26 mm3 was selected 

under oil under ambient conditions and attached to the tip of a glass capillary.  The 

crystal was mounted in a stream of cold nitrogen at 100(2) K and centred in the X-ray 

beam by using a video camera. 

 

The crystal evaluation and data collection were performed on a Bruker CCD-1000 

diffractometer with Mo Kα  (λ = 0.71073 Å) radiation and the diffractometer to crystal 

distance of 4.9 cm. The initial cell constants were obtained from three series of ω scans at 

different starting angles.  Each series consisted of 20 frames collected at intervals of 0.3º 

in a 6º range about ω with the exposure time of 10 seconds per frame.  A total of 92 

reflections were obtained. The reflections were successfully indexed by an automated 

indexing routine built in the SMART program.  The final cell constants were calculated 

from a set of 6434 strong reflections from the actual data collection.   

 

The data were collected by the hemisphere data collection routine.  The reciprocal space 

was surveyed to the extent of a full sphere to a resolution of 0.80 Å.  A total of 8891 data 
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were harvested by collecting three sets of frames with 0.3º scans in ω with an exposure 

time 20 sec per frame.  These highly redundant datasets were corrected for Lorentz and 

polarization effects.  The absorption correction was based on fitting a function to the 

empirical transmission surface as sampled by multiple equivalent measurements.23 

  

Structure Solution and Refinement 

 
The systematic absences in the diffraction data were consistent for the space groups P1̄  

and P1. The E-statistics strongly suggested the centro symmetric space group P1̄ that 

yielded chemically reasonable and computationally stable results of refinement.24 A 

successful solution by the direct methods provided most non-hydrogen atoms from the E-

map.  The remaining non-hydrogen atoms were located in an alternating series of least-

squares cycles and difference Fourier maps.  All non-hydrogen atoms were refined with 

anisotropic displacement coefficients.  All hydrogen atoms were included in the structure 

factor calculation at idealized positions and were allowed to ride on the neighbouring 

atoms with relative isotropic displacement coefficients. There are two half molecules of 

the complex in the asymmetric unit. The Pd atoms occupy crystallographic inversion 

centres. 

 

The final least-squares refinement of 287 parameters against 4401 data resulted in 

residuals R (based on F2 for I≥2σ) and wR (based on F2 for all data) of 0.0271 and 

0.0750, respectively. The final difference Fourier map was featureless. The ORTEP 

diagrams are drawn with 50% probability ellipsoids.  
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2.5.4 Molecular structure of ligand L1 

 

Single crystals of compound L1 suitable for X-ray analysis were grown by slow diffusion 

of hexane into dichloromethane at –4oC. Tables 2.3 and 2.4 show some of the selected 

bond lengths and angles and structure refinement data for L1 respectively. Figure 2.10 

represents an Ortep diagram of a single structure of the ligand. 

 

Table 2.3 Selected bond lengths [Ǻ] and angles [o] for L1 

Bond length Angles 

O(1)-C(6) 1.209(2) C(10)-O(2)-C(7) 105.82(18) 

O(2)-C(10) 1.355(3) N(1)-N(2)-C(4) 111.88(16) 

O(2)-C(7) 1.377(2) N(1)-N(2)-C(6) 120.58(16) 

N(1)-C(2) 1.311(3) O(2)-C(7)-C(6) 112.40(17) 

N(1)-N(2) 1.379(2) O(1)-C(6)-C(7) 122.49(18) 

N(2)-C(6) 1.405(2) N(2)-C(6)-C(7) 117.53(17) 
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Figure 2.10: ORTEP diagram of single moiety of ligand L1. Atoms are shown with 50% 

thermal probability ellipsoid 

 

2.5.5  Molecular structures of complexes 1 and 2 

 

Single crystals suitable for X-ray analysis for complexes 1 and 2 were grown by slow 

diffusion of hexane into dichloromethane at -4 oC. Tables 2.5 and 2.6 show crystal data 

refinement and some of the selected bond lengths and angles respectively of 1. Figure 

2.19. represents an ellipsoid diagram of a single structure of 1 drawn in 30% probability, 

hydrogen atoms are omitted for clarity. Tables 2.7 and 2.8 show the crystal data 

refinement and selected bond lengths and angles respectively of 2. Figure 2.11 represents 

the crystal structure of 2. 
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Table 2.4 Crystal data and structure refinement parameters for L1. 
 
Empirical formula  C10 H10 N2 O2 

Formula weight  190.20 

Temperature  294(2) K 

Wavelength  0.71073 Å 

Crystal system  Monoclinic 

Space group  P21/n 

Unit cell dimensions a = 8.0057(10) Å α = 90°. 

 b = 17.761(2) Å β = 97.148(2)°. 

 c = 13.8083(15) Å γ = 90°. 

Volume 1948.2(4) Å3 

Z 8 

Density (calculated) 1.297 Mg/m3 

Absorption coefficient 0.093 mm-1 

F(000) 800 

Crystal size 0.40 x 0.20 x 0.10 mm3 

Theta range for data collection 1.88 to 26.38°. 

Index ranges -10<=h<=9, -22<=k<=20, -16<=l<=7 

Reflections collected 9077 

Independent reflections 3753 [R(int) = 0.0296] 

Completeness to theta = 26.38° 94.2 %  

Absorption correction Empirical with SADABS 

Max. and min. transmission 0.9908 and 0.9639 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 3753 / 0 / 313 

Goodness-of-fit on F2 1.025 

Final R indices [I>2sigma(I)] R1 = 0.0513, wR2 = 0.1264 

R indices (all data) R1 = 0.0948, wR2 = 0.1457 

Largest diff. peak and hole 0.174 and -0.245 e.Å-3 



 79

 
 

 
 
 
 

 

Figure 2.11: Molecular drawing of complex 1 shown with 30% probability ellipsoids. 

The hydrogen atoms are omitted for clarity. 
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Table 2.5. Crystal data and structure refinement parameters for 1 
 

Empirical formula  C20 H20 Cl2 N4 O4 Pd 

Formula weight  557.70 

Temperature  273(2) K 

Wavelength  0.71073 Å 

Crystal system  Triclinic 

Space group  P1̄   

Unit cell dimensions a = 7.4422(8) Å α = 88.898(2)°. 

 b = 9.2097(10) Å β = 88.049(2)°. 

 c = 15.7422(17) Å γ = 86.608(2)°. 

Volume 1076.3(2) Å3 

Z 2 

Density (calculated) 1.721 Mg/m3 

Absorption coefficient 1.146 mm-1 

F(000) 560 

Crystal size 0.43 x 0.32 x 0.26 mm3 

Theta range for data collection 2.22 to 26.39°. 

Index ranges -9<=h<=9, -11<=k<=11, -19<=l<=19 

Reflections collected 8891 

Independent reflections 4401 [R(int) = 0.0207] 

Completeness to theta = 26.39° 99.1 %  

Absorption correction Empirical with SADABS 

Max. and min. transmission 0.7549 and 0.6386 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 4401 / 0 / 287 

Goodness-of-fit on F2 1.063 

Final R indices [I>2sigma(I)] R1 = 0.0271, wR2 = 0.0737 

R indices (all data) R1 = 0.0288, wR2 = 0.0750 

Largest diff. peak and hole 1.011 and -0.529 e.Å-3
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The two palladium complexes 1 and 2 have the same geometry. The palladium centre in 

each case is in a slightly distorted square planar environment with the pyrazolyl ligands 

trans to each other. The monodentate nature of these ligands as evidenced from the X-ray 

structures confirms that the heteroatoms sulfur and oxygen are non-coordinating. This 

observation has also been made by Steel et al. while studying the palladium complexes of 

1-thenylpyrazole25. The angles about the central palladium centres range between 

88.16(5) to 91.84(5)o for complex 1 and 88.47(17) to 91.29(17)o for complex 2. It is 

significant to point out that the angles around the N-Pd-N and Cl-Pd-Cl in 1 is linear and 

are exactly 180.00(8)o. This has also been reported in literature for the palladium 

complex of 1-benzyl-3,5-dipropyl-4-ethylpyrazole,26 but these angles are greater than 

those reported for the complex trans-[Pd(dmpz)2Cl2] (dmpz = 3,5-dimethylpyrazole) 

which were reported as 171.91(9)o and 178.60(3)o.15 This signifies greater distortion in 

the later, which has been attributed to hydrogen bonding due to the N-H in the complex. 

In comparison, the N-Pd-N and Cl-Pd-Cl angles of complex 2 were found to be 178.7(3) 

and 178.78(9)o showing the different electronic effects of the thiophene and furan 

moieties. 
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Table 2.6 Selected bond lengths [Ǻ] and angles [o] for complex 1  
 

Bond lengths Bond angles 

Pd(1)-N(1) 2.0332(15)  N(1)-Pd(1)-N(1) 180.00(8) 

Pd(1)-Cl(1) 2.2993(5)  N(1)-Pd(1)-Cl(1) 91.84(5) 

Pd(2)-N(3) 2.0300(17)  N(1)-Pd(1)-Cl(1) 88.16(5) 

Pd(2)-Cl(2) 2.3125(5)  N(1)-Pd(1)-Cl(1) 91.84 

N(1)-C(2) 1.327(2)  N(3)-Pd(2)-Cl(2) 88.84(5) 

N(1)-N(2) 1.388(2)  N(3)-Pd(2)-Cl(2) 91.16(5) 

O(1)-C(6) 1.203(2)  N(2)-C(6)-C(7) 116.36(16) 

 

 

The average Pd-N bond lengths of 2.033(15) and 2.031(6) Ǻ for complexes 1 and 2 

respectively are similar and lie within the normal range of the Pd-N interactions.27 This 

average bond length of 2.032(6) Ǻ correlates to those of the benzenedicarbonyl and 

benzenetricarbonyl palladium complexes [2.0332(5)Ǻ]14 previously reported but is 

slightly shorter than the average value of 59 Pd-N (2.1 Ǻ) (pyrazole) bond lengths 

reported in the Cambridge Structural Database28 (CDS), though the variation is 

statistically insignificant. 
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Table 2.7 Crystal data and structure refinement parameters for 2. 
Empirical formula  C21 H22 Cl4 N4 O2 Pd S2 

Formula weight  674.75 

Temperature  100(2) K 

Wavelength  0.71073 Å 

Crystal system  Monoclinic 

Space group  P21 

Unit cell dimensions a = 10.696(2) Å α = 90°. 

 b = 13.332(3) Å β = 96.345(4)°. 

 c = 18.015(4) Å γ = 90°. 

Volume 2553.1(9) Å3 

Z 4 

Density (calculated) 1.755 Mg/m3 

Absorption coefficient 1.337 mm-1 

F(000) 1352 

Crystal size 0.30 x 0.20 x 0.20 mm3 

Theta range for data collection 1.90 to 28.31°. 

Index ranges -14<=h<=12, -16<=k<=17, -23<=l<=20 

Reflections collected 16039 

Independent reflections 10829 [R(int) = 0.0508] 

Completeness to theta = 28.31° 92.8 %  

Max. and min. transmission 0.7758 and 0.6898 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 10829 / 409 / 622 

Goodness-of-fit on F2 1.045 

Final R indices [I>2sigma(I)] R1 = 0.0616, wR2 = 0.1404 

R indices (all data) R1 = 0.0700, wR2 = 0.1486 

Absolute structure parameter 0.00 

Extinction coefficient 0.0000(2) 

Largest diff. peak and hole 3.060 and -0.849 e.Å-3 
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Figure 2.12: Molecular structure of complex 2 showing the two unique parts in a single 

crystal structure. 
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Table 2.8 Selected bond lengths [Ǻ] and angles [o] for 2 
 

Bond lengths Bond angles 

Pd(1)-N(1A) 2.026(6) N(1A)-Pd(1)-N-(1B) 178.7(3) 

Pd(1)-Cl(1) 2.3029(19) N(1A)-Pd(1)-Cl(1) 88.47(5) 

Pd(2)-N(1B) 2.035(6) N(1B)-Pd(1)-Cl(1) 90.93(5) 

Pd(1)-Cl(2) 

S(14A)-C(13A) 

O(9A)-C(8A) 

N(1A)-C(2A) 

2.3101(19) 

1.694(8) 

1.202(8) 

1.363(8) 

N(1A)-Pd(1)-Cl(2) 

N(1C)-Pd(2)-N(1D) 

O(9A)-C(8A)-N(7A) 

O(9A)-C(8A)-C(10A) 

91.29(17) 

179.5(3) 

119.5(7) 

123.4(7) 

 

The distance between the Pd and Cl atoms are reported as 2.299(5) Ǻ for complex 1 and 

is equal in both the Pd-Cl bonds in the complex. This could be due to the absence of any 

trans influence in the structures. In comparison, the Pd-Cl bond lengths in complex 2 

range between 2.303(19) to 2.310(19) Ǻ. This is slightly higher than the bond length in 1 

by 0.01 Ǻ but in both cases lie within the usual ranges for the Pd-N interactions.29 It is 

also noteworthy to point out that there is no significant difference between the CO bond 

lengths in both complexes. The bond lengths were reported as [1.203(2) Ǻ] for complex 1 

and [1.202(2) Ǻ] for 2 indicating similar donor ability of both ligands L1 and L6.  There 

was a slight decrease in the CO bond length of complex 1 [1.203(2) Ǻ] relative to its 

respective ligand L1 [1.209(2) Ǻ] showing decreased electron density in the carbonyl 

functionality in the complex system. This suggests flow of electrons from the ligand30 

system to the palladium metal centre as already observed in the IR and 1H NMR studies. 

 



 86

2.6 Conclusion 

 
A series of heterocyclic carbonyl pyrazolyl ligands have been successfully synthesised 

and obtained in moderate to high yields. The reaction of these ligands with 

Pd(NCMe)2Cl2 gave the respective palladium(II) complexes in good yields. The 

compounds synthesised have been characterised by a combination of 1H NMR, 13C NMR 

and IR spectroscopic techniques including mass spectrometry and X-ray analysis.  

Microanalysis was used to confirm the molecular formulae and purity of the ligands 

synthesised. X-ray analysis of complexes 1 and 2 confirms that the ligands are 

monodentate with the hereatoms oxygen and sulfur in the furan and thiophene moieties 

being non-coordinating. A general formulae for all the complexes can thus be deduced as 

Pd(L)2Cl2 with the trans geometry being preferred. 

 
The weak donor ability of these ligands is attested by their inability to displace COD 

when Pd(COD)Cl2 is used as the metal precursor. This is also confirmed by the 1H NMR 

experiment carried out which shows the complete dissociation of the ligands from the 

palladium metal centre upon reaction with Sn(Me)4. 

 

The acyl pyrazolyl ligands have been successfully synthesised and were in good yields 

and high purity.  These ligands have also been fully characterised by a combination of  

1H NMR, 13C NMR and IR spectroscopic techniques. However, attempts to isolate their 

Pd(II) complexes were unsuccessful.  
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CHAPTER 3 

Ethylene oligomerisation and polymerisation catalyzed by furan and thiophene 

carbonyl pyrazolyl palladium(II) complexes 

 

3.1 Introduction 

Research in single-site metal catalyzed olefin oligomerisation and polymerisation has 

witnessed intense growth over the past three decades both in the academic and industrial 

arenas.1 As a result, various highly active catalyst systems containing well-defined active 

centres and catalyst structures have been discovered. This has resulted in proper control of 

polymer properties by fine-tuning the catalyst precursor itself.2 Some of these new 

catalysts, particularly Group 4 metallocenes have already been commercialized alongside 

the well established Ziegler-Natta catalysts in the plastics industry.3  

 

Oligomerisation catalysts are known to exhibit extremely high reactivity towards ethylene 

and with remarkable specificity towards α-alkenes.4 The two most important factors 

influencing the oligomerisation process are the metal-ligand design and the nature of the 

co-catalysts.5 Olefin dimerisation and oligomerisation reactions are typically carried out 

using late transition metal catalysts, particularly nickel.6 A wide variety of ligands have 

been employed with these systems, and careful tuning of ligands and choice of appropriate 

co-catalyst can be used to vary product composition from lower oligomers to polymer.7 

 

The oxophilic nature of early transition metal catalysts e.g. titanium, zirconium, or 

chromium towards oxygen leads to their poisoning by most functionalized olefins like 
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methyl acrylates.8 In contrast, the lower oxophilicity and greater functional-group tolerance 

of the late transition metals make them potential targets for the development of single-site 

catalysts for the oligomerisation and polymerisation of ethylene.9 However, late transition 

metal catalysts have traditionally been considered poor polymerisation catalysts for simple 

alkenes10 such as ethylene and propylene leading to short chain products. This is mainly 

due to the highly competitive chain-termination step as opposed to chain propagation.11 

 

In 1995 the group of Brookhart,12 however, was able to produce high molecular weight 

polyethylene with Ni(II) and Pd(II) α-diimine based catalysts. The major discovery here 

was the use of sterically hindered 1,4-diazabutadiene ligands, which effectively block the 

axial coordination sites hence impeding chain termination.13 They found that when the 

bulkiness of the aryl groups attached to the imino nitrogens is reduced, the product 

composition can be shifted to lower oligomers.14  

 

Consequently considerable effort is being expended to identify Ni(II) and Pd(II) complexes 

containing other nitrogen based donor ligands which expand the scope of  utility of such 

catalysts.15 An important goal is to identify catalysts with increased activity, lifetime and 

thermal stability while maintaining chain propagation giving rise to high molecular weight 

polymers. The ease with which the electronic and steric properties of pyrazole ligands can 

be varied has resulted in increased interest in their late transition metal complexes as 

catalysts for the transformation of saturated hydrocarbons. Such complexes are 

electrophilic and it is expected that the introduction of a carbonyl containing functionality 

would create even greater electrophilic metal centres and hence leading to increased 
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catalytic activity. A report by Jordan et al.16 on the polymerisation of ethylene by {R2C(3-

tBu2pz)2}PdCl2 (R = Me, Ph and pz = pyrazole), represents an example that involves the 

use of pyrazolyl ligands in late-transition metal olefin catalysis. The catalytic potential in 

ethylene polymerisation of the simple pyrazole systems with Ni(II) and Pd(II) transition 

metals have already been investigated by Darkwa and co-workers.17 

 

In an attempt to enhance the electrophilicity of the metal centre, we are currently involved 

in the use of carbonyl linkers to impart some electron withdrawing effect in the pyrazole 

moiety. Benzenedicarbonyl and benzenetricarbonyl linker pyrazolyl palladium(II) 

complexes have already been tested by Darkwa  et al.18 The activities of these systems were 

significantly higher than their analogous simple isolated systems. For example, turn-over 

numbers of 2590 kg per mol of Pd per h as compared to 1005.7 kg per mol of Pd per h of 

{(3,5-tBu2pz)2}PdCl2 were obtained. It is on this basis that we undertook to study the ability 

of the furan and thiophene carbonyl pyrazolyl Pd(II) complexes as catalysts for ethylene 

oligomerisation and polymerisation. The focus here is also to establish the effect of the 

presence of the donor atoms as compared to the benzene systems previously investigated. 

 

In this Chapter, we report the preliminary results of ethylene oligomerisation and 

polymerisation using some of the complexes synthesised in Chapter 2, (3,5-Me2pz-CO-

furan)2PdCl2, (1), (3,5-Me2pz-CO-thiophene)2PdCl2, (2), (3,5-tBu2pz-CO-furan)2PdCl2, (3), 

(3,5-tBu2pz-CO-thiophene)2PdCl2, (4), and (3,5-Ph2pz-CO-thiophene)2PdCl2, (8). The 

ethylene polymerisation results of complexes 1 to 4 when activated with 

methylaluminoxane, MAO, are discussed. We also report ethylene oligomerisation based 
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on complexes 1-4 and 8 using ethylaluminium dichloride, EtAlCl2, as the co-catalyst. The 

effect of the Lewis acid, B(C6F5)3, on these catalysts and the trends in the catalytic 

behaviour of complexes 1-4 and 8 as oligomerisation and polymerisation conditions are 

varied is also discussed. 

 

3.2 Materials and methods 

3.2.1 Ethylene polymerisation procedure  

Ethylene polymerisation was performed in a 300 mL stainless steel autoclave loaded with 

the respective catalyst and excess amount of co-catalyst methylaluminoxane, MAO. This 

was carried out in a nitrogen-purged glove box. The general procedure involved charging 

of the autoclave with the palladium complex and MAO (10% in toluene) in 100 mL dry 

toluene. The Al:Pd ratio used was between 1000-6000. The autoclave was sealed, removed 

from the glove box and loaded into the reactor chamber. The autoclave was flushed three 

times with ethylene and heated to the set temperature. The desired ethylene pressure was 

set and a constant flow maintained throughout the reaction time. At the end of the 

polymerisation, the ethylene supply was closed, and the autoclave vented. The reaction was 

quenched by addition of ethanol. The polymer was filtered, suspended in 2M HCl for 

several days to remove excess Al or Pd, and filtered again. The polymer was dried in an 

oven at 60 oC overnight to afford a constant mass. The polymers produced were 

characterised by high temperature 13C NMR in 1,2,3-trichlorobenzene/benzene-d6 on a 

Varian 2000 Gemini instrument (50.3 MHz) and high temperature gel permeation 

chromatography (GPC). 
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3.2.2 Oligomerisation of ethylene procedure 

 Ethylene oligomerisation reactions were performed as described in the polymerisation 

section. EtAlCl2 was used as the co-catalyst. At the end of the reaction, an aliquot of the 

reaction mixture was taken for the GC analysis. The remaining products in the reactor were 

hydrolyzed by addition of ethanol after which the solvent was removed in vacuo  and the 

mass of the total non-volatiles products determined. Analysis of the oligomers was 

performed by GC-MS using a Finnigan-Matt GCQ gas chromatograph equipped with 

electron impact ionization detector at 70 eV, a 30 m HP PONA capillary column with a 

stationary phase based on 5% poly(methylphenylsiloxane). The oven temperature program 

adopted was as follows: 40oC for 2 min, then the temperature was increased by 10oC/min 

heating until 260oC was reached. This temperature was maintained for another 6 min. 

Under this condition, it was possible to separate the olefins in the C4 to C20 range.  The 

retention times of the individual components were determined using authentic samples. 

Quantitative analysis was done by internal standard reference method using pentadecane as 

the internal reference. 

 

3.3 Results and discussion 

3.3.1 Evaluation of complexes 1 to 4 as catalyst precursors for ethylene polymerisation 

Four catalyst precursors (1 to 4) were investigated for ethylene polymerisation activity. All 

the complexes showed considerable catalytic activity upon activation with MAO as shown 

in Figure 3.1. From Table 3.1 it is evident that the activities of the catalysts decrease with 

increase in the bulkiness of the substituent groups. For example complex 2, the thiophene 

analogue, containing methyl groups on the pyrazole moiety gave a turn-over number of 462 
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kg per mol of Pd per h compared to 125 kg per mol of Pd per h obtained from catalyst 4 

bearing the tert-butyl substituents. This suggests that the bulkier tert-butyl groups inhibit 

ethylene monomer insertion into the metal-alkyl bonds. This trend could also be ascribed to 

the hindrance of the formation of the cis-isomer of the catalysts necessary for the formation 

of the active species. This observation contrasts with that observed by Darkwa et al.17 

during the study of simple pyrazole Pd(II) systems. In this case, there is an increase in 

activity with increase in bulky substituent groups. This was ascribed to enhanced solubility 

of the complexes with increase in bulkiness of the substituents on the pyrazole moeity. 

However, a similar trend has been reported by Laine et al.19 in the pyridylimine based 

Ni(II) and Pd(II) complexes where the methyl groups in the pyridyl ring decrease activity 

as compared to the unsubstituted structures.19 Interestingly, no activity was observed with 

these catalysts at temperatures below 50 oC. This is in sharp contrast with α-diimine Pd(II) 

complexes which are known to be active even at room temperatures.9 

         Table 3.1: Ethylene polymerisation dataa for complexes 1, 2, 3, and 4. 

Entry Catalyst Mw ×105 Mn  ×105 Mw/Mn
b TONc 

1 1 8.41 4.05 2.08 301 

2 2 8.01 3.98 2.01 426 

3 3 5.74 2.88 1.99 176 

4 4 6.17 3.25 1.90 125 

              

aConditions Al:Pd 4000:1, temperature, 50 oC, pressure, 5 atm, time, 2 h. 

bPolydispersity index determined by GPC based on polystyrene standards. 

cThe turn-over number in kg of polymer per mol of Pd per h determined by the total mass 

of polymer produced. 
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The dependence of the polymer molecular weights on the nature of the substituent groups 

is clearly visible (Table 3.1 entries 1 and 2). Replacing the methyl groups in complex 1 

with tert-butyl groups, 3, results in a significant decrease of polymer molecular weight 

from 8.41 × 105 to 5.74 × 105. This is in sharp contrast to the theoretical calculations that 

bulky groups inhibit β-hydride elimination hence leading to higher molecular weights.20 

However, few literature reports exist in which increase in steric bulk of the ligand 

backbone results in reduction of polymer molecular weight. One such example is the 

findings of Brookhart et al.21 in the ethylene polymerisation using cationic Pd(II) catalysts 

containing imine-phosphine ligands. They found that an increase of steric bulk at the 

phosphorus from phenyl to o-toluene resulted in a drastic decrease of polymer molecular 

weight from 133 000 to 75 000. It is interesting to note that despite the variation of 

molecular weights, the polydispersity indices remain roughly constant (Table 3.1).  
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Figure 3.1: The turn-over numbers for catalysts 1-4 in the polymerisation of 

ethylene run at Al:Pd ratio of 1:4000 at 5 atm, 50 oC  for 2 h 
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3.3.2 Effect of co-catalyst concentration on ethylene polymerisation 

The co-catalyst, methylaluminoxane, to palladium ratio was varied in order to establish the 

optimum conditions for ethylene polymerisation using catalyst 2. From Figure 3.2, the 

optimum activation was found to be at 5000:1. This value is significantly high compared to 

those frequently reported in literature of 1000:1.9  The optimum ratio reported by Darkwa et 

al.18 when investigating the benzenedicarbonyl pyrazolyl systems was 3000:1. The higher 

values reported here could be attributed to the coordination of the free heteroatoms, oxygen 

and sulfur in the furan and thiophene moieties to the aluminium centres of the co-catalyst. 

This could result in higher MAO ratios required to initiate the formation of the active 

species. 

 
Table 3.2 The dependence of ethylene polymerisationa on the Al:Pd ratio 

Entry Al:Pd Ratio Mw ×105 Mn ×105 Mw/Mn
b TONc 

1   500:1 3.30 1.71 1.93 24 

2 1000:1 5.53 2.85 1.94 62 

3 2000:1 5.83 2.89 2.01 104 

4 3000:1 7.15 3.45 2.07 126 

5 4000:1 8.01 3.98 2.01 426 

6 5000:1 4.89 2.05 2.38 471 

7 6000:1 5.38 1.85 2.90 141 

aPolymerisation conditions: Al:Pd 4000:1, tempeprature, 50 oC, pressure, 5 atm, time, 2 h. 
bPolydispersity index determined by GPC based on polystyrene standards. 
cThe turn-over number in kg of polymer per mol of Pd per h determined by the total mass 
of polymer produced. 
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It is also noteworthy to point out the dependence of the molecular weights on the Al:Pd 

ratios of the polyethylene produced. For instance, from Table 3.2 (entries 1 and 5) an 

increase of the Al:Pd ratio from 500 to 4000 results in an increase of polymer molecular 

weight from 3.30 ×105 to 8.01 × 105. Beyond this ratio the trend becomes erratic giving 

higher polydispersity indices.  
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Fig 3.2. The effect of Al:Pd ratio on polymerisation activity of catalyst 2 run at 50oC, 5 atm 

for 2 h 

 

This trend has also been reported by Chen et al.22 in the behaviour of halogenated 

iminopyridyl iron complexes. They however, noted a decrease in molecular weight with 

increase in the co-catalyst concentration. An increase of Al:Fe ratio from 250 to 5000 

resulted in a significant decrease in polymer molecular weight from 184 000 to 19 400 

respectively. They ascribed this trend to the transfer of matured polymer chains to the 
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aluminium complexes during polymerisation. The increase of molecular weights with 

increase in the Al:Pd ratio in this study therefore depicts a decrease in the chain transfer to 

the aluminium adducts. From this data we can predict that the polyethylene produced 

contain saturated end groups. This, however, could not be confirmed from the NMR 

spectra due to the high molecular weights of the polymers produced. 

 

3.3.3 The effect of trispentafluorophenylboron on the catalytic activity of catalyst 2 

The Lewis acidity of boron compounds has been exploited recently by Bazan et al.23 to 

modify the electrophilicity of Ni(II) complexes in ethylene oligomerisation and 

polymerisation. They recently reported that the catalyst [(C6H5)2PC6H4C-(OB(C6F5)3O-

κ2P,O]Ni(η3-CH2CMeCH2) displays an activity towards ethylene polymerisation orders of 

magnitude greater than the precursor [(C6H5)2PC6H4C-(O)O-κ2P,O]Ni(η3-CH2CMeCH2). 

They attributed this to decreased electron density at the metal centre owing to the Lewis 

acidity of B(C6F5)3.  In this contribution, preliminary investigations indicate that the 

addition of B(C6F5)3 to the catalyst precursor 2 and MAO enhances the activity of this 

catalyst system. Table 3.3 (entries 3 and 4) shows an eight fold increase in activity of 

catalyst 2 upon incorporation of B(C6F5)3, 62 kg/mol⋅h and 462 kg/mol⋅h respectively.  

 

From Table 3.4, it is also evident that the addition of B(C6F5)3 to the catalyst precursor 2 

results in decreased molecular weight, entries 3 and 4. This indicates increased chain 

transfer to the aluminium adducts due to the bulkier phenyl groups consistent with the trend 

already observed in catalysts 1, 2, 3 and 4.  
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Table 3.3 The effect of B(C6F5)3  on ethylene polymerisation using complex 2a 

Entry Catalyst Al:Pd  Mw ×105 Mn ×105 Mw/Mn
c TONd  

1 2   500:1 3.30 1.71 1.93 24 

2 2b    500:1 2.73 1.34 1.94 48 

3 2b 1000:1 5.83 2.89 2.01 62 

4 2 1000:1 4.19 2.06 2.07 462 

aPolymerisation conditions:  temperature, 50 oC, pressure, 5 atm, time 2 h. 
bComplex 2 plus 2 eq. of B(C6F5)3. 
cPolydispersity index determined by GPC based on polystyrene standards. 
dThe turn-over number in kg/mol of catalyst per h determined by the total mass of polymer 
produced. 

 

The polymers obtained in all cases showed one peak at around 30.02 ppm in the 13C NMR 

spectra, Figure 3.3, indicating the production of High Density Linear Polyethylene 

(HDLPE). This confirms the absence of chain walking during polymerisation process.9 The 

molecular weight average Mw of the polymers produced were in the range of 2.73 to 8.41 × 

105, characteristic of high molecular weight polyethylene. 
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Figure 3.3: 13C NMR spectrum of polyethylene produced at Al:Pd of 4000:1, 5 atm, 50 oC for 2 h. 
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3.3.4 Evaluation of complexes 1 to 5 as catalysts for ethylene oligomerisation 
 
To investigate the role played by various aluminium compounds as catalytic activators, 

we also used ethylalumium dichloride to form the active catalysts from complexes 1-4 

and 8. Interestingly only oligomers were obtained as opposed to the polymers when 

MAO is used. Table 3.4 shows the oligomerisation data obtained using complexes 1-4 

and 8. We found that the ligand structure influences both the catalyst activity and the 

product distributions. Complex 1 (furan analogue) with the methyl groups is less active 

(TON = 60 kg per mol Pd per h) than complex 3 with the tert-butyl substituents (TON = 

70 kg per mol Pd per h). A similar trend is observed for the thiophene analogues, Table 

3.4 entries 2 and 5.  Catalyst 8, bearing the phenyl substituent was found to be the most 

active.  

 

Table 3.4 Effect of catalyst system on ethylene oligomerisationa 
 
Entry Catalyst Oligomers (%)d Yield (g)b TONc 
      C10 C12 C14+   
    1 1 38 59 3 1.15 62 
    2 2 66 30 4 1.00 54 
    3 3 45 52 3 1.29 70 
    4 4 54 41 5 1.05 56 
    5 8 34 61 5 1.36 73 
    6 8e 30 64 6 2.97 124 
 
aReaction conditions: solvent, toluene (50 mL); pressure 5 atm; temperature, 25 oC; time 2 h; 
amount of catalyst 9.00 µm Al:Pd, 500; bYield of products determined by total mass of oligomers 
produced after solvent evaporation. 
cTurn over number expressed as kg of total product produced per mole of catalyst per hour. 
dProduct distribution determined by gas chromatography-mass spectrometry (GC-MS). 
eAl:Pd, 1000:1. 
 
 

A similar observation has been reported by Guan et al.24 when investigating the catalytic 

behaviour of the Pd(II) complexes based on phosphine-imine ligands. The phenyl 
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analogue gave a turn-over number of 17 200 kg per mol.of catalyst per hour as compared 

to 960 and 1 670 kg per mol of catalyst per hour for the methyl and tert-butyl analogues 

respectively, a trend attributed to the difference in electronic structure of the complexes. 

The tert-butyl group has a stronger donor ability than the phenyl group leading to higher 

electron density on the metal centre. This postulate could explain the low activity 

observed in complex 4 as compared to complex 8 with the phenyl substituents in this 

work.25 

 

The nature of the linker in the ligand systems appears to have some effect on the 

oligomer distribution. For example, the catalysts with furoyl linkers gave higher 

percentages of the C12 than C10 oligomers (Table 3.4 entries 1 and 3) whereas the 

thiophene carbonyl analogues gave higher percentage of C10 than C12 (Table 3.4 entries 2 

and 4). There was however, no clear trend in oligomer distribution as the steric bulk of 

the ligands in the catalysts changed.  

 

3.3.5 Effect of co-catalyst (EtAlCl2)  concentration on ethylene oligomerisation 
 
EtAlCl2 to palladium ratio was varied to establish the optimum ratio of Al:Pd for ethylene 

oligomerisation using catalyst 2. No activity was observed for Al:Pd ratio below 20. This 

indicates that no activation process occurs at below this ratio. Increase in Al:Pd from 20 

to 1000 resulted in a general increase in oligomer yield, Figure 3.5. The optimum value 

of 1000 was obtained. Beyond this ratio, the yield was observed to decrease (Table 3.5 

entry 6). Catalyst 1, the furan analogue shows the same trend (Table 3.4, entries 7 and 8). 

A similar trend has been reported by Speiser et al.26 in ethylene oligomerisation using 
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phosphinitooxazoline and pyridine Ni(II) complexes where an increase in EtAlCl2:Ni 

ratio from 1.3 to 6 resulted in a significant increase in turn-over frequency from 11 600 to 

49 000 mol C2H4 per mol of Ni per hour. 

 

Table 3.5. Effect of co-catalyst (EtAlCl2) concentration on ethylene oligomerisationa 
 
Entry Al : Pd             Oligomers (%)d Yield (g)b TONc 
      C10 C12 C14+   
    1 20   - - - trace - 
    2 50 49 45 6 0.21 10 
    3 100 57 38 5 0.41 21 
    4 500 66 30 4 1.00 54 
    5 1000 65 30 5 1.66 94 
    6 2000 66 29 5 1.19 64 
    7 500e 38 59 3 1.15 62 
    8 1000 e 50 45 5 2.10 110 
 
aReaction conditions: solvent, toluene (50 mL); pressure 5 atm; temperature, 25 oC; time 2 h; 
amount of catalyst 9.00 µm, catalyst 2.   
bYield of products determined by total mass of oligomers produced after solvent evaporation 
cTurn over number expressed as kg of total product produced per mole of catalyst per h. 
dProduct distribution determined by gas chromatography-mass spectrometry (GC-MS). eCatalyst 

1. 

 
In this study, we also observed that higher Al:Pd ratio resulted in an increase in the 

percentage of lower oligomers (C10) as compared to higher oligomers (C12), Table 3.5. 

For instance at Al:Pd of 50, 49% of C10 and 45% of C12 were produced. While at Al:Pd of 

1000, 66% of C10 and 30% of C12 were produced. It is unclear to us why the changes in 

co-catalyst to catalyst ratio affect product distribution. 
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Figure 3.4: The effect of Al:Pd on monomer conversion run at 25 oC, 5 atm for 2 h using 
catalyst 2. 
 
 
3.3.6 Effect of reaction time on ethylene oligomerisation   
 
Reaction time is known to have a profound effect on catalyst activity. This is due to the 

stability of the active catalyst species in solution. In this work, we investigated the effect 

of time in ethylene oligomerisation activity using catalyst 1 at 25 oC, 5 atm and Al:Pd 

ratio of 500. Longer reaction times resulted in a significant decrease in turnover number, 

Figure 3.6, an indication of catalyst decomposition even at room temperature. The 

maximum turnover number (177 kg per mol. of Pd per h) was obtained after 30 min, 

(Table 3.6 entry 2). After 15 min, it is evident that the initiation process to produce the 

active species is still incomplete resulting in lower yields, (120 kg per mol Pd per h). The 

yields reported for 1 h and 2 h runs (1.27 and 1.30 g respectively) are almost comparable 

signifying a near complete catalyst decomposition of the active species after 1 h. A 

similar trend was obtained for catalyst 8 (Table 3.6, entries 5 and 6). Brookhart et al.27 
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observed the same phenomena in ethylene oligomerisation using cationic Ni(II) and 

Pd(II) complexes containing bidentate phenacyldiarylphosphine ligands where after 15 

min, only 10 mg of oligomer (TOF = 1.2 × 103 h-) was obtained. However, at 30, 45 min 

and 1 h, oligomer yields increased to 170 mg (TOF = 8.2 × 103 h-), 720 mg (TOF = 2.3 × 

104 h-) and 2170 mg (TOF = 5.3 × 104 h-) respectively. These results show an increase in 

the number of active sites with time. After 3 h run, the activity dropped to 3.3 × 104 h- 

indicating catalyst decomposition.  

 

Table 3.6 Effect of reaction time on ethylene oligomerisation.a  
 
Entry Time (min)                 Oligomers (%)d Yield (g)b TONc 

  C10 C12 C14+   
1 15 77 20 3 0.28 120 
2 30 71 25 4 0.82 177 
3 60 58 38 4 1.27 137 
4 120 38 59 3 1.30 70 
5 30e 70 24 6 0.93 200 
6 60 e 54 41 5 1.40 151 

aReaction conditions: solvent, toluene (50 mL); pressure 5 atm; temperature, 25 oC; amount of 
catalyst 9.00 µm Al/Pd 500, catalyst 1.  
bYield of products determined by total mass of oligomers produced after solvent evaporation. 
cTurn-over number expressed as kg of total product produced per mole of catalyst per hour. 
dProduct distribution determined by gas chromatography-mass spectrometry (GC-MS). 
eCatalyst 8. 
 
Reaction time was also found to have a profound effect on the nature of the oligomers 

formed. A high percentage of lower olefins i.e C10 (77%) was obtained for the 15 min run 

as compared to 38% for the 2 h run (Table 3.6, entries 1 and 4). This indicates increasing 

oligomer molecular weight with time. This could be due to co-oligomerisation of the 

released matured oligomers with time hence production of higher oligomers. Daugalis et 

al.25 however, reported an opposite trend with phosphinidine Pd(II) complexes. In their 



 106

work, an increase in reaction time from 3 h to 15 h resulted in reduced oligomer 

molecular weight from 215 to 180.  
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Fig. 3.5 The effect of reaction time on monomer conversion run at 25 oC, 5 atm, Al:Pd, 
500 using catalyst 1. 
 
 
 
3.3.7 Effect of temperature on ethylene oligomerisation  
 
The temperature dependence of ethylene oligomerisation was investigated using catalyst 

1. The productivity of this catalyst increases initially with temperature and reaches a 

maximum at around 60 oC, Figure 3.6. This could be due to increased monomer insertion 

with increase in temperature. Beyond 60 oC, the activity drops (Table 3.7 entries 4 and 5), 

indicating catalyst deactivation at higher temperatures. This is consistent with Pd(II) 

α-diimine catalysts which are known to decompose rapidly at about 50 oC.6,9,12 Guan et 

al.28 observed a similar trend with bis-azaferrocene Pd(II) complexes and obtained a 

maximum activity at 80 oC. Contrary to the Pd(II) α-diimine catalysts, they found that 
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these catalysts remain active even at 120 oC to oligomerise ethylene for several hours. 

There was, however, no significant effect of temperature on the identity of the oligomers 

produced (Table 3.7, entries 3 and 4). 

 

Table 3.7 Effect of reaction temperature on ethylene oligomerisationa on catalyst 1. 
 
Entry Temp (oC) Oligomers (%)d Yield (g)b TONc 
         C10 C12 C14+   
    1 25    71 25 4 0.82 177 
    2 40    36 61 3 1.60 345 
    3 50    34 64 2 2.95 635 
    4 60    32 64 4 4.86 1050 
    5 70    33 62 5 3.15 680 
 
aReaction conditions: solvent, toluene (50 mL); pressure 5 atm; time, 30 min; amount of catalyst 
9.00 µm Al:Pd 500. 
bYield of products determined by total mass of oligomers produced after solvent evaporation 
cTurn-over number expressed as kg of total product produced per mole of catalyst per hour. 
dProduct distribution determined by gas chromatography-mass spectrometry (GC-MS). 
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Figure 3.6: Effect of temperature on the activity of catalyst 1 run at 5 atm for 30 min, 
Al:Pd, 500 
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3.3.8 Effect of ethylene pressure on oligomerisation 
 

The influence of pressure on ethylene oligomerisation is well established, especially on 

catalytic activity.6, 9 Here, we investigated the effect of ethylene concentration on 

oligomerisation using catalyst 1 by varying the ethylene pressure from 5 to 35 atm (Table 

3.8). An increase in ethylene concentration resulted in a significant increase in oligomer 

yield, Figure 3.7. This could be ascribed to increased local concentration of ethylene 

hence enhanced monomer insertion. 

 
 
Table 3.8 Effect of monomer concentration on ethylene oligomerisation.a 
 
Entry Pressure (atm) Oligomers (%)d Yield (g)b TONc 

  C10 C12 C14+   
1 5 71 23 3 0.28 175 
2 10 61 36 3 1.00 216 
3 20 51 44 5 1.28 276 
4 
5 

30 
35 

52 
48 

45 
41 

4 
11 

2.03 
2.56 

438 
542 

 
aReaction conditions: solvent, toluene (50 mL); temp 25 oC; time, 30 min; amount of catalyst 9.00 
µm Al:Pd 500, catalyst 1. 
bYield of products determined by total mass of oligomers produced after solvent evaporation 
cTurn-over number expressed as kg of total product produced per mole of catalyst per hour. 
dProduct distribution determined by gas chromatography-mass spectrometry (GC-MS). 
 
 
We also observed selectivity towards higher oligomers with increase in pressure, (Table 

3.8). For instance, at 5 atm, 71% of C10 and 23% of C12 were produced respectively, 

while at 35 atm,  48% of C10 and 41% of C12 were obtained. Under high pressures it has 

been postulated that ethylene co-oligomerises with the pre-formed olefins resulting in 

significant increase in molecular weight.6 Carlini et al.29 observed a similar trend with 

bis(salicylaldiminate)nickel complexes in ethylene oligomerisation. An increase in 
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ethylene pressure from 1 to 20 atm resulted in a significant increase of the percentage of 

higher oligomers (C6–C12) from 23 to 70%. While on the hand, there was a drastic drop in 

the percent composition of butenes from 76 to 30%. 
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Figure 3.7: The effect of ethylene pressure on turn over number of catalyst 1 run at 25oC, 

Al:Pd 500 for 30 min. 

 

 
3.4 Conclusion 

Five carbonyl containing pyrazolyl palladium(II) complexes bearing furan and thiophene 

moieties have been investigated for ethylene oligomerisation and polymerisation 

catalysis. The complexes give active catalysts for ethylene polymerisation upon 

activation with MAO, producing high-density linear polyethylene (HDLPE). Activation 

by the alkyl aluminium compound, EtAlCl2, results in active catalysts for ethylene 

oligomerisation. The major oligomers produced are C10 and C12. No lower oligomers in 

the C4-C8 range are obtained. This shows that the catalysts favour chain propagation 
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relative to chain termination consistent with Pd(II) α-diimine complexes abound in 

literature.   

 

Generally the activities of these heterocyclic carbonyl catalysts are lower compared to the 

simple pyrazole systems previously investigated and were only active at elevated 

temperatures. This behaviour is due to the existence of non-coordinating donor atoms, 

sulfur and oxygen, which might to cause catalyst deactivation by forming adducts with 

the aluminium co-catalyst. The thermal instability of these catalysts could also contribute 

to their observed low catalytic activity. It is clear that the activity of these catalysts 

depend on the nature of the substituents in the ligand system as well as the reaction 

conditions. It can also be concluded that the dominating factor in controlling the 

molecular weight, besides reaction conditions is the steric bulk of the ligands. The 

blocking of the axial coordination site in the metal centre, which according to theoretical 

calculations is essential for obtaining higher molecular weights is still insufficient since 

lower molecular weight polymers were obtained with the bulkier substituent groups. 
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CHAPTER 4 
 

Synthesis and characterisation of bis(pyrazolyl)acetic acid ligands and their 

palladium(II) complexes 

 
 
4.1 Introduction 
 
Since the discovery of poly(pyrazolyl)borates or “scorpionate” ligands by Trofimenko in 

the 1960s, a vast number of the metal complexes of these ligands have been reported .1 

The tris(pyrazol-1-yl)borate compound, 1, represents such ligands that are now widely 

used in the metal carbonyl chemistry.2 Some of the current studies involving these 

ligands are focused on the electron donating ability of the tris(pyrazolyl)borates. 

Recently, a review article has appeared on the organometallic chemistry of palladium and 

platinum with poly(pyrazolyl)alkanes.3 Reedjik4 in his article, Heterocyclic Nitrogen 

Donor Ligands, provided a survey of the coordination chemistry of various kinds of 

nitrogen heterocyclic ligand systems.  
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The coordination chemistry of these ligands, poly(pyrazolyl)borates, with Group 8 metals 

have also been reported.4 Examples of bidentate, and bis-bidentate  coordination in Pd(II) 
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complexes were obtained by the reaction of K[tris(pyrazolyl)borate] with [η3-allyl)PdCl]2 

giving compound 2.5 Following the first report on poly(pyrazol-1-yl)alkanes in 1970s7 

and improved synthetic methods by Elguero et al.8, the coordination chemistry of these 

ligands has received significant attention.9 Recently, numerous main group10 and 

transition metal11 complexes containing poly(pyrazol-1-yl)alkanes have been synthesised. 

Tang and co-workers12 recently reported the synthesis of Group 6 metal carbonyl 

complexes containing S-rich bis(pyrazol-1-yl)methane ligands, Scheme 4.1. Carrano et 

al.13 have also reported the synthesis and crystal structure of Cu(II) acetate complex of 

the heteroscorpionate ligand, 2-(hydroxy-3-t-butyl-methylphenyl)bis(3,5-dimethylpyrazol

e)methane. 
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     Scheme 4.1 

 

These main group and transition metal complexes containing poly(pyrazol-1-yl)alkanes 

have good physical and chemical properties and their development involving improved 

synthetic methods is continuously being explored. Their wide applications in transition 

metal chemistry, bioinorganic and organometallic are of great interest today .14, 15  

The potential of poly(pyrazolyl)borate complexes as catalysts for olefin polymerization 

has been explored.16 Like all olefin polymerization catalysts, the Groups 3 and 4 catalysts 
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are less suited for functionalized monomers like methyl acrylates than their group 5 

analogues.17 A report by Etienne et al.18 on  the Nb complexes based on ligand 

hydrotris(pyrazolyl)borate, 3, shows that when these complexes are activated with 

B(C6F5)3, they catalyze ethylene polymerization with catalytic activities of 20 to100 kg 

per mol per h. 
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The ease of synthesis of different substituted prazole and pyrazolyl ligands is the most 

fundamental feature in the incorporation of pyrazole groups in the design of new ligands.     

This property is instrumental in their ligand design since it offers the opportunity to 

control both the steric and electronic properties of the metal complexes. Recently, Otero 

et al19 reported the synthesis of bis(pyrazolyl)acetate ligand, 4.  This ligand system offers 

less steric hindrance as compared to compound 1 hence could possess considerable co-

ordinative flexibility.  We developed an interest in this ligand due to the presence of 

carboxylate group, which could impart some water solubility significant in biological 

activity. Despite extensive reports on these ligands with the metal carbonyls of Group 5 

transition metals,1, 2 their palladium(II) complexes have never been reported.       
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In this chapter we report the synthesis of some bis(pyrazolyl)acetic acid ligands and their 

respective Pd(II) complexes. The dependent of the acidity of these compounds on the 

pyrazolyl substituents is also reported. Finally we investigate the ability of these ligands 

to undergo the classical esterification reactions. 

    

4.2 Materials and methods 

All experimental and analytical manipulations were carried out as earlier described in 

Chapter 2, section 2.2. All the chemicals, dibromoacetic acid, pyrazoles, KOH, NaOH, 

K2CO3, HCl and benzyltriethylammonium chloride were of analytical grade and used as 

received. THF was dried and distilled under inert atmosphere using sodium and 

benzophenone. Diethyl ether, acetone and acetonitrile were obtained from Merck and 

used as received. 

 
4.3 Synthesis of pyrazolyl acetic acid ligands and their palladium(II) complexes 

4.3.1. Synthesis of bis(pyrazol-1-yl)acetic acid (L14) 

To a basic solution containing KOH (8.00 g, 142.85 mmol) and K2CO3  (19.70 g, 142.50 

mmol) in THF (100 mL), pyrazole (2.50 g, 36.76 mmol), dibromoacetic acid (4.00 g, 

18.43 mmol) and benzyltriethylammonium chloride (1.00 g), as a phase transfer catalyst, 

were added. The solution was refluxed for 15 h after which the solvent was removed in 

vacuo to obtain a yellowish powder. The residue was dissolved in deionised water (50 

mL) and acidified to a pH of 2 with 5M HCl. The product was extracted with diethyl 

ether (6 × 50 mL) and the solvent evaporated in vacuo to obtain an analytically pure 

compound. Yield = 2.92 g (82 %). 1H NMR (DMSO-d6): δ 6.32 (t, 2H, pz, 3JHH = 2.2 

Hz); 7.55 (s, 2H, pz, 1H, CH); 7.95 (d, 2H, pz, 3JHH = 2.2 Hz). 13C{1H} NMR 
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(DMSO-d6): δ 73.9; 106.5; 131.0; 140.1; 166.2; IR (nujol cm-1): ν(C=O) = 1727; ν(O - H) = 

3439. 

 

4.3.2 Synthesis of bis(3,5-dimethylpyrazol-1-yl)acetic acid (L15) 

This ligand, L15, was synthesised using the same procedure as described above for L14. 

KOH (8.01 g, 140.12 mmol), K2CO3  (19.98 g, 141.00 mmol), THF (150 mL), 

3,5-dimethylpyrazole (3.57 g, 37.20 mmol), dibromoacetic acid (4.01 g, 18.60 mmol), 

and benzyltriethylammonium chloride (1.00 g). Yield = 1.40 g (40 %). 1H NMR (CDCl3): 

δ 2.23 (s, 12H, CH3, pz); 5.89 (s, 1H, pz); 6.75 (s, 1H, CH); 7.30 (br, 1H, OH). 13C{1H} 

NMR (DMSO-d6): δ 11.0; 13.4; 71.7; 106.6; 140.8; 147.0; 166.1. IR (Nujol cm-1): ν(C=O) 

= 1741, ν(O - H) = 3402. 

 

4.3.3 Synthesis of bis(3,5-di-tertiarybutylpyrazol-1-yl)acetic acid (L16) 

This compound was prepared in the same way as L14, but using 

3,5-ditertiarybutylpyrazole (3.50 g, 19.44 mmol), dibromoacetic acid (2.00 g, 9.60 mmol) 

KOH (8.20 g, 142.65 mmol) and K2CO3 (19.10 g, 141.50 mmol) and benzyltriethylammo

nium chloride (1.00 g).  Yield = 1.94 g (48%). 1H NMR (CDCl3): δ 1.21 (s, 18H, 
tBu, pz); 

1.26 (s, 18H, 
tBu, pz); 5.91 (s, 1H, pz); 6.52 (s, 1H, CH). 13C{1H} NMR (CDCl3): δ 29.3; 

29.9; 31.4; 66.0; 101.3; 152.5; 158.6 IR (Nujol cm-1): ν(C=O) = 1712, ν(O-H) = 3424. EIMS 

(70 eV, 260 oC). m/z (%) = 415 (18) [M+]; 359 (15) [M+-C4H9]; 299 (100) [M+-C8H18]; 

281 (50) [M+-C8H11 OH]. 
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4.3.4. Synthesis of bis(pyrazol-1-yl)ethyl acetate (L17) 

 Esterification reaction between L14 and ethanol produced the above compound, L17. 

This was carried out by reacting L14 (0.50 g, 2.6 mmol) and excess ethanol (40 mL) 

under acidic conditions (HCl, 5 mL). The mixture was refluxed for 18 h. After cooling 

the mixture to room temperature, 50 mL of deionised water was added and the pH 

adjusted to alkaline by using sodium hydrogen carbonate. The organic phase was 

extracted using dichloromethane (50 mL). The solvent was then removed in vacuo to 

afford an analytically pure white crystalline material. Yield = 0.33 g (58 %). 1H NMR 

(CDCl3): δ 1.26 (t, 3H, Et, 2JHH = 7.4 Hz); 4.34 (q 2H, Et, 2JHH =  7.4 Hz); 6.33 (t 2H, pz 

2JHH = 1.8 Hz); 7.10 (S, CH, 1H, pz,); 7.59 (t, 2H, pz, 2JHH = 1.6 Hz,) 7.74 (d, 2H, pz, 2JHH 

= 2.2 Hz ). 13C{1H}NMR (CDCl3): δ 13.4; 62.7; 74.1; 106.8; 129.6; 140.4; 163.8; . EIMS 

(70 eV, 260oC). m/z (%) = 221 (2) [M+]; 147 (100) [M+-C2O2H5]; IR (Nujol cm-1): ν(C=O) 

= 1750. 

 

4.3.5  Dichloro{bis(pyrazol-1-yl)acetic acid }palladium(II) (9) 

This compound was prepared by dissolving L14 ( 0.10 g, 0.52 mmol) in THF (20 mL), to 

which Pd(NCMe)2Cl2  (0.13 g, 0.50 mmol) was added. A yellow precipitate was observed 

immediately. The mixture was stirred for 6 h, filtered and the solid residue dried to afford 

an analytically pure complex. Yield = 0.15 g; (75%). 1H NMR (DMSO-d6) δ 6.63 (t 2H, 

pz 2JHH = 2.6 Hz); 8.02 (d, 2H, pz 2JHH = 1.8 Hz); 8.14 (s, 1H, CH,) 8.29 (t, 2H, pz, 2JHH = 

2.6 Hz ). 13C{1H}NMR (DMSO-d6): δ 67.0; 107.4; 136.3; 143.9; 164.4; IR (Nujol cm-1): 

ν(C=O) = 1738, ν(O - H) = 3441. 
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4.3.6 Dichloro{bis(3,5-dimethylpyrazol-1-yl)acetic acid}palladium(II) (10) 

This complex, 10, was synthesised in a similar way as 9 but using L15 (0.13 g, 0.60 

mmol) in dichlromethane (20 mL) and PdCl2(NCMe)2  ( 0.15 g, 0.58 mmol). Yield = 0.10 

g; (45%). 1H NMR (DMSO-d6): δ 2.31 (s, 6H, CH3, pz); 2.42 (s, 6H, CH3, pz); 5.61 (s, H, 

CH); 6.04 (s, 2H, pz). IR (Nujol cm-1) ν(C=O) = 1756; ν(O-H) = 3410. Anal. Calc. 

C12H16N4O2PdCl2.0.5CH2Cl2; C, 32.25; H, 3.23; N, 12.04 %. Found. C, 32.27; H, 3.41; N, 

12.25 %. 

 

4.3.7 Dichloro{bis(3,5-ditertiarybutylpyrazol-1-yl acetic acid}palladium(II) (11) 

This complex was prepared by dissolving L16 (0.31 g, 0.72 mmol) and PdCl2(NCMe)2 

(0.19 g, 0.72 mmol) in dichloromethane (20 mL). The mixture was stirred for 6 h. After 

the reaction period, the solution was concentrated and recrystallization from CH2Cl2-

hexane produced an analytically pure compound. Yield = 0.21 g (50%). 1H NMR 

(CDCl3): δ 1.48 (s, 18H, pz); 1.68 (s, 18H, pz); 6.08 (s, 2H, pz); 6.85 (d, H, CH, 2JHH = 

14.2 Hz); 8.54 (d, 1H, OH, 2JHH = 14.2 Hz). 13C{1H} NMR (CDCl3): δ 30.5; 30.8; 32.1; 

32.6; 63.0; 105.5; 155.4; 166.2 IR (Nujol cm-1) ν(C=O) = 1701; ν(O - H) = 3451. Anal. Calc. 

C24H40N4O2PdCl2.2NCMe; C, 49.85; H, 6.82; N, 12.33 %. Found. C, 50.01; H, 7.01; N, 

9.92 %. 
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4.4 Results and discussion 

The bis(pyrazolyl)acetic acid ligands, L14-L16, were synthesised according to literature 

methods19 by phase transfer catalyzed reaction of an appropriate pyrazole and 

dibromoacetic acid in moderate yields. This one step synthetic route was developed by 

Burzlaff and co-workers,20 Scheme 4.2, as an alternative procedure to the multi step 

method reported by Otero et al.21 which could not be used to synthesise the non-

subsitituted pyrazole. Longer reactions periods, 15 h as opposed to 6 h in the literature, 

were employed and the yields obtained were slightly higher (82%) for L14 to those 

already reported (64 %).20 Maximum extraction of the product from the aqueous phase 

was obtained after three steps compared to the six steps reported by Burzlaff and the 

grroup.20 
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The methyl and di-tert-butyl analogues,  L15 and L16, were obtained in relatively low 

yields (40% and 48%) respectively but are comparable to those reported in literature 

(45%).20  L16 was relatively less soluble in water and highly soluble in organic solvents, 
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both chlorinated and non-chlorinated, and maximum extraction from the aqueous phase 

was achieved in one step as compared to three for ligand L14 and L15. 

 

To investigate the ability of these ligands to stabilize palladium complexes, they were 

reacted with Pd(NCMe)2Cl2 as the metal precursor. Complexes 9, 10 and 11 were 

synthesised by reacting L14 and L15 with PdCl2(NCMe)2  in a 1:1 ratio in THF (20 mL), 

Scheme 4.3. A yellow precipitate formed immediately in the case of complexes 9 and 10 

indicating the insolubility of these complexes in THF. The mixtures were stirred for 6 h 

after which the precipitates formed were isolated by filtration and dried to afford 

analytically pure compounds 9 and 10 in good yields (75% and 45% respectively). 

Analytically pure compound, 11, was obtained upon recrystallization from 

CH2Cl2/Hexane in moderate yield (50%). The solubility of this complex in polar organic 

solvents like dichloromethane is attributed to the bulkier tertiary butyl groups on the 

pyrazolyl moiety. 
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The compounds synthesised were characterised by a combination of 1H, 13C NMR and 

infrared spectroscopic techniques. The IR spectra of ligands L14, L15 and L16 showed 

characteristic carbonyl stretching frequencies at around 1727, 1741 and 1712 cm-1 

respectively. O-H stretching frequencies were observed at 3439, 3402 and 3424 cm-1  

respectively. The absence of N-H stretching frequency at 3300 cm-1 confirmed the 

formation of the products through the N-H functional group.  IR spectra of complexes 9, 

10 and 11 showed significant shifts to higher frequencies as compared to their respective 

ligands L14, L15 and L16. For example, carbonyl stretching frequencies of complexes 9 

and 10 were recorded at 1738 and 1756 cm-1 compared to 1727 and 1740 cm-1 of their 

corresponding ligands L14 and L15. This confirms the flow of electrons to the metal 

center hence increased double bond character of the carbonyl group. The same trend was 

observed for the O-H stretching frequencies, for instance, complex 11 (3451 cm-1) 

compared to its corresponding ligand, L16 (3424 cm-1). Figure 4.1 shows the 

IR spectrum of ligand L14. 
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                                                       Figure 4.1 Infrared spectrum of bis(pyrazolyl)acetic acid L14. 



 124

1H NMR spectroscopy was also used to characterise all the compounds prepared. The 1H 

NMR spectrum of L14 shows three doublet between 6.31 and 7.95 ppm. The peak at 

about 6.31 ppm is assigned to the fourth pyrazole protons, while those at 7.54 and 7.94 

ppm were assigned to the 3,5 protons respectively. It is interesting to note that the CH 

proton was observed at the same position as the two 3-pyrazole protons (7.54 ppm). This 

is in contrast to the earlier reports by Burzlaf et al20 who recorded four peaks, one at 7.27 

ppm (CH). The deceptive simplicity22  may suggest the effect of the different instrument 

operating frequencies (200 MHz and 250 MHz). A similar observation is reported in 

literature for the compound 2,5-dichloronitrobenzene.  

 

1H NMR spectrum of L15 and L16 show characteristic upfield peaks at about 2.23 and 

1.24 ppm respectively corresponding to the methyl and ditertiarybutyl groups of the 

pyrazole system. Two singlets at about 5.90 and 6.86 ppm for L15 and 5.91 and 6.52 

ppm for L16 were recorded and assigned to the pyrazole and methylene linker protons 

respectively. It is noteworthy to mention the significant decrease in the chemical shift of 

the CH protons from 7.54 ppm in L14 to 6.52 ppm in L16. This clearly shows the greater 

electron donor ability of the tertiary butyl groups relative to the hydrogen atoms. 

 

The 1H NMR spectral data of complexes 9, 10 and 11 exhibit significant differences from 

those of their corresponding ligands L14, L15 and L15. Shifts to higher frequencies for 

all the protons were found in complex 9 (6.63, 8.02 and 8.30 ppm) as compared to the 

respective ligand L14 peaks (6.32, 7.55 and 7.95 ppm). The downfield signals observed 

in the complexes indicate reduced electron density around the protons due to the electron 
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flow towards the palladium center consistent with those observed in the infrared data. A 

similar trend is evident in complexes 8 and 9. Figures 4.2 and 4.3 show the 1H NMR 

spectra of L14 and the corresponding complex 9.  

 

 

Figure 4.2 1H NMR spectrum of bis(pyrazolyl)acetic acid L14. 
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Figure 4.3 1H NMR spectrum of bis{(pyrazolyl)acetic acid}palladium dichloride 9.
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13C NMR spectroscopy was also used to characterise the compounds synthesised. The 

characteristic carbonyl signals were recorded within the range of 166.2 ppm (L14), 166.1 

ppm (L15) and 158.6 ppm (L16). This trend depicts a general decrease in the chemical 

shift with increase in the steric bulk of the pyrazole substituents. This feature is also 

prominent in the chemical shift of CH carbon, L14 (73.9 ppm), L15 (71.7 ppm) and L16 

(66.0 ppm). Figure 4.4 represent the 13C NMR spectrum of ligand L15.  

 

The respective complexes of the ligands show similar 13C NMR spectra. We observed 

slight decrease in the chemical shift of the carbonyl functionalities in complexes 9 (164.4 

ppm) and 10 (165.5 ppm) as compared to their respective ligands, L14 (166.2 ppm) and 

L15 (166.1 ppm). Similar trend is recorded for the CH linker carbon, for instance 

complex 9 (70.0 ppm) and 10 (67.5 ppm) as compared to their respective ligands L14 

(73.9 ppm) and L15 (71.7 ppm). This observation contradicts the ones earlier made in the 

IR and 1H NMR data in which there occur shifts to higher frequencies in the complexes 

as expected. However, we observed significant shifts to higher frequencies in the 

pyrazolyl carbons in the complexes as compared to the ligands. For example, complex 9 

(136.3, 107.4 and 143.9 ppm) and 10 (144.4, 108.0 and 153.3 ppm) as compared to their 

corresponding ligands L14 (131.0, 106.5 and 140. 1 ppm) and L15 (140.8, 106.6 and 

147.0 ppm) for the 3, 5, 4 pyrazolyl carbons respectively.
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Figure 4.4 13C NMR spectrum of bis(3,5-dimethylprazolyl)acetic acid L15.
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The compound bis(3,5-ditertiarybutyl-pyrazol-1-yl)acetic acid, L16 was also 

characterised by mass spectrometry. The spectrum exhibits a molecular ion at m/z = 415, 

which corresponds to the relative molecular mass of the compound (416), Figure 4.5. 

Fragmentation occurs by a loss of one tertiary butyl (M-57) substituent to produce an ion 

at m/z 359. This is followed by a loss of a second ditertiary butyl group to produce a 

signal at m/z = 299, which is the most, stable fragment ion. The loss of 18 atomic mass 

units to produce a peak at m/z = 281 could be attributed to the loss of the hydroxyl group 

(M+–OH). The spectrum produced thereafter appears complicated for identification of the 

respective fragment ions formed.  



 130

 

  

Figure 4.5 Mass spectrum showing the fragmentation pattern of bis(3,5-di-tert-

butylpyrazolyl)acetic acid L16. 
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4.5 Esterification reactions of bis(pyrazol-1-yl)acetic acid, L14 with ethanol 

 
The interaction between a carboxylic acid and an alcohol is a reversible process and is 

known to proceed very slowly with equilibrium only attained after refluxing for several 

days.23 To increase the rate of reaction and favour the formation of the ester, the reaction 

can be catalyzed by use of either concentrated sulfuric or hydrochloric acid and an excess 

of either an acid or alcohol. In this section, we investigated the ability of the 

bis(pyrazolyl)acetate ligands to undergo the classical esterification reactions. This was 

carried by reacting L14 with excess ethanol under acidic media (concentrated 

hydrochloric acid) to obtain compound L17, Scheme 4.4.  
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The reaction was refluxed for 15 h after which the pH of the solution was increased to 

about 11 using sodium hydrogen carbonate. The ester was isolated by extraction using 

dichloromethane. Upon removal of the solvent, an analytically pure compound was 

obtained in good yields (58%). However, this is significantly lower than that reported in 

literature for butyl acetate (69%)24 but higher than that of benzyl acetate (37%)24 

indicating the effect of the steric bulk in the percent yield. The compound was 

characterised by 1H NMR, 13C NMR and IR spectroscopy and mass spectrometry. The 1H 
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NMR spectrum, Figure 4.6 shows an additional triplet  (1.26 ppm) and quartet (4.34 ppm) 

characteristic of   the methylene and methyl protons of the alcohol (ethanol) respectively. 

There is no significant effect on the pyrazolyl protons. The 13C NMR spectrum as 

expected exhibits an additional up field signals at 13.4 and 62.7 ppm corresponding to the 

CH3 and CH2 of the ethoxy moiety. The mass spectrum obtained also confirms the 

formation of this compound. The molecular ion at 221 corresponds to the molecular mass 

of the ligand (220). The fragmentation ion m/z 147 is formed after the loss of 74 amu, 

which corresponds to the ester group (CO-OEt). 

 
 

 

 
 

Figure 4.6 1H NMR spectrum for bis(pyrazol-1-yl)ethyl acetate L7.
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4.6 Evaluation of the acid dissociation constants of bis(pyrazolyl)acetic acid ligands 

and their palladium(II) complexes. 

In an attempt to explore the acidity of the synthesised water soluble ligands L14 and L15 

and the effect of the metal centre on this acidity, a pH titration curve of the ligands L14 

and L15 and their corresponding complexes 9 and 10 were constructed using dilute 

sodium hydroxide. Equations 4.1 and 4.2 represent the reactions between the ligand and 

complex with sodium hydroxide respectively. 
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      Equation 4.2 

 

The acid dissociation constant, Ka of L15 (methyl analogue) was found to be 2.0 × 10-4  

(pKa = 3.70).  This value is comparable to that of acetic acid,25 Ka = 1.8 ×10-4 (pKa  = 

3.74).
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However, it is significantly lower compared to the Ka of the corresponding complex, 10 

of 1.30 Χ 10-2 (pKa = 2.0). This clearly demonstrates that there is electron flow from the 

ligand to the metal center hence reduced basicity25 or increased acidity of the carboxylic 

functionality in the complex system. Figure 4.7 represents the pH titration graph of 

Ligand L15 and its complex 10. The pH titration curves resemble that of acetic acid with 

dilute NaOH.25 Figure 4.8 represents the pH titration curve of ligand L14.  

 

Interestingly the Ka of ligand L14, which is non-substituted, was found to be 9 ×10-3 

(pKa = 2.04). This is slightly higher than the Ka of L15, bearing the methyl substituents 

(Ka = 2.0 × 10-4). This suggests that the methyl substituents significantly reduce the 

acidity of the ligand. This factor could be ascribed to greater σ-donor ability of methyl 

substituents relative to the hydrogen atoms. A similar trend was observed for the 

respective complexes, with complex 9 being more acidic (Ka = 1.75 Х 10-2) than 10 

(Ka = 1.30 Х 10-2). 
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Fig 4.7 pH titration curves of ligand L15 and complex 10 with 0.01M NaOH 
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Figure 4.8. pH titration curve of bis(pyrazolyl)acetic acid, L14 with NaOH. 
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4.7 Conclusion 
 
 
Three bis(pyrazolyl)acetate ligands have been synthesised by one step phase transfer 

catalyst using dibromoacetic acid and an equivalent amount of the appropriate pyrazole. 

The ligands were obtained in moderate to high yields. 1H NMR, 13C NMR and IR 

spectroscopic techniques have been used to fully characterise these compounds. 

Substituent effect on solubility of these ligands is prominent with the non-substituted 

system having high solubility in water while the bulkier di-tert-analogue showing high 

solubility in organic solvents. The reactions of these ligands with Pd(NCMe)2Cl2 afforded 

their respective palladium(II) complexes in good yields. From microanalyses data 

available, a general empirical structure of the form Pd(L)Cl2 can be proposed for all the 

complexes synthesised. 

 

It has been successfully shown that these bis(pyrazolyl)acetate ligands undergo classical 

esterification with primary alcohols reactions to give the resulted esters in good yields. 

We have also established that the acidity of both the ligands and their palladium(II) 

complexes depend on the nature of the pyrazolyl substituent on the ligand system. In 

general, the acidity of the compounds decreases with increase in the donor ability of the 

substituent groups. The palladium(II) complexes also exhibit higher acidity that than their 

corresponding ligands. 
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CHAPTER 5 
 

5.1 Summary 
 
A series of heterocyclic carbonyl pyrazolyl ligands have been successfully synthesised 

and obtained in good yields. The reaction of these ligands with Pd(NCMe)2Cl2 gave the 

respective palladium(II) complexes, in moderate to high yields. The compounds 

synthesised have been characterised by a combination of 1H NMR, 13C NMR and IR 

spectroscopic techniques as well as mass spectrometry and single crystal X-ray analysis.  

Microanalysis was used to confirm the empirical formulae and purity of the compounds 

synthesised. Single crystal X-ray crystallography of complexes 1 and 2 confirms the 

monodentate binding mode of the ligands with the heteroatoms oxygen and sulfur in the 

furan and thiophene moieties being non-coordinating. A general formulae for all the 

complexes can thus be deduced as Pd(L)2Cl2 with the trans geometry being preferred. 

From the two molecular structures and crystal parameters, it is evident that both the 

oxygen and sulfur heteroatoms in the furan and thiophene moieties display similar 

electron donor abilities. 

 
The weak donor ability of these ligands is attested by their inability to displace COD 

when Pd(COD)Cl2 is used as the metal precursor. This is also confirmed by the 1H NMR 

experiment carried out which shows the complete dissociation of the ligands from the 

palladium metal centre upon reaction with Sn(Me)4. Acyl pyrazolyl ligands have also 

been synthesised and fully characterised. However, attempts to isolate their palladium(II) 

complexes were not successful.    
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Five carbonyl containing pyrazolyl palladium(II) complexes, (3,5-Me2pz-

CO-furan)2PdCl2, (1) (3,5-Me2pz-CO-thiophene)2PdCl2, (2) (3,5-tBu2pz-CO-furan)2PdCl2, 

(3) (3,5-tBu2pz-CO-thiophene)2PdCl2 (4) and (3,5-Ph2pz-CO-thiophene)2PdCl2 (8) have 

been investigated for ethylene oligomerisation and polymerisation catalysis. They have 

been found to give active catalysts for ethylene polymerisation upon activation with 

MAO, producing high-density linear polyethylene (HDLPE). Activities of these 

heterocyclic carbonyl catalysts are lower compared to the simple pyrazole systems 

already investigated and were only active at elevated temperatures. This behaviour could 

be ascribed to the existence of non-coordinating donor atoms, sulfur and oxygen which 

might cause catalyst deactivation by forming adducts with the aluminium co-catalyst.  

Thermal instability of these catalysts could also contribute to their observed low catalytic 

activity. The weak donor ability of these pyrazolyl ligands, as indicated above could lead 

to ligand dissociation from the metal centre resulting to catalyst deactivation. It has been 

shown that the activity of these pyrazolyl palladium complexes could be enhanced by 

incorporation of electron deficient compounds.  

 

It is clear that the activity of these catalysts depend on the nature of the substituents in the 

ligand system as well as the reaction conditions. It can also be concluded that the 

dominating factor in controlling the molecular weight, besides reaction conditions is the 

steric bulk of the ligands. The blocking of the axial coordination site in the metal centre, 

which according to theoretical calculations is essential for obtaining higher molecular 

weights is still insufficient since lower molecular weight polymers were obtained with the 

bulkier substituent groups.  
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 The activation of these complexes by alkyl aluminium compound, EtAlCl2, resulted in 

active catalysts for ethylene oligomerisation. This is due to the low Lewis acidity of 

EtAlCl2 as compared to MAO. The major oligomers produced were C10 and C12. No 

lower oligomers in the C4-C8 range were obtained. This shows that the catalysts favour 

chain propagation relative to chain termination consistent with Pd(II) α-diimine 

complexes abound in literature.   

 
Three bis(pyrazolyl)acetic acid ligands have been synthesised by one step phase transfer 

catalyst using dibromoacetic acid and an equivalent amount of the appropriate pyrazole. 

The ligands were obtained in moderate to high yields. 1H NMR, 13C NMR and IR 

spectroscopic techniques have used to fully characterise these compounds. Substituent 

effect on solubility of these ligands is prominent with the un-substituted system having 

high solubility in water while the bulkier di-tert-butyl analogue is highly soluble in 

organic solvents. The reactions of these ligands with Pd(NCMe)2Cl2 afforded their 

corresponding palladium(II) complexes in good yields. From microanalysis data 

available, a general molecular structure of the form Pd(L)Cl2 can be proposed. 

 

It has been successfully shown that these bis(pyrazolyl)acetic acid ligands undergo 

classical esterification reactions with primary alcohols to give the resultant esters in good 

yields. We have also established that the acidity of both the ligands and their 

palladium(II) complexes depend on the nature of the pyrazolyl substituent on the ligand 

system. In general, it was found that the acidity decreases with increase in the electron 

donor ability of the pyrazolyl substituents. The palladium(II) complexes also exhibit 
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higher acidity that than their respective ligands. This confirms decreased electron density 

in the ligand system as electrons flow to the metal centre. 

 

5.2 Future directions 

Future prospects of this work include investigation of the catalytic behaviour of these 

heterocyclic carbonyl palladium(II) complexes when activated with other aluminium 

compounds such Et2AlCl as co-catalysts. Probing the effect of other reaction conditions 

such as temperature and pressure on ethylene polymerisation using these catalyst systems 

is recommended. Mechanistic studies involving the interactions of these pyrazolyl 

complexes with the α-olefins also require considerable attention. This would lead to a 

better understanding of the observed activity trends from kinetics and thermodynamics 

point of view. The catalytic potential of the bis(pyrazolyl)acetic acid palladium(II) 

complexes synthesised is another area that  require some future attention. 
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