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ABSTRACT 

 

This thesis reports the synthesis of the imine ligands from Schiff base condensation 

reaction of aldehyde derivatives and equimolar quantities of aniline derivatives.  The 

imine ligands L1-L5 were characterized by NMR, FTIR spectroscopy and GC-MS 

spectrometry. 

 

The cyclopalladated complexes were synthesized through two synthetic routes viz. the 

oxidative addition where (2-Bromobenzylidene 2,6-diisopropylphenyl) amine (L3) 

was reacted with Pd(PPh3)4 forming [PdBrP(C6H5)3(C6H4)CH=N{2,6-(CH3CH3CH)2-

C6H3}] (1) complex and C-H bond activation forming chloro-bridged cyclopalladated 

complexes 2-6 from reaction of (CH3CN)2PdCl2 with L1-L5 in the presence of 

sodium acetate.  Mononuclear cyclopalladated complexes (7-13) were synthesized by 

reacting chloro-bridged complexes with two moles of the tertiary phosphine ligand.  

These complexes were characterized by NMR, FTIR spectroscopy, ESI-mass 

spectrometry and elemental analysis.  Cationic cyclopalladated complexes 7a-9a, 11a 

and 13a were formed by reacting mononuclear complexes with equimolar quantities 

of NaB(Ar)4. 

 

The mononuclear cyclopalladated complexes and cationic cyclopalladated complexes 

were evaluated in ethylene and in phenylacetylene oligomerization/polymerization.  

Oligomerization of ethylene was performed by activating the mononuclear 

cyclopalladated complexes by modified methylaluminoxane (MMAO) as co-catalyst 

selectively forming C8, C12, C14 and C16 olefins.  In 1-hexene oligomerization 

cyclopalladated complexes were activated by EtAlCl2 selectively forming C12, C18 
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and C24 alpha olefins oligomers.  Ethylene and 1-hexene oligomers were analyzed by 

gas chromatography. 

 

Oligomerization of phenylacetylene with mononuclear complexes was performed by 

first activating the complex with silver triflate and reacting with phenylacetylene.  

Polymerization of phenylacetylene with cationic complexes was performed by 

reacting the complex with phenylacetylene in dichloromethane.  The phenylacetylene 

products obtained were characterized by 1H NMR, IR spectroscopy and GPC.  The 

results obtained were compared with literature data available. 
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1.1. Introduction 

 

The first cyclometallated complexes were reported in the 1960’s by Klieman and 

Dubeck after which Cope and Siekman synthesised cyclometallated complexes from 

the reaction of azobenzene derivatives with K2MCl4 (M = Pd, Pt) [1].  Metallocyclic 

complexes are characterised by at least one metal carbon bond intramolecularly 

stabilized by at least one donor atom (O, N, S or P) incorporated into the ring (Figure 

1.1).  Work on cyclometallated organic imine complexes was first initiated by Onoue 

and Moritani [2] in the 1970’s. 

E

C

M

 

E = O, N, S, P, Se, etc; M = Transition metal 

Figure 1.1: General structure of a cyclometallated complex 

 

Since then there has been growing interest in these imine metallocycles due to their 

wide applications in C-C bond formation such as Suzuki and Heck coupling reactions 

[3].  They have also been used in designing new metallomesogens [4] and anti-tumor 

drugs [5].  Optically active palladacycles have also been used in enantiomeric excess 

determination and in optical resolution of amines and phosphines [6-7].  This demand 

required modification of known systems and the development of new highly active 

metallocycles. 

 

Cyclometallated complexes vary in size from three to eleven membered rings 

depending on the type of ligand.  Three and four membered rings are rarely 
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encountered because they are usually highly unstable and therefore difficult to isolate.  

Amongst metallocyclic ring sizes, five membered ring metallocycles are well known 

due to their high stability and they are thus easily synthesised [8].  Five membered 

ring metallocycles are formed free from angular strain, in which ring strain is 

controlled by the bond angle of each atom in the ring.  Since the metal generally 

forms square planar, bipyramidal or octahedral coordination structures, and the bond 

angle formed by two bonds between the metal centre, carbon and donor atom is closer 

to 90 °C than 109 °C (sp3) or to 120 °C (sp2) [8].  Amongst this class of 

cyclometallated complexes, palladium is most common since its complexes were 

found to be highly active in C-C bond transformation (Suzuki and Heck coupling) 

processes [9]. 

 

 

1.2. Synthesis of the metallocycles (mononuclear and bridging complexes) 

 

Metallocyclic complexes are formed via different synthetic routes depending on the 

ligand type and metal source applied.  There are a number of different synthetic routes 

that have been reported such as C-H bond activation, oxidative addition, 

transmetallation or nucleophilic addition to an unsaturated bond and coordination with 

donor atoms (such as N, P, S, O and etc.).  The C-H bond activation process involves 

direct chelate assisted metallation of the C-H bond also known as orthometallation or 

direct metallation [10].  Dupont et al. [11] and Deeming et al. [12] reported that C-H 

bond activation occurs within the coordination plane of the metal centre.  A general 

schematic representation of the cyclometallation reaction is shown in Scheme 1.1. 
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C-H

Z
+ + X

Z

C

M
X

2
+ H

+M2+

 

M = metal, Z = donor atom (N, P, O, S and etc), X = halide (Cl, Br) or OAc 

Scheme 1.1: General synthesis of metallocycle. 

 

Orthometallation or cyclometallation is a more common synthetic route for synthesis 

of cyclometallated complexes than the other synthetic processes due to the low cost 

and the ease of these synthetic routes.  In other cases metallocyclic complexes are 

formed by ligand exchange processes with other cyclic complexes 

(transcyclometallation) [13].  There are different types of cyclometallated complexes 

such as monodentate, bidentate and pincer complexes.  The next section discusses the 

above mentioned synthetic routes and mechanisms of the cyclometallation reactions.  

In addition I will also discuss the physical and chemical properties of metallocycles 

and their application in catalytic processes. 

 

 

1.2.1. C-H bond activation 

 

The C-H bond activation process is widely known as a direct metallation reaction and 

is commonly regarded as an electrophilic substitution reaction.  In this process the 

oxidation state of the metal does not change and the hydrogen dissociates as a free or 

bound proton (Scheme 1.2) [12, 14].  Dissociation of the hydrogen in C-H bond 

activation is in most cases promoted by the presence of a base eg. acetate.  A 

cyclometallation reaction involves two intramolecular coordination compounds i.e. σ-
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coordination (with donor atom), and π-coordination compounds (with groups such as 

cyclopentadienyl, alkenyl, allyl, alkynyl, dienyl and aryl) [15]. 

M(n)C

H

C M(n) + H
+

 

Scheme 1.2: General C-H bond activation reaction. 

 

Most cyclometallated complexes have been reported to occur via intramolecular 

electrophilic attack of the metal at the carbon atom.  This favours formation of five 

membered rings and the activation of the C-H bond of aromatic rings over aliphatic 

C-H bonds.  This is due to the strength of M-Caryl over M-Cbenzyl or M-Calkyl bonds in 

the product [16].  Aromatic ring-containing ligands possess the advantage as that they 

can be easily fine-tuned in different positions to form a more active or a stable 

complex. 

Pd(OAc)2  + 
NH2

But

LiX/MeOH NH2

Pd X

2

But

X = halide  

Figure 1.2: Formation of halide bridging cyclometallated complexes from palladium 

acetate. 
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The C-H bond activation process involves the interaction of an organic ligand with 

common metal sources or agents such as L2MCl4
2-/ LOAc (L = Na, Li) (M = Pd, Pt) 

or palladium acetate in acetic acid or in benzene.  When L2PtCl4
2- is applied without 

alkali metal acetate or amine, cyclometallation reaction takes place extremely slowly.  

Therefore in the presence of acetate (base) which promotes C-H bond cleavage the 

reaction becomes more effective [8, 15].  The complex formed from Pd(OAc)2 

depends on the ligand properties and detailed activation steps in the reduction of 

Pd(II) to Pd(0) [17].  An acetate bridged complex can be easily transformed to a 

halide bridging complex by using lithium or sodium halide as illustrated in Figure 1.2. 

Ru
Cl

Cl

2

+
R' NMe2

R
1/2 2 2KPF6

CH2Cl2, RT
Ru

Cl

R'

NMe2

R

+
NHMe2

+
R

R'

PF6
-

R = R' = H

R = Me; R' = H

R = H; R' = 3,4-OCH2O

Figure 1.3: Cycloruthenated complex formation through trans-cyclometallation. 

 

In other C-H bond activation cases, the ligand exchange process is applied using 

another metallocycle (trans-cyclometallation) as shown in Figure 1.3.  A Ruthenium 

cyclometallated complex was formed from the reaction of ruthenocene chloro-bridged 

complex with N,N-dimethylbenzylamines through trans-cyclometallation process.  

This process produces very low yields [18].  The trans-cyclometallation process has 

been applied in cases where the targeted product cannot be isolated with either C-H 

bond activation or oxidative addition reaction [13]. 
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1.2.2. Oxidative addition reaction 

 

The oxidative addition process requires the complex to have an empty σ-type 

molecular orbital and a high-energy molecular orbital having a lone pair that will be 

transferred into the σ* orbital of the C-X (X = halide) bond during the 

cyclometallation reaction [11, 19].  The central atom (transition metal) donates two 

electrons to the C-X bond increasing the oxidation state of the metal by two units and 

the coordination number of the complex also increases (Scheme 1.3).  If the halide or 

hydrogen remains in the coordination sphere after cleavage of the C-X bond, the 

cyclometallation reaction in this case is through an oxidative addition mechanism and 

the metal is regarded as nucleophilic centre.  However in some cases the halide can be 

removed by reductive elimination in the presence of a suitable ligand.  The oxidative 

addition reaction is also known to proceed via a nucleophilic pathway [20]. 

M(n)

C

X

C
M

X

(n+2)

 

X = Halide, Hydrogen 

Scheme 1.3: General scheme for oxidative addition reactions. 

 

Transition metals with d8 configuration such as Iridium (I), Rhodium (I), Ruthenium 

(0), and d6 Rhenium (I), Osmium (II) were reported to undergo cyclometallation 

through a nucleophilic pathway [20]. 

 

Oxidative addition of aryl halides and alkyl halides containing two electron donor 

groups has been used to synthesize metallocycles that are not favoured by direct C-H 

bond activation reactions.  Palladium metallocycles have been reported as 
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electrophiles but some of the palladacycles are synthesised from oxidative addition 

reactions and the metal source usually used are Pd(dba)2 or Pd2(dba)3.  These metal 

sources form halogen bridged binuclear palladacycles or neutral pincer-type 

palladacyles depending on the type of ligand.  The major drawback of this process is 

that dba usually binds tightly to Pd resulting in the slowing down of the oxidative 

addition process [21]. 

 

 

1.2.3. Transmetallation 

 

N

Cr(CO)3

(i) Hg(OAc)2 
(ii) CaCl2

N

HgCl

Cr(CO)3

(i) (CNCH3)2PdCl2
(ii) Py

N

Pd

Cl

Py

Cr(CO)3  

Figure 1.4: Synthesis of a planar chiral palladacycle through a transmetallation 

reaction. 

 

The transmetallation process involves formation of mercurial or lithium containing 

ligand as an intermediate which reacts with the metal salt forming a cyclometallated 

complex.  The common transmetallation agents usually employed are organolithium 

or organomercurial reagents.  Transmetallation processes can be used in the synthesis 

of bis-cyclopalladated coumpounds using organolithium or mercurial N- and O-

containing ligands with halogen bridged dimer palladacycles [10 (a)].  Planar chiral 

cyclopalladated complexes containing Cr(CO)3 have been synthesized using 
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transmetallation via organo-mercurial compounds as shown in Figure 1.4 [22].  

Mercury is well known to be very toxic therefore difficult to work with resulting in 

very limited reports involving cyclometallation studies through the transmetallation 

synthetic route. 

 

 

1.3. Mechanism for cyclometallated complex formation 

 

Different mechanisms have been proposed for the cyclometallation reaction of 

nitrogen-containing ligands with transition metals.  The cyclometallation reaction of 

aromatic ligands has been reported to occur via electrophilic substitution of the metal 

at the C-H bond.  This reaction proceeds by first π-coordination of the donor atom (N, 

O, S, P and etc.) to the metal thus activating the metal.  This is followed by 

coordination of the activated metal to the carbon in the ortho position of the aromatic 

ring forming a σ–bond [22].  

N
N

Ph

+ Pd Cl

Cl

Cl

Cl
+ Cl-
- Cl-

2-

N
N

Ph

Pd

Cl

Cl

Cl

-

+ Cl-

N
N

Ph

Pd

Cl

Cl

_

N
N

Ph

Pd

Cl
+ Cl-

- Cl-

- Cl-

+H+

-H-

N
N

Ph

Pd

Cl

2

N
N

Ph

Pd

Cl

Cl

 

Scheme 1.4: Proposed mechanism for cyclometallated palladium complexes. 
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Two mechanistic pathways have been proposed for the cyclopalladation processes 

Pd(0) to Pd(II) and Pd(II) to Pd(IV).  The first proposed mechanism for the formation 

of the cyclopalladated complex is illustrated in Scheme 1.4 (azobenzene with 

[PdCl4]2- in the presence of a base).  In this reaction hydrochloric acid is produced as a 

by-product therefore the base serves to neutralise the reaction. The base also promotes 

activation or cleavage of C-H bond during the reaction. 

 

The second proposed mechanism involves electrophilic attack of the Pd(II) centre on 

the aromatic ring resulting in Pd(IV) which further undergoes reductive elimination 

forming a metallocyle and releasing hydrochloric acid as a by-product.  This 

mechanism is less suitable for palladium due to the high energy required to form 

Pd(IV) oxidation state.  However this mechanism is favoured by transition metals of 

lower energy such as Ruthenium (Scheme 1.5) [23]. 

L4RuHCl
+L
-L

L3RuHCl

O(C6H5O)2P

Ru

HCl

L2

-H2

+H2

-L
+L

L = (C6H5O)3P

H

O
(H5C6O)2P

Ru

HCl

L2

O
(H5C6O)2P

Ru

HHCl

L2

O
(H5C6O)2P

Ru

Cl

L2

O
(H5C6O)2P

Ru

Cl

L3

 

Scheme 1.5: Mechanism of ruthenium cyclometallated complex 

 

Synthesis of most cyclometallated complexes of low energy transition metals has been 

reported to occur via intermolecular C-H bond activation forming an agostic bond.  
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Agostic bond (M←H–C) formation occurs when the metal bonded to the donor atom 

of the ligand approaches a C-H bond of the ortho carbon atom [24].  The mechanism 

of the ruthenium cyclometallated complex formation is shown in Scheme 1.5.  The 

difference between the two mechanisms is that in ruthenium the hydrogen atom 

migrates from the phenyl ring to the metal and the metal is in the higher Ru(IV) 

oxidation state as opposed to Pd(II) [23]. 

 

 

1.4. Physical and chemical properties of metallocycles 

 

When the ligand consists of both C-X and C-H bonds in the ortho position of the 

aromatic ring, C-H intramolecular bond activation is favoured.  This is due to higher 

energy of the C-X bond over C-H bond.  C-X bond activation occurs when both ortho 

position of the aromatic ring contains C-X bonds and when C-H bond activation 

would result in an exo-metallocycle formation, while C-X bond activation forms the 

more favoured endo-cyclic complex [25, 26].  However when methyl or methoxy 

groups are adjacent to the C-H bond in an aromatic ring, they inhibit the metallation 

process.  Therefore both proposed mechanisms apply in platinacycle complexes, since 

this metal is able to accommodate low and high oxidation states. 

 

The characteristics such as the size of the metallocyclic ring, formation of endo- or 

exo- isomers in ligands containing more than one metallation site is controlled by 

regioselectivity (enforced and regulated regioselectivity).  In the enforced 

regioselectivity the product formed is dependent on the mechanism operating in the 

particular process and is influenced by the electrophilic or nucleophilic nature of the 
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metal, the nature of substituents on the aromatic ring of the ligand (steric effect), and 

the relative affinity of the metal and donor atom.  Different metals undergo different 

mechanisms for example palladium act as an electrophile and platinum act as either 

electrophile or nucleophile depending on a particular reaction.  This was observed in 

the cyclometallation of ligands containing methoxy and methyl substituents or halide 

containing ligands with palladium and platinum metals. 

N CH2Ph

R
1
 

R
5

R
4

R
3
 

R
2

N
M

CH2Ph

R
1

R
2

R
3

R
4

Pt or 

Pd(OAc)2

Pt

No cyclometallation for Pt,

Pd(OAc)2

N CH2

Pd
R

5
R

4

R
3

R
2

R
1

 R2, R3 = OMe or halide 

R2 = Me or halide

R1, R3, R5 = OMe or halide

R2, R4 = OMe or halide 

R1, R4 = Me or halide 

M = Pt, Pd

 

Figure 1.5: Regioselectivity illustration in the cyclometallation of palladium and 

platinum. 

 

The ligands containing methoxy substituents in positions R1, R3, R5 or in position R2, 

R4 was disfavoured by cyclometallation in the case of platinum [27], while 

cyclometallation for aliphatic C-H bonds has been observed for palladium forming an 

exo-six membered ring metallocycle complex [16, 28].  This was thought to be due to 

the difference in the mechanism involved in the reaction of these metals.  The bulky 
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methoxy or methyl substituents adjacent to C-H bond hindered cyclometallation as 

illustrated in the Figure 1.5. 

 

The affinity of platinum to form endo-cycle complexes was observed when ortho 

positions were protected by halide groups.  However in the presence of halide 

substituents in the 3, 4, or 5 positions C-X bond activation occurs in platinum while 

palladium forms exo-cycles through C-H bond activation. 

 

In regulated regioselectivity the cyclometallation reaction is controlled by reaction 

conditions such as solvent type and temperature.  The reaction of 

methylphenylhydrazone with a palladium metal source was observed to occur through 

C-H bond activation of the C-H bond in the aliphatic picolone forming a dimeric 

complex with Pd-N bond.  The dimeric complex was further reacted in benzene or 

methylene chloride forming the metallocycle, complex A from the activation of the 

methyl group. 

 

The effect of the solvent was also observed in the cyclopalladation of the bifunctional 

dibenzylamine, where an asymmetrical dibenzylamine was reacted with palladium 

acetate in chloroform forming methoxy-substituted ring metallocycles whereas when 

acidic solvent is used the nitro-substituted ring was metallated as shown in Figure 1.6.  

However it has been reported that complex A can undergo thermal isomerisation to 

form complex B in the presence of HOAc at high temperature [28, 29].  Metallation of 

one of the two benzyl ring depends on the resistance of the formed metallocycles to 

acidolysis therefore metallation occurs on the benzyl ring that is resistant to 

acidolysis.  This in other cases can be determined by the thermodynamic stability of 
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the formed metallated complex.  For instance endo metallacyle isomers are mostly 

favoured over exo metallacycles [16]. 

MeO

MeO

N

CH3
NO2

+ PdX2

O2N

Pd

N

X

CH3

OMe
OMe

Pd

N

X

CH3

NO2

MeO

MeO 2

2

HOAc

CHCl3

B

A

Figure 1.6: Effect of solvent in cyclometallation reaction. 

 

The effect of temperature was observed in the cyclometallation of 

trimethylphenylbenzylidine benzylamine or trimethylphenylbenzyldine 2-

methylbenzylamine with palladium acetate.  In this reaction either exo-(through C-H 

bond activation in the aromatic ring) or endo-(through C-H bond activation of the 

aliphatic carbon) metallocycle isomer could be formed.  Even though it has been 

accepted that cyclometallation favours formation of five membered metallocycles and 

C-H bond activation of aromatic C-H is favoured over aliphatic C-H bonds there are 

however some exceptions [30].  In this case a five membered exo-metallocycle was 

formed under mild conditions (40 °C, 3 hrs).  However a six membered endo-

metallocycle complex was formed at higher temperatures (80 °C, 1 hr) [31]. 
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Halogen bridged dimeric palladacycles forms cisoid and transoid isomers but it is 

typically the transoid isomer that crystallizes even though palladacycles formed from 

the chloropalladation of hetero-substituted alkynes crystallize in cisoid geometry.  It 

has been observed that in all the halogen bridged complexes, the Pd-halogen bond that 

is in a trans-position to Pd-C is longer than the one in the cis position due to the 

stronger effect imposed by carbon compared with the heteroatom ligand [32]. 

 

The acetate bridged dimeric palladacycles in addition to cisoid and transoid 

conformations also form in-in, out-in, and out-out structural isomers depending on the 

nature of the ligand.  The bridged bimetallic complexes are easily split by reaction 

with two electron donor ligands (pyridine, phosphines and etc.) forming monomeric 

complexes with these donor ligands usually in a cis position to the Pd-C bond even 

though trans-metallocycles having C-Pd-L structures have also been reported [33]. 

 

When a palladium acetate precursor is employed an endocyclic conformation is 

favoured over the exocyclic arrangement.  This has been observed in the 

cyclopalladation of primary and tertiary aryl amines.  It was found that formation of 

endocycle over exocyclic complexes was not due to ring size selectivity but due to the 

fact that endocycle is the thermodynamic isomer.  However the exocycle is isolated in 

some cases but can easily isomerise to the endocycle [16]. 
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1.5. Applications of mononuclear and binuclear cyclometallated complexes 

 

Cyclometallated complexes have been widely applied in many different situations 

such as in organic synthesis, medicine, biological agents and in organometallics.  The 

applications of these complexes as catalytic precursors was first reported in the 1980s 

where a cyclopalladated complex of triphenyl phosphite was applied in the 

hydrogenation of C=C bonds [34].  Subsequently cyclopalladated complexes of 

azobenzenes, hydrazobenzenes, or N,N-dimethylbenzylamine were used in the 

reduction of nitro-alkenes, nitriles, alkynes, alkenes, and aromatic carbonyl 

compounds. 

 

Since the initial application of cyclopalladated tris-o-tolylphosphine in C-C coupling 

reactions (such as Heck and Suzuki coupling), there has been increasing interest and 

many reports on the applications of cyclometallated complexes in C-C coupling 

reactions have appeared [10 (a)].  The C-C bond coupling reactions have been 

extensively studied with palladium cyclometallated complexes rather than with other 

metallocycles, since the former are able to tolerate a wide range of functional groups 

and the use of non-toxic organoborane reagents. 

 

 

1.5.1. Heck coupling  

 

Most if not all cyclopalladated complexes are able to facilitate coupling of iodo and 

bromo arenes with alkenes at higher temperatures in the presence of a base and an 

additive such as tetrabutylammonium bromide in Heck coupling reaction. 
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CH2

R2

catalyst

R1

R2

R1 X +
 

R1 = aryl, alkenyl, R2 = aryl, alkyl, alkenyl, OR, CO2R, etc., X = I, Br, OTf 

Figure 1.7: General synthetic route for Heck coupling reactions 

 

Cyclopalladated monomers, halogen- or acetate-bridged dimers and pincer complexes 

have been reported in the catalysis of Heck coupling reactions resulting in very high 

turn over number (TON) values.  In this reaction palladacycles act as a reservoir of 

catalytic Pd(0) species suggesting that reaction occurs via a Pd(0)/Pd(II) catalytic 

cycle [35]. 

 

Heck coupling reactions involving chloroarenes catalysed by cyclopalladated 

complexes have been observed to occur only under harsh reaction conditions (>150 

°C).  An example of this is the coupling of aryl chlorides with styrene catalysed by a 

cyclopalladated oxime, a pincer phosphinito palladacycle or CN-palladacycles [36].  

A chloropalladated propargylamine is the only palladacycle complex thus far reported 

that can promote the Heck coupling reaction at room temperature [36]. 

 

Separation of the catalyst system from the product still remains the main challenge 

facing homogeneous catalyst precursors.  Therefore palladacycles were heterogenized 

by immobilisation onto polymers, mesoporous MCM-41 material and on amorphous 

silica in order to improve catalyst recovery and recyclability.  Imine-palladacycle 

complexes immobilised on polystyrene were applied in the reaction of iodobenzene 

and styrene.  However the catalyst could not be recovered or recycled.  The 
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Herrmann-Beller palladacycle complex has been reported to give the highest activity 

in coupling reactions.  The Herrmann-Beller palladacycle immobilised on polystyrene 

was evaluated in coupling reactions.  The catalyst was recovered and recycled six 

times in the presence of triethylamine as a base without loss of catalyst activity [37]. 

 

Pd
NMe3

Cl
2

Pd

R1 R2

Cl
NMe2

NMe2

R2R1

+
R1

R2

2

+ Pd(0)

-HCl

 

Scheme 1.6: Mechanistic illustration of Pd(0) formation in Heck reaction. 

 

Earlier studies of the mechanism of Heck coupling catalysed by palladacycles 

reported that these reactions proceed via a Pd(IV) intermediate. Since then wide 

mechanistic studies of this reaction have been conducted.  Later reports indicated that 

the Heck reaction promoted by palladacycles occur via a Pd(II)/Pd(0) catalytic cycle 

and not the Pd(IV) intermediate reported earlier.  The presence of Pd(0) in the 

coupling reaction of aryl halides with alkenes was confirmed by a positive mercury 

poisoning test performed in a reaction catalysed by N- and P- containing 

palladacycles.  This Pd(0) active species was thought to be released as an olefin 

insertion into the Pd-C bond of the palladacycle followed β-hydride elimination and 

reductive elimination (Scheme 1.6) [38]. 
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Mechanistic studies of Heck coupling reactions have been focused on clarification or 

illustration of the mechanistic pathway between Pd(II)/Pd(0) or Pd(II)/Pd(IV) since 

both have been reported thus far.  In the Herrman catalytic reaction, no Pd(0) has been 

observed.  This leads to the proposal of the Pd(II)/Pd(IV) as a reaction pathway.  

However further studies showed that this was due to the presence of an additive which 

stabilizes the catalytically active colloidal palladium or palladium nanoparticles. This 

hypothesis was verified by transmission electron microscope (TEM) analysis where 

palladium nanoparticles were observed therefore it was concluded that Pd(II)/Pd(0) 

was the operating mechanistic pathway. 

 

In the case where no additive was used such as in PCP pincer catalytic reactions 

higher activity has been observed even in the electronically deactivated aryl chlorides.  

This suggests that the active catalyst is not colloidal palladium but rather a well 

defined molecular species.  This Pd(II)/Pd(IV) shuttle in this case is proposed to be 

the reaction pathway mechanism (Scheme 1.7) [39]. 
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Scheme 1.7: Heck mechanistic pathway through Pd(IV) route. 
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1.5.2. Suzuki coupling reaction 

 

B(OH)2 + X R Pd catalyst
Base R

     X = halide, R = aryl, alkyl 

Figure 1.8: General representation of Suzuki coupling reactions 

 

The Suzuki coupling reaction is an important reaction for the synthesis of 

unsymmetrical aryl-aryl compounds in organic, biological studies and the 

pharmaceutical industry.  This reaction process involves coupling of aryl boronic 

acids and aryl halides in the presence of a base forming C-C bonds.  The Suzuki 

coupling reaction of aryl iodide or bromides with aryl boronic acids is highly 

dependent on the reaction conditions such as the type of base, solvent and most 

importantly electronic and steric tuning of the ligand [10 (a)].   

 

This coupling reaction involves the use of less active aryl halides such as aryl 

chlorides (very cheap) and aryl bromides substituted with electron donating groups 

under mild conditions and only few palladacycles show high catalytic activity under 

these conditions.  A phosphinito palladacycle was used in the reaction of 

phenylboronic acid with 4-bromoacetophenone in the presence of K2CO3 as a base at 

110 °C resulting in very high TONs reported thus far [40].  The phopha-palladacycles 

have so far been reported to produce the best results in the coupling reaction of aryl 

boronic acids with chloroarenes.  In this case the phosphine ligands provide stability 

to the naked catalytically active Pd(0) involved in the catalytic cycle [36].  Nitrogen 

containing ligands have also been observed to be highly active in this coupling 

reaction. 
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1.6. Synthesis of the pincer type cyclometallated complexes 

 

Pincer ligands are characterised by the general structure of 1,3-(ZCH2)2C6H4 where Z 

represents a neutral two electron donor group such as NR2, PR2, OR2, SR2, AsR2 (R = 

aryl, alkyl).  These ligands undergo a cyclometallation reaction resulting in the metal 

centre being bonded to tridentate ligands through a central carbon atom of the benzene 

ring and the two donor atoms (Z) as illustrated in Scheme 1.8 [41]. 

 

NR2

NR2

PR2

PR2

SR

SR

OR

OR

Z

Z

MX

R1 R1
R1

R1

R1

metallation
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Sites for counterions or ancillary ligands
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Steric contstrains

Anchoring site

remote electronic modulations hardness/softness

metal-binding rigidity

steric constrains of substituents

coordinating 2e- donor or free base

R1 = NC(H)N R1 = PC(H)P R1 = SC(H)S R1 = OC(H)O

R = aryl, alkyl

Scheme 1.8: General metallation of pincer ligands 

 

Pincer metallocycles were first reported in the mid 1970’s by Moulton and Shaw 

where 1,3 bis-[(di-tert-butylphosphino) methyl benzene was reacted with transition 

metals of Group 9, e.g. rhodium and iridium [42].  These ligands form highly stable 
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metal complexes and therefore are able to withstand very harsh catalytic reaction 

conditions [43].  These complexes are widely applied in Heck coupling [44], alkene 

hydrogenation [45] and in transfer hydrogenation processes [46]. 

 

 

1.6.1. C-H bond activation or direct cyclometallation 

 

C-H bond activation process has been used ever since the first reported synthesis of 

pincer PCP cyclometallated complexes by Moulton and Shaw.  The direct 

cyclometallation process is widely exploited in the synthesis of metallocycles since it 

does not require prefunctionalization of the pincer ligand in order to achieve 

regioselective metallation [47].  PCP cyclometallation of most transition metals (Rh, 

Ir, Ni, Pd and Pt) have been extensively studied.  Ruthenium PCP pincer complexes of 

the type [RuX(PCP)L] (L = PPh3, X = Cl, OTf (Tf = trifluoromethanesulfonyl)) have 

been reported but was found be highly sensitive to oxygen or air.  Modification of the 

ligand significantly changes the nature of the complex therefore when PPh3 was 

replaced with terpy (terpyridine) a more stable complex was observed.  It was also 

observed that bulky susbstituents such as PtBu2 increase the stability or reduce the air 

sensitivity of this complex.  Borohydride substituents in phosphane were also 

exploited producing highly air and acid solution stable PCP cyclometallated 

complexes [46, 48]. 
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NCN pincer ligands are less favoured by the direct cyclometallation process due to the 

weak M-N bond, therefore coordination of the NCN pincer ligand to the metal centre 

is less favoured than their PCP or SCS ligand analogues [49].  Therefore NCN pincer 

ligand cyclometallation in most cases results in ortho, para bis-cyclometallated 

products instead of ortho, ortho-biscyclometallated complexes (pincer complex) [50].  

When these ligands were modified by Me3Si as substituent on the aromatic ring, the 

pincer complex was formed over the double cyclometallation products (ortho, para).  

NCN pincer ligands containing pyridine groups were able to undergo cyclometallation 

with Ru, Os and Pt however palladium formed ortho, para-bis-cyclometallation 

products as illustrated in Scheme 1.9.  When the ligand was further modified by 

introducing C=O between the pyridine and aryl ring the pincer cyclopalladated 

complexes were formed [51]. 
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Scheme 1.9: Selective cyclometallation of NCN ligands. 
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In other C-H bond activation cases the ligand exchange process is applied using 

another metallacycle (transcyclometallation) as shown in Figure 1.9.  

Transcyclometallation involves substitution of one cyclometallated ligand with 

another forming a different cyclometallated complex without formation of any by-

product [12].  This process has been applied in cases where the targeted product 

cannot be isolated with either C-H bond activation or the oxidative addition method 

[12, 13]. 

NMe2

Pd

Cl

2

SePh

SePh

H+ PhH
AcOH Pd

SePh

SePh

Cl

 

Figure 1.9: Transcyclometallation forming pincer complex 

 

 

1.6.2. Transmetallation 

 

Transmetallation involves formation of an aryl-lithium or an aryl-mercury compound 

as mentioned in the case of the mononuclear metallocycles.  For pincer ligand type 

complexes transmetallation occurs via the formation of an aryl-lithium through direct 

lithiation or a lithium/halide exchange process.  In the PC(H)P pincer systems, ligands 

form aryl-lithium compounds through lithium/halide exchange, since direct lithiation 

normally occurs at the benzylic position of PC(H)P forming an undesired product.  

Even though the lithium/exchange process is highly selective to arenes PC(H)P aryl-

lithium compounds were found to be highly unstable causing isomerisation to benzyl-

lithium complexes.  Isomerisation can be prevented by introducing methyl 

substituents on the phosphorus atom eg. PMe2 [52]. 
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Cyclometallated complexes of NC(H)N ligands have been widely synthesised by 

transmetallation.  Lithiation selectivity has been observed to depend on the type of 

solvent used because when hexane was used as solvent in the lithiation process, C-H 

bond favours activation in the ortho, ortho-position.  While in ethereal solvents 

lithiation selectively occurred in ortho, para-position (Scheme 1.10) [53]. 
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Scheme 1.10: Lithiation of PCP and NCN ligands. 

 

 

1.7. Applications of pincer metallocycles 

1.7.1. Heck coupling reactions 

 

The study of Heck coupling reactions has been widely investigated since the first 

study in the 1960’s [54].  The research has focused on development of highly active 

and stable catalysts for this coupling reaction.  Therefore cyclometallated pincer 

complexes have also been investigated and they were observed to be highly active, 

stable and selective catalysts.  PCP cyclometallated palladium complexes shown in 
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Figure 1.10 were found to be highly active in this coupling reaction. These complexes 

were observed to give turnover numbers above 100 000 in their catalytic reactions 

without degradation of the catalyst due to their high stability [44 (b)]. 

 

Pd

PR2

PR2

TFA Pd

PR2

PR2CH3

CH3

TFA Pd

O PR2

O PR2

X

(I) R = iPr, 

(II) R = c-C5H9

(III) R = iPr 

(IV) R = tBu

(V) R = 4-MeOC6H4O, X = I

(VI) R = iPr, X = Cl 

Figure 1.10: Highly active PCP cyclometallated pincer complexes 

 

Complex VI was found to be mostly active compared to other PCP complexes. This 

was observed in the reaction of p-iodoanisole with n-butyl acrylate resulting up to 

9.8X105 turnover numbers. In the case where iodobenzene was used as substrate 

instead of iodoanisole higher turn over numbers were obtained up to 8.9X106.  When 

PCP complexes were applied in coupling reactions no decomposition due to P-C or P-

O bond cleavage was observed even at extremely high temperature [46]. 

In Heck coupling reactions the highly active pincer PCP and SCS type palladacycles 

were modified by covalently binding these systems on to polyethylene glycol (PEG) 

polymer in reaction of iodoarenes and alkenes.  This modification of catalyst resulted 

in it being recyclable. Thus it can be reused up to 3 times without loss of activity or 

deactivation of the reaction process.  The mechanism for this reaction was 

investigated and it was reported that these palladacycles act as reservoirs of the active 

catalyst Pd(0) [55]. 
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1.7.2. Suzuki coupling reactions 

R1

X
R2

B(OH)2+

Pd

O PPh2

O PPh2

TFAR

VII. R=H
VIII. Me   

Base
R1 R2

 

Figure 1.11: Application of oxo containing PCP complexes in coupling reaction 

 

The complexes that are applied in Heck coupling reactions are also applicable in 

Suzuki coupling reactions since the two reactions proceed via a similar mechanism 

[35 (b), 56.  This coupling reaction is highly dependent on the type of a base used.  

For instance in the presence of K2CO3 and using the complexes in the reaction in 

Figure 1.11, high TON were obtained while lower activity was observed in the 

presence of KF.  The cyclometallated complex VI (Figure 1.10) was modified to 

complexes VII and VIII (Figure 1.11) which were very active in the Suzuki coupling 

reaction and are very stable (since no decomposition was observed) even in air or 

water and at high temperatures [46]. 

 

 

1.7.3. Hydrogenation and dehydrogenation reactions 

 

The dehydrogenation process involves conversion of alkanes to alkenes, cycloalkanes 

to cycloalkenes and arenes, tetrahydrofuran to furan, and ethylbenzene to styrene [57].  

Iridium PCP complexes have been reported to be highly active and stable in these 

dehydrogenation reactions. Thus these complexes have extensively been studied in 

this catalytic reaction.  Dehydrogenation of linear alkanes selectively produces α-
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olefins in the presence of iridium PCP complexes.  It was observed that complexes 

containing bulky ligands give lower reaction rates than less bulky complexes.  The 

dehydrogenation process is usually promoted by the presence of tertiary-butylethylene 

however in the presence of PCP complex illustrated in Figure 1.12 this reaction gave 

high activity in absence of the tertiary- butyl-ethylene [58]. 

PR2

PR2

Ir
CH3

CH3

R = iPr, tBu

 

Figure 1.12: Iridium complex applied in dehydrogenation. 

 

The removal of the formed dihydrogen during dehydrogenation process requires 

higher temperatures since this process is highly endothermic.  The Ir(III) complex is 

able to sustain the dehydrogenation process provided a high level of alkane is 

maintained in the reactor.  However higher concentration of the product and 

dinitrogen inhibit the reaction resulting in an inactive catalyst [59].  In a mechanistic 

study of this process the mercury test was performed to determine the presence of 

Ir(0) metal.  However no presence of Ir(0) was observed therefore the conclusion was 

reached that the reactions proceed via formation of Ir(V) compound [60]. 

 

 

1.8. Objectives of this work 

 

The search for more effective, highly active and selective catalysts in olefin 

polymerization/oligomerization reactions remain one of the centres of catalytic 

research activities. Thus we are also focusing on this aspect.  Nitrogen containing 
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ligands exhibit interesting chemistry which has stimulated wide research in this area.  

Cyclometallated nitrogen containing complexes have been extensively utilised in 

Suzuki and Heck coupling reactions as well as in biologically active compounds.  

These complexes have been found to be highly active in coupling reactions especially 

palladium metallocycle complexes.  In this project we are trying to expand the utility 

of these complexes.  Therefore cyclometallated Pd(II) complexes containing C-N 

chelating ligands will be synthesised from imine ligands.  In Chapter 2 we will report 

on the synthesis and characterisation of the imine ligands and palladium 

cyclometallated complexes. 

 

Based on Grubbs work where they used salicylaldimine complexes in ethylene 

polymerization reactions resulting in high molecular weight polymers in the absence 

of activating species or in presence of PPh3 scavengers such as (Ni(COD)2, B(C6F5)3) 

[61].  Cyclometallated complexes will be evaluated in oligomerization of olefins and 

polymerization of phenylacetylene under this phenomenon.  In Chapter 3, I report 

preliminary catalytic studies of the prepared catalysts in olefin oligomerization 

reaction.  In Chapter 4, I report polymerization of the phenylacetylene. 
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2.1. Introduction 

 

The cyclometallation of nitrogen containing ligands with palladium is a well 

established phenomenon and has been studied since the early 1960’s.  

Cyclometallation involves unique formation of an M-C bond which is very important 

in most synthetic processes.  Palladium cyclometallated complexes containing 

nitrogen and phosphorus ligands were later found to be highly active in C-C bond 

transformation with significantly high TON or turn over frequency (TOF) values [1].  

In earlier studies it was found that cyclomatellation required the nitrogen ligands to be 

trisubstitued (-N-alkyl or -N-aryl) i.e. it needed to be tertiary amines.  This was due to 

the fact that bulky substituents attached to nitrogen would weaken the Pd-N bond to 

such an extent that the electrophilicity of Pd(II) would remain high enough to promote 

the substitution of a ring proton resulting in the formation of metallocyclic complexes 

[2]. 

 

Primary or secondary amines on the other hand have a tendency to strongly bind to 

the metal centre preventing the electrophilic attack of the metal on the ortho C-H bond 

on the aromatic ring to form a metallocycle [3].  However some reports on the 

cyclometallation of secondary and primary amines have been reported, such as the 

work by Dunina et al. where they showed that secondary amines can facilitate 

cyclometallation of an aryl substituent, provided that the carbon atom bearing the 

NHR group was tertiary (chiral) [4].  Fuchita et al. showed that primary amines could 

also be metallated by palladium acetate leading to cyclopalladated complex formation 

[5].  The advantageous feature of Schiff base aromatic imine ligands is their ability to 

undergo cyclometallation through different carbon atoms resulting in endo-
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metallocyclic or exo-metallocyclic isomers.  The endo-metallocycle structure is 

characterized by the C=N bond within the metallocyclic ring while exo-metallocycle 

does not contain the C=N bond inside the metallocycle.  Five membered endo-cyclic 

isomers are highly favored due to stabilization caused by partial delocalization of 

electrons within the five membered ring resulting in a certain degree of aromaticity 

[6]. 

 

Five and six membered ring metallocycles derived from tertiary amines and imines 

were found to be more stable than four membered ring metallocycles resulting in their 

limited study [7].  Imine ligands can adopt either E- or Z- isomers but in general N-

substituted aldimines exist in the E- conformation which is more stable rather than Z- 

isomer.  Imine metallocyclic complexes in the E-form are able to form either exo- or 

endo-metallocycles while Z-isomer can only form exo-metallocycle complexes which 

are less favoured (Figure 2.1) [8]. 

N

M

Me

H
N

M

Me

H
exo-

exo-

E-form Z-form

N MMe

H

or 
endo-

Figure 2.1: Illustration of exo- and endo-metallocyclic complex. 

 

In this study we evaluate the imine ligands in cyclomatellation with a palladium metal 

source.  These imine ligands allow the illustration of the high tendency of C-H bond 

activation over C-X bond activation (oxidative addition reaction) reaction and the 
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formation of endo-five membered ring metallocycle over exo-cyclic complexes.  

These ligands also illustrate the difference in reactivity of bromo and chloro halide 

substituted compounds. 

 

 

2.2. Results and Discussion 

 

2.2.1. Synthesis of Schiff base imine ligands 

O

H

X

+ R NH2
dry EtOH, reflux

2hrs, -H2O, MgSO4

N
R

X

 

 

 

 

 

 

 

Scheme 2.1: Illustration of the synthesis of imine ligand 

 

The ligands were synthesized using a Schiff base condensation reaction of an 

aldehyde with a primary amine in ethanol in the presence of anhydrous magnesium 

sulphate.  The latter serves to remove water that was formed as a by-product during 

the reaction process yielding the imine as illustrated in Scheme 2.1.  The ligands 

containing iPr substituents on the aromatic rings were obtained as pale yellow or 

yellow solids while the unsubstituted aromatic and aliphatic ligands (L4 and L5) were 

Ligands R X 

L1 2,6-di-iPr Ph H 

L2 2,6-di-iPr Ph Cl 

L3 2,6-di-iPr Ph Br 

L4 Ph Br 

L5 Pr H 
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obtained as orange oils.  The solid ligands (L1-L3) were purified by recrystallisation 

from cold methanol forming pale yellow or yellow crystals with yields ranging 

between 71-96%.  The oily ligands (L4 and L5) were purified by washing with water 

followed by extraction with dichloromethane.  All the ligands were observed to be 

soluble in all common organic solvents both polar and non-polar.  The ligands were 

very stable at room temperature and no sign of decomposition was observed even 

when in solution.  Ligands L1 and L3 have previously been reported by Chen et al. 

[9], L4 by Girling et al. [10], while L5 have been reported by Gómez et al. [11], to 

our knowledge L2 is new and has not been reported so far in the literature. 

 

 

1 H and 13C NMR spectra of ligands  

 

A range of spectroscopic techniques were utilized in the characterization of the 

prepared ligands.  In the 1H NMR spectrum (Figure 2.3) of the imine ligand L1, a 

singlet observed at δ 8.22 ppm was assigned to the imine proton (HC=N) confirming 

the formation of the imine ligand.  The doublet observed at δ 1.20 ppm was assigned 

to the methyl protons of the isopropyl groups. The multiplet at δ 2.99 ppm was due to 

the proton of CH group of the isopropyl substituents.  The aromatic peaks were 

observed at δ 7.24 - δ 8.06 ppm representing protons of both aromatic rings in the 

ligand structure.  In the aromatic unsubstituted ligand L4 only the peaks in the 

aromatic region were observed together with the imine proton peak.  The peaks in the 

1H NMR spectra of the imine ligands were assigned as illustrated in Table 2.2 and 

according to the labelling in Figure 2.2. 
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The most important peak (HC=N) in 13C NMR spectra signifying formation of the 

imine ligand was observed at δ 159 – 162 ppm.  Other carbon peaks were also 

observed with some aromatic carbon peaks overlapping with each other due to being 

in a similar environment. 
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Figure 2.2: Labelled imine ligands for 1H NMR spectra 

 

 

FTIR spectra and GC-Mass spectrometry of the imine ligands  

 

The υ (C=N) absorption band of imine functional group was observed in the region 

1645 – 1616 cm-1 in the FTIR spectra of the imine ligands as shown in Table 2.1 thus 

confirming condensation reaction forming the imine ligand.  This corresponds with 

the reported stretching frequencies of previously prepared imine ligands [9, 12, 13].  

Gas chromatography-mass spectrometry (GC-MS) is commonly used to determine the 

molecular ion of organic and organometallic compounds and their decomposition or 

fragmentation patterns.  The molecular mass of all the imine ligands were determined 
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by GC-MS (Table 2.1), (Figure 2.4) and were the same as the calculated molecular 

weight based on the expected structure of the ligand.  The fragmentations of the imine 

ligands were observed to follow similar fragmentation pattern.  A possible 

fragmentation of L2 is shown in Scheme 2.2. 

 

The fragmentation pattern of L2 consists of two possible pathways route I and II.  In 

both routes the ligand first losses one isopropyl group then in I the chloride is lost 

followed by loss of the benzene. In route II the loss of the isopropyl group is followed 

by loss of one methyl in the isopropyl group.  This was followed by the loss of either 

chloride or another loss of the methyl of the isopropyl group.  

 

The melting points of the imine solid ligands (L1, L2 and L3) are also shown in Table 

2.1.  The bromine substituted imine ligand L3 was observed to have the highest 

melting point. 

 

Table 2.1: IR stretching frequencies and molecular ions of the imine ligands. 

Ligand type IR υ (C=N) M+ (m/z) Melting point range °C 

L1 1638 cm-1 266 62-64 

L2 1630 cm-1 300 51-53 

L3 1624 cm-1 345 77-79 

L4 1616 cm-1 260 Oil 

L5 1645 cm-1 148 Oil 
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Table 2.2: 1H NMR (CDCl3) spectra of the imine ligands  

Ligand HC=N Ar iPr-CH iPr-CH3 Pr 

L1 8.21 (s, 1H) 7.91 (m,H2,H6, 2H), 7.51 (m, H3, H4, H5, 3H),  

7.15 (m, H9, H10, 3H) 

 

2.95 (m, 3JH
11

H
12 = 7 

Hz, 2H, CH) 

1.16 (d, 3JH
12

H
11

 = 

6.8 Hz, 12H) 

 

L2 8.74 (s, 1H) 8.38 (m, H3, 1H), 7.53 (m, H4, H5, H6, 3H),  

7.24 (m, H9, H10, 3H) 

 

3.11 (m, 3JH
11

H
12

 = 7 Hz, 

2H, CH) 

1.26 (d, 3JH
12

H
11

 = 7 

Hz, 12H) 

 

L3 8.58 (s, 1H) 8.23 (m, H3, 1H), 7.62 (m, H6, 1H),  

7.40 (m, H4, H5, 2H), 7.15 (m, H9, H10, 3H) 

 

2.94 (m, 3JH
11

H
12 = 6.6 

Hz, 2H, CH) 

1.18 (d, 3JH
12

H
11

 = 

6.8 Hz, 12H) 

 

L4 8.84 (s, 1H) 8.22 (m, H3, 1H), 7.58 (m, H6, 1H),  

7.21 (m, H4, H5, H9, H10, 8H) 

 

   

L5 8.27 (s, 1H) 7.70-7.75 (m, 2H), 7.39-7.43 (m, 3H)   3.54 (t, 3JH
10

H
9 = 6.7 Hz, 2H, CH2), 1.68 

(m, 3JH
9
H

10 = 7.4 Hz, 3JH
9
H

8 = 7.4 Hz, 2H, 

CH2), 0.91 (t, 3JH
8
H

9 = 7.4 Hz, 3H, CH3) 
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Figure 2.3: 1H NMR spectrum of the imine ligand (L1). 
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 Scheme 2.2: The possible fragmentation pattern of L2. 
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Figure 2.4: GS-Mass spectrometry of L2. 
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2.2.2. Synthesis of cyclometallated palladium complex through an oxidative addition 

process. 

 

The first approach investigated for cyclometallation was employing an oxidative addition 

(Ph-X) (X = Br, Cl) using Pd(PPh3)4 as metal source.  The (2-bromobenzylidene)2,6-

diisoproplyphenyl amine ligand was reacted with Pd(PPh3)4 yielding a very stable beige 

solid in moderate yield.  The complex was highly soluble in chlorinated solvents and 

other common organic solvents, with the exception of Et2O. 

+ Pd(PPh3)4 r.temp 
toluene

Palladium black and unreacted ligand  for 
L2 and L4

L2. X = Cl, R = iPr

L3. X = Br, R = iPr

L4. X = Br, R = H

1
1

2
3

4

5
6

N

X

R

R

N

Pd

PPh3

i
Pr

i
PrBr

7

 

Scheme 2.3: Schematic representation of oxidative addition reaction. 

 

Only the (2-bromobenzylidene)2,6-diisopropylphenyl amine ligand, L3 was able to 

undergo the oxidative addition reaction forming a cyclometallated complex as illustrated 

in Scheme 2.3.  In the reaction of the chloride analogue of this ligand or that of the 

unsubstituted 2-chlorobenzylidene phenyl amine with Pd(PPh3)4, decomposition of the 

product is observed.  This is similar to the results obtained by Morvillo et al. [14].  The 

C-Cl bond strength compared with those of the C-Br and C-I bonds have been reported to 

disfavour oxidative addition in palladium cyclometallation reactions. 

 

 

 

 



Chapter 2 

 47

Unexpectedly the unsubtituted 2-bromobenzylidene phenyl amine L4 was also unable to 

undergo oxidative addition.  This was thought to be due to lower steric bulk of this ligand 

since it has previously been observed that ligand with bulky substituents easily undergo 

cyclometallation as compared to less bulky or unstubstituted ligands in the aromatic ring 

of the nitrogen compound [10 (b)].  Because of the failure of this route an alternative 

synthetic process involving C-H bond activation was evaluated. 

 

 

2.2.3. Synthesis of cyclometallated palladium complexes via a C-H bond activation 

process 

 

The bridging complexes were synthesized by reacting the imine ligand with 

(CH3CN)2PdCl2 in the presence of NaOAc in methanol.  Sodium acetate is a base which 

serves to promote removal of the ring proton during the C-H bond activation reaction.  

The cyclometallated chloro-bridged complexes were purified by recrystallisation from 

CH2Cl2/hexane.  The pure products were obtained as yellow solids in percentage yields 

varying from 50-78%.  The products isolated were binuclear chloro-bridged complexes as 

shown in Scheme 2.4.  It should be noted that in the absence of sodium acetate the 

cyclometallated complex was not obtained; only starting materials were isolated.  

Cyclopalladation was observed to occur in the ortho position of the benzyl ring forming 

five membered ring endocycle having a chloro-bridged dipalladium structures.  Imine  

chloro-bridged cyclopalladated complexes 2 and 4 were reported by Chen et al. [9].  The 
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chloro bridged complexes were partially soluble in common organic solvents (chlorinated 

solvents, acetone) and insoluble in alcohols, hexane and diethylether. 

N R

X

(CH3CN)2PdCl2
dry MeOH, NaOAc

Pd

Cl Pd

Cl

N R

N

X

X

R
1

2
3

4

5
6 7

 

Bridging complexes R X 

2 2,6-di-iPr Ph H 

3 2,6-di-iPr Ph Cl 

4 2,6-di-iPr Ph Br 

5 Ph Br 

6 Pr H 

Scheme 2.4: Synthesis of binuclear chloro-bridged cyclopalladated complexes via C-H 

bond activation. 

 

The chloro-bridges in the binuclear cyclopalladated complexes were easily cleaved by 

reacting the binuclear cyclometallated complexes with triphenyl phosphine or trimethyl 

phosphine as shown in Scheme 2.5.  This resulted in formation of new mononuclear 

phosphine substituted cyclometallated complexes.  The solubility of these complexes in 

organic solvents was higher than that of the corresponding binuclear precursors.  The 

high tendency to form endocyclic five-membered ring complexes over the exocyclic 

analogues was prevalent since all the complexes isolated were found to be endocyclic 
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containing five-membered metallocycles.  This was confirmed by NMR characterization 

of the products. 

Pd
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Cl

N R

N

X

X

R

L
CH2Cl2 N

Pd

L

Cl

R

X

1

2
3

4

5
6

 

Scheme 2.5: Cleavage of the chloro-bridge by phosphine ligand forming mononuclear 

complexes. 

 

An interesting observation was made in the case where PMe3 was used to cleave the 

chloro bridges. Using a slight excess of PMe3 lead to the formation of a complex 

containing two PMe3 ligands as illustrated in Scheme 2.6.  In addition the imino -N was 

not bonded to the Pd.  No such reaction is observed in excess of PPh3.  This was due to 

the high nucleophilicity of PMe3 compared to PPh3.  Similar results have been observed 

Complex R X L 

7 2,6-di-iPr Ph H PPh3 

8 2,6-di-iPr Ph Cl PPh3 

9 2,6-di-iPr Ph Br PPh3 

10 Ph Br PPh3 

11 Pr H PPh3 

12 2,6-di-iPr Ph H PMe3 

13 2,6-di-iPr Ph Cl PMe3 
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previously in the reaction of excess triethyl phosphine with a chloro-bridged complex 

forming product with two phosphine ligands and no Pd-imino bond.  When the same 

chloro-bridged complex was treated with excess triphenyl phosphine only the expected 

mono triphenyl phosphine cyclometallated complex was observed [15, 16 (a)]. 

Pd

Cl Pd

Cl

N

N

Cl

Cl

R

R

R

R

excess PMe3 
CH2Cl2

excess PPh
3  

X

14N

Cl R

R
Pd

PMe3

Cl
Me3P

N

Cl R

R
Pd
PPh3

Cl
Ph3P

R = 
i
Pr

Scheme 2.6.: Formation of palladium complex without Pd-N bond 
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Figure 2.5: Molecular structure of non-cyclometallated palladium complex (14). 
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Table 2.3: Crystal data and structure refinement for complex 14 

Data 14 

Empirical formula C25 H39 Cl2 N P2 Pd 

Formula weight 592.8 

Temperature/K 173 (2) K 

Wavelength 0.71073 

Space group P 21/n 

Crystal system Monoclinic 

a/Å 14.8118 (5) 

b/ Å 10.5986 (4) 

c/ Å 18.9755 (7) 

Α° 90.00 

Β° 106.2850 (10) 

Υ° 90.00 

V/A 2859.34 (18) Å3 

Z 4 

Density calculated 1.377 Mg m-3 

Crystal size 0.42 x 0.13 x 0.11 mm3 

Reflections collected fine-focus sealed tube 

Tmax/Tmin 0.9017/0.6884 

Goodness-of-fit on F2 1.050 

Final R indices [I2signal (I)] R1 = 0.0324, wR = 0.0632 

R indices (all data) R1 = 0.0504, wR = 0.0694 
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Table 2.4: selected bond length [Ǻ] and bond angles [°] for 14 
 14   

 Bond length [Ǻ]   

Pd(1)-P(1) 2.3073 (6) Pd(1)-C(20) 2.005 (2) 

Pd(1)-P(2) 2.2996 (6) C(9)-N(1) 1.420 (3) 

Pd(1)-Cl(1) 2.3829 (6) C(13)-N(1) 1.265 (3) 

 Bond angles [°]   

P(1)-Pd(1)-Cl(1) 87.28 (2) C(20)-Pd(1)-P(1) 90.71 (6) 

P(1)-Pd(1)-P(2) 177.71 (2) C(20)-Pd(1)-P(2) 88.11 (6) 

P(2)-Pd(1)-Cl(1) 93.79 (2) C(9)-N(1)-C(13) 119.5 (2) 

C(20)-Pd(1)-Cl(1) 176.15 (7)   

 

The structure of the non-cyclometallated palladium complex 14 was unambiguously 

confirmed by single crystal X-ray determination, the structure is shown in Figure 2.5.  

The crystals were obtained by recrystallisation from CH2Cl2/Hexane at low temperature 

(-4 °C) forming pale yellow single crystals.  The crystal structure data is given in Table 

2.3 and selected bond length and bond angles are given in Table 2.4.  The nitrogen atom 

in the imine ligand in 14 is not coordinated to the palladium centre.  The two phosphines 

are in a trans orientation to each other. The bond lengths of Pd-P(1), Pd-P(2) and Pd-

Cl(1) were observed to be some what similar with Pd-Cl showing longest bond length 

and palladium adopting a square-planar coordination.  These selected bond angles and 

bond distances are similar to the reported data for cyclometallated complexes as observed 

for the crystal structure of [PdBr{C6H4CH2N=CH(2,6-Cl2C6H3)}(PEt3)2] where the N 

atom is not attached to the Pd atom [16]. 

 

 

 

 

 



Chapter 2 

 54

Despite the possibility of formation of both endo and exo conformation only endocyclic 

complexes were obtained.  This is possibly due to the high stability of the endo 

conformation and the associated conjugation available in the five membered ring due to 

presence of C=C, C=N allowing partially delocalization of electron density.  In the case 

of the isopropyl substituted compounds, complexation resulted in the formation of 

endocycles whereas in the unsubstituted aromatic and aliphatic ligands there was a 

possibility of either exo or endocycles but only endo-complexes were observed. 

NMR spectroscopy was used for the determination of the structure of cyclopalladated 

(binuclear and mononuclear) complexes without any ambiguity.  One could thus 

distinguish between the two possible conformations of the products. 

 

 

1H and 13C NMR spectra of binuclear and mononuclear cyclopalladated complexes 

 

The binuclear and mononuclear cyclopalladated complexes were characterized by 1H and 

13C NMR spectroscopy and this is discussed in this section.  In the case of the isopropyl 

substituted complexes, the isopropyl methyl signal was observed as solitary doublet in the 

1H NMR spectra of the ligand where as in the 1H NMR spectra of the binuclear 

complexes, two doublets were observed for the isopropyl methyl protons (Figure 2.7).  

This was due to two different environments experienced by the isopropyl methyl protons 

due to the presence of the metal. 

The imine proton peak was also observed to have shifted to the upfield region which is 

further evidence for complexation.  The chloro-bridged complex was also studied by 13C 

 

 

 

 



Chapter 2 

 55

NMR spectroscopy.  The isopropyl methyl carbons were observed as two peaks at δ 22.9 

and 24.7 ppm in 13C NMR spectra.  This is in agreement with the observations in the 1H 

NMR spectra (Table 2.7 and Table 2.8).  The imine carbon was observed to have shifted 

to a downfield region in 13C NMR spectra of the binuclear complexes also confirming 

complexation [9 (a)]. 

 

In 1H NMR spectra of the phosphine substituted mononuclear cyclopalladated complexes, 

the imine proton signal was observed as a doublet which had shifted downfield (Figure 

2.8).  This doublet was due to the through space coupling of the imine proton (CH=N) 

with the phosphine (4JHP).  This observation is in agreement with the reported work on 

other cyclometallated complexes containing triphenyl phosphine ligand [15].  In the 1H 

NMR spectra of complexes containing halide containing substituents in the ortho position 

of the metallated aromatic ring, the CH=N proton peak was observed further downfield 

compared to that of the unsubstituted complexes, illustrating some intramolecular 

interaction between the halide and the imine proton [15, 17].  The chemical shifts of the 

protons in the metallated aromatic rings were observed to be shifted to the upfield region.  

This was due to the presence of phenyl rings of the phosphine in a cis orientation relative 

to the metallated carbon. These observations were consistent with the reported endocyclic 

structures where the phosphorus is in the trans arrangement to the nitrogen atom and in a 

cis conformation to the metallated carbon atom [15-18].  In the 13C NMR spectra the 

imine carbon was observed to have shifted to lower field due to the presence of the 

phosphine ligand further confirming formation of mononuclear complexes. 
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FTIR spectra of chloro-bridged cyclopalladated complexes  

 

Table 2.5: IR stretching frequencies of the bridged cyclopalladated complexes. 

Bridging Complex υ (C=N) absorption band Decomposition range °C 

2 1600 cm-1 240-245 

3 1593 cm-1 >320 

4 1597 cm-1 >320 

5 1610 cm-1 >310 

6 1638 cm-1 >300 

 

The IR spectra of the imine ligands showed strong absorption bands around 1630 cm-1 

representing the C=N functional group while in the binuclear cyclopalladated complexes, 

the C=N stretching frequency band is observed in the range 1610-1597 cm-1 (Table2.5).  

The shift of the absorption band compared to that of the free imine ligand indicate the 

decrease of the C=N stretching force constant or bond order as a result of coordination of 

the nitrogen atom to the metal in cyclometallated complexes as it has been previously 

reported [16 (a), 18]. 

 

 

FTIR spectra of mononuclear cyclopalladated complexes 

 

No significant shift was observed in C=N stretching frequencies of the binuclear 

complexes compared to that of the mononuclear complex.  This is due to the 
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independency of the υ (C=N) stretching frequencies of the phosphine bonded to Pd.  In 

addition to the υ (C=N) stretching frequency, the IR spectra of the mononuclear 

complexes contained a strong absorption band at 1434 cm-1 which was assigned to C-P 

bond and the band at 692 cm-1 assigned to M-P bond (Figure 2.6.).  This illustrates 

cleavage of the chloro-bridge which confirms the presence of phosphine ligand 

coordinated to the metal [16 (a), 18-19]. 

 

Table 2.6: υ (C=N) stretching frequencies of the mononuclear cyclopalladated complexes 

Complex υ (C=N) absorption band Melting point range °C 

1 1602 cm-1 245 – 247 

7 1603 cm-1 226 – 227 

8 1609 cm-1 244 – 247 

9 1606 cm-1 258 – 261 

10 1603 cm-1 230-233 

11 1626 cm-1 189 – 191 

12 1612 cm-1 181 – 184 

13 1604 cm-1 180 – 185 

14 1626 cm-1 152 – 155 
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Figure 2.6: IR spectrum of mononuclear triphenyl phosphine containing cyclopalladated 

complex (7). 

 

The C=N stretching frequency of complex 14 however was observed to be in a similar 

region as that of the C=N stretching frequency of the free imine ligand (L2).  It should be 

remembered that in complex 14, the imino N is not bonded to the Pd centre. 
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Figure 2.7: 1H NMR spectrum of chloro-bridged cylopalladated complex (2). 
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Figure 2.8: 1H NMR spectrum of mononuclear cyclopalladated containing triphenyl phosphine complex (7). 
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Table 2.7: 1H NMR (CDCl3) Spectra of bridging complexes 

Complex HC=N Ar iPr-CH iPr-CH3 Pr 

2 7.74 (s, 2H, H7) 

 

7.06-7.31 (m, 14H) 3.51 (m, 4H) 1.39 (d, 3JHH = 6.4 Hz, 12H), 1.16 (d, 3JHH = 6.8 Hz, 12H)  

3 8.12 (s, 2H, H7) 

 

7.00-7.31 (m, 12H) 3.54 (m, 4H) 1.39 (d, 3JHH = 5.8 Hz, 12H), 1.18 (d, 3JHH = 6.6 Hz, 12H)  

4 8.12 (s, 2H, H7) 

 

6.89-7.40 (m, 12H) 3.54 (m, 4H) 1.39 (d, 3JHH = 5.8 Hz, 12H), 1.18 (d, 3JHH = 7 Hz, 12H)  

5 8.28 (s, 2H, H7) 

 

7.42-7.96 (m, 16H)    

6 7.79 (s, 2H, H7) 

 

7.01-7.49 (m, 8H)   3.58 (m, 4H, CH), 1.91 (m, 4H), 0.94 (t, 3JHH 

= 7 Hz, 6H, CH3) 
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Table 2.8: 1H NMR (CDCl3) spectra results of mononuclear complexes 

Complex HC=N PPh3 or PMe3 Ar iPr-CH iPr-CH3 Pr 

1 8.10 (d, 4J(H
7
P) 

= 8 Hz, 1H) 

7.69-7.98 (m, 5H, PPh3), 7.35-

7.41 (m, 11H, Ar, PPh3) 

7.16 (br, 3H, H6, Ar), 7.00 (t, 3JH
5
H

4
 = 7.8 

Hz, 3J(H
5
H

6) = 7.2 Hz, 1H), 6.69 (t, 3J(H
4
H

3)= 

7.6 Hz, 3J(H
4
H

5) = 7.8 Hz, 1H), 6.46 (t, 3J(H
3
 

H
4) = 6.6 Hz, 4J(H

3
H

5) = 6.8 Hz, 1H) 

 

3.41 (m, 3J(HH) 

= 6.4 Hz, 2H) 

1.35 (d, 3J(HH) = 6.6 Hz, 6H), 

1.18 ppm (d, 3J(HH) = 7 Hz, 

6H) 

 

7 8.09 (d, 4J(H
7
P) 

= 7.8 Hz, 1H) 

7.69-7.98 (m, 5H, PPh3), 7.35-

7.41 (m, 11H, Ar, PPh3)  

7.14-7.19 (m, 3H, Ar), 7.01 (t, 3J(H
5
 H

4) = 

7.8 Hz, 4J(H
5
 H

6) = 7.2 Hz, 1H), 6.69 (t, 3J(H
4
 

H
3) = 7.6 Hz, 3J(H

4
 H

5) = 7.8 Hz, 1H), 6.49 (t, 

3J(H
3
 H

4)= 6.6 Hz 4J(H
3
 H

5) = 6.8 Hz, 1H) 

 

3.41 (m, 3J(HH) 

= 6.6 Hz, 2H) 

1.35 (d, 3J(HH) = 6.6 Hz, 6H), 

1.19 (d, 3J(HH) = 7 Hz, 6H) 

 

8 8.59 (d, 4J(H
7
P) 

= 8.2 Hz, 1H) 

7.66-7.77 (m, 6H, PPh3), 7.31-

7.39 (m, 9H, PPh3) 

6.90 (d, 3J(H
5
 H

4) = 8.2 Hz, 1H), 6.60 (t, 3J(H
4
 

H
3) = 7.8 Hz, 3J(H

4
 H

5) = 7.6 Hz,1H), 6.37 (t, 

3J(H
3
 H

4) = 7.6 Hz, 4J(H
3
 H

5) = 5.2 Hz, 1H) 

 

3.43 (m, 3J(HH) 

= 6.6 Hz, 2H) 

1.35 (d, 3J(HH) = 6.8 Hz, 6H), 

1.21 (d, 3J(HH) =7 Hz, 6H) 

 

9 8.60 (d, 4J(H
7
P) 

= 8.2 Hz, 1H) 

7.67 (m, 6H, PPh3), 7.35 (m, 

9H, Ar, PPh3)  

7.16 (m, 3H, Ar), 7.08-7.25 (m, 4H, H5, 

Ar), 6.41 (m, 2 H, H3, H4) 

3.45 (m, 2H) 1.35 (d, 3J(HH) = 7 Hz, 6H), 

1.22 (d, 3J(HH) = 6.6 Hz, 6H) 
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Table 2.8: Continued 

Complex HC=N PPh3 or PMe3 Ar iPr-CH iPr-CH3 Pr 

10 8.21 (d, 4J(H
7
P) 

= 8 Hz, 1H) 

7.75-7.862 (m, 7H, PPh3), 

7.39 (m, 13H, Ar, PPh3) 

7.16 (m, 3H, Ar), 6.95 (t, 3J H5
 H

4
 = 7.4 Hz, 

3J(H
5
 H

6) = 7.4 Hz, 1H), 6.69 (t, 3J(H
4
 H

3) = 8 

Hz,3J(H
4
 H

5)= 7.8 Hz 1H), 6.49 (t, 3J(H
3
 H

4) 

=6.8 Hz, 4JH
3
 H

5 = 6 Hz, 1H) 

 

   

11 8.07 (d, 4J(H
7
P) 

= 7.8 Hz, 1H) 

7.73 -7.79 (m, 6H, PPh3), 

7.39 (m, 10H, Ar, PPh3)  

7.16 (m, 3H, Ar), 6.90 (t, 3J(H
5
 H

4) = 7.4 Hz, 

3J(H
5
 H

6) = 7.4 Hz, 1H), 6.53 (t, 3J(H
4
 H

3) = 8 

Hz, 3J(H
4
 H

5) = 7.8 Hz, 1H), 6.39 (t, 3J(H
3
 H

4) 

= 6.8 Hz, 4J(H
3
 H

5) = 6 Hz, 1H) 

 

  3.90 (m, 2H, CH2), 1.88 

(m, 2H, CH2), 0.91 (t, 

3J(HH) = 7.4 Hz, 3H) 

12 7.98 (d, 4J(H
7
P) 

= 8 Hz, 1H) 

1.68 (d, 3J(P-H
7) = 11 Hz, 

9H) 

7.18-7.44 (m, 7H, Ar) 3.28 (m, J(HH) = 

7 Hz, 2H) 

 

1.31 (d, 3J(HH) = 7 Hz, 6H), 

1.11 (d, 3J(HH) = 6.8 Hz, 6H) 

 

13 8.49 (d, 4J(H
7
P) 

= 8 Hz, 1H) 

1.67 (d, 3J(P-H
7) = 10.6 Hz, 

9H) 

7.13-7.26 (m, 7H, Ar) 3.25 (m, J(HH) = 

7 Hz, 2H) 

 

1.31 (d, 3J(HH) = 6.8 Hz, H), 

1.13 (d, 3J(HH) = 6.6 Hz, 6H) 
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31P NMR spectra of phosphine substituted mononuclear complexes  

 

The 31P {1H} NMR spectra chemical shifts showed a singlet peak in the range δ 41-43 

ppm (Table 2.9) for phosphorus illustrating the presence of one isomer in solution (Figure 

2.9) [12].  The phosphine chemical shifts in this region have been reported to be 

associated with the formation of the five membered ring metallocycles in the trans 

orientation relative to the nitrogen atom [16 (a)]. 

 

Figure 2.9: 31P {1H} NMR spectrum of the mononuclear cyclopalladated complex (7). 
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These results are in agreement with the 1H NMR and 13C NMR spectral data confirming 

the structure of the mononuclear complexes the expected for the five membered ring 

palladacycles. 

 

Table 2.9: 31P {1H} NMR spectra data of mononuclear complexes  

Complex δ, ppm 

1 42.39 

7 42.21 

8 41.76 

9 41.53 

10 41.49 

11 42.79 

12 -4.28 

13 -4.60 

 

 

ESI-Mass spectrometry and Elemental analyses of the mononuclear complexes 

 

ESI-MS was used to determine the molecular weight of the cyclometallated complexes 

(Figure 2.10).  The complexes containing triphenyl phosphine ligands were observed to 

be very unstable under the conditions used to record the mass spectra since the molecular 

ion in most cases was not observed or observed as very weak signal.  However this was 

not the case in trimethyl phosphine containing complexes. 
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Table 2.10: ESI-Mass spectrometry and elemental analysis of mononuclear complexes 

Complex ESI-MS Elemental Analysis calculated (found) 

1 632 (M+-Br) C% 62.33 (61.55) H% 5.23 (5.16) N% 1.96 (1.40) 

7 632 (M+-Cl) C% 66.46 (65.88) H% 5.59 (5.44) N% 2.09 (1.81) 

8 668 (M+-Cl) C% 63.21 (62.57) H% 5.17 (4.96) N% 1.99 (1.59) 

9 627 (M+-Cl) C% 56.13 (55.59) H% 3.65 (3.09) N% 2.11 (1.69) 

11 553 (M+) C% 61.10 (60.95) H% 4.94 (4.99) N% 2.54 (1.85) 

12 483 (M+) C% 54.78 (54.32) H% 6.48 (6.36) N% 2.90 (2.50) 

13 517 (M+) C% 51.13 (51.20) H% 5.85 (5.89) N% 2.71 (2.16) 

14 593 (M+) C% 50.56 (50.63) H% 6.79 (6.62) N% 2.36 (1.94) 

 

 

Figure 2.10.: EIS-MS spectrometry of mononuclear cyclopalladated complex (11). 

 

The most stable fragment from the mononuclear cyclopalladated complexes were the 

species obtained after the removal of the halide giving strong peaks (often base peaks) or 

daughter ions peak in form M+-X- (m/z).  It should be noted that no dissociation of 
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phosphine was observed which suggest strong bonding of this ligand to the palladium 

metal centre. 

 

2.2.4. Synthesis of the cationic cyclopalladated complexes 

 

N
Pd

L Cl

R

X

N

Pd
L NCCH3

R

X

B(Ar)4
-

+

CH2Cl2/CH3CN
NaB(Ar)4

7a. X = H, R = 2,6-di-iPr Ph, L = PPh3

8a. X = Cl, R = 2,6-di-iPr Ph, L = PPh3

9a. X = Br, R = 2,6-di-iPr Ph, L = PPh3

11a. X = H, R = Pr, L = PPh3

13a. X = Cl, R = 2,6-di-iPr Ph, L = PMe3 

4

5
6

3

Ar = [3,5-C6H3(CF3)2]

 
Scheme 2.7: Synthesis of cationic cyclometallated palladium coordinated acetonitrile 
complexes 

 

The palladium cationic complexes containing Pd-C bond synthesized from NaB(Ar)4 

have been widely exploited in ethylene homo-polymerization and copolymerization 

reactions.  This was since the discovery of diimine systems in ethylene polymerization by 

Brookhart and co-workers in mid 1990’s [20].  Herein the cyclopalladated cationic 

complexes were synthesized by reacting with NaB(Ar)4 [Ar = 3,5-C6H3(CF3)2] in the 

presence of weakly coordinating acetonitrile and CH2Cl2 as a solvent.  Acetonitrile serves 

to stabilize the active complex in the removal of chloride resulting in the formation of 

palladium cationic complexes in good yields.  The cationic cyclometallated complexes 
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were very soluble in organic solvents such as in chlorinated solvents, aromatic solvents 

with partial solubility in hexane and only being insoluble in n-pentane.  These complexes 

were stable at room temperature in solid form however they decompose after 24 hrs in 

solution this was observed by a change of colour from light yellow to green. 

 

The attempt of triphenyl phosphine extraction using a Lewis acid such as B(C6F5)3 failed.  

Instead B(C6F5)3 was observed to remove the chloride group in a manner similar to the 

well known reaction when NaB(Ar)4 reacts with metal halides leading to the formation of 

cationic complexes.  The cationic complexes were characterized by 1H NMR and 31P 

NMR, FTIR spectroscopy and ESI- Mass spectrum. 

 

 

NMR Spectra of cationic cyclopalladated complexes 

 

The cationic metal complexes are usually characterized by spectroscopy techniques 

showing distinct signals corresponding to both anionic and cationic compound.  In the 1H 

NMR spectrum of cationic cyclopalladated complex 7a the singlet peak at 1.04 ppm 

observed was assigned to acetonitrile methyl proton. The isopropyl methyl proton doublet 

peaks observed in mononuclear complex 7 were observed to have shifted to upfield 

overlapping with each other forming triplet peak at 1.2 ppm.  The isopropyl CH proton 

signal was also observed to have shifted to upfield region.  The peaks of protons in 

B(Ar)4 were overlapping with the proton peaks of the aromatic rings of the complex.  No 

significant shift of phosphine peak was observed in 31P NMR spectra.   

 

 

 

 



Chapter 2 

 69

ESI Mass spectrometry and FTIR spectroscopy of cationic complexes 

 

The cationic cyclopalladated complexes consist of both cationic and anionic molecules 

therefore both compounds were analysed in each complex.  The molecular weights of the 

cationic and anionic compounds were determined by ESI-Mass spectrometry 

corresponding to the calculated molecular weight.  

Table 2.11: ESI mass spectrometry of cationic complexes 

Complex M+(m/z) M-(m/z) υ (C=N) absorption band 

7a 673 863 1616 cm-1 

8a 709 863 1611 cm-1 

9a 557 863 1615 cm-1 

11a 753 863 1618 cm-1 

13a 521 863 1613 cm-1 

 

In the FTIR spectra the imine (C=N) absorption band was observed to have shifted to 

higher frequencies compared to mononuclear cyclopalladated complexes confirming 

formation of the cationic cyclopalladated complex.  The absorption frequencies of the 

complexes were comparable with each other. 
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Figure 2.11: 1H NMR spectrum of cationic complex (7a). 
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Table 2.12: 1H NMR (CDCl3) spectra results of cationic palladacycle complexes 
Complex HC=N PPh3 or PMe3 Ar iPr-CH iPr-CH3 Pr CH3CN 

7a 8.09 (d, 4JHP = 

7.6 Hz 1H) 

7.60-7.70 (m, 14H, PPh3) 7.39-7.55 {m, 14H, Ar, B(Ar)4}, 7.20-

7.27 {(m, 6H, H6, Ar, B(Ar)4}, 7.08 (t, 
3JH

5
H

4
 = 7.2, 1H, H5), 6.77 (t, 3JH

4
H

3
 = 7.2, 

1H, H4), 6.46 (t, 3JH
3
H

4
 = 6.6 Hz, 1H, H3) 

 

3.29 (m, 3JHH = 7 Hz, 

2H) 

1.22 (t, 3JHH = 6.6 Hz, 12H)  1.04 (s, 3H) 

8a 8.56 (d, 4JHP = 

7.4 Hz 1H) 

7.49-7.68 {m, 27H, PPh3, 

(BAr)4} 

7.08-7.27 (m, 3H, Ar), 7.05 (d, 3J H5
H

4 = 

7.4 Hz, 1H, H5), 6.70 (t, 3JH
4
H

3
 = 6.6 Hz, 

1H, H4), 6.37 (t, 3JH
3
H

4 = 6.8 Hz, 1H, H3) 

 

3.33 (m, 3JHH = 7 Hz, 

2H) 

1.26 (t, 3JHH = 6.6 Hz, 12H)  1.03 (s, 3H) 

9a 8.56 (d, 4JHP = 

7.4 Hz 1H) 

7.49-7.68 {m, 27H, PPh3, 

(BAr)4} 

7.08-7.27 (m, 3H, Ar), 7.05 (d, 3J H5
H

4 = 

7.4 Hz, 1H, H5), 6.70 (t, 3JH
4
H

3
 = 6.6 Hz, 

1H, H4), 6.37 (t, 3JH
3
H

4 = 6.8 Hz, 1H, H3) 

 

3.33 (m, 3JHH = 7 Hz, 

2H,) 

1.32 (t, 3JHH = 6.6 Hz, 12H)  1.09 (s, 3H) 

11a 7.99 (d, 4JHP = 

7.4 Hz 1H) 

7.63 -7.69 (m, 12H, PPh3) 7.44-7.51 {m, 15H, PPh3, B(Ar)4}, 7.28 

(m, 3H, Ar), 7.00 (t, 3J H5
H

4
 = 7.4 Hz, 1H, 

H5), 6.59 (t, 3JH
4
H

3
 = 8 Hz, 1H, H4), 6.34 

(t, 3JH
3
H

4
 = 6.8 Hz, 1H, H3) 

 

  3.52 (m, 2H, Pr-

CH2), 1.51 (m, 2H, 

Pr-CH2), 0.86 (t, 
3JHH = 7.4 Hz, 3H, 

Pr-CH3) 

1.22 (s, 1H) 

13a 8.40 (d, 4JHP = 

7.8 Hz 1H) 

1.20 (d, 3JHP = 11 Hz, 9H, 

PMe3) 

7.39 {m, 8H, B(Ar)4}, 6.94-7.10 {m, 6H, 

Ar, (Ar)4}, 6.95 (t, 3JH
3
H

4 = 6.6 Hz, 1H 

H3), 6.62 (m, 1H, Ar) 

2.89 (m, 3JHH = 7 Hz, 

2H) 

0.91 (d, 3JHH = 6.6 Hz, 

6H), 0.98 (d, 3JHH = 6.8 

Hz, 6H) 

 1.13 (s, 3H) 
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2.3. Conclusion 

 

The synthesis of imine ligands was easily achieved via Schiff base condensation in very 

good yields. Synthesis of cyclopalladated complexes through the oxidative addition 

synthetic route was not easily achieved and often impossible for the imine ligands under 

investigation with the exception of the bromine isopropyl substituted ligand.  And 

favouring of five-membered ring endocycles rather than exocycles was observed for all 

the imine ligands investigated.  Sodium acetate was observed to play a big role in C-H 

bond activation process since in the absence of acetate cyclometallation was not 

observed.  Cationic cyclopalladated complexes were synthesised and obtained in good 

yields.  All the complexes prepared were characterized by a range of physicochemical 

techniques. 

 

 

2.4. Materials and Instruments 

 

Benzylaldehyde, 2-bromobenzylaldehyde, 2-chlorobenzyladehyde, aniline, 2,6-

diisopropylaniline, propylamine were purchased from Aldrich.  PdCl2 was purchased 

from Heareus Chemicals.  Anhydrous sodium acetate and anhydrous magnesium sulfate 

were purchased from Kimix.  NaB(Ar)4 was purchased from Boulder Scientific 

Company.  All the chemicals and salts were used as received.  Acetonitrile was dried 

over molecular sieves (A4), CH2Cl2 was dried by distillation over P2O5, methanol and 

ethanol were dried over magnesium turnings with iodine, and then kept over molecular 
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sieves (4 A).  All manipulations were performed under a dry deoxygenated nitrogen 

atmosphere using the Schlenk techniques. 

 

IR spectra were recorded on NaCl plates for the oil and as KBr pellets for solid ligands 

and complexes on a Perkin-Elmer, Paragon 1000 PC FTIR spectrometer. NMR spectra 

were recorded on a Varian Gemini 2000 instrument 1H NMR (200 MHz) and 13C NMR 

(50.3 MHz).  31P NMR spectra were recorded on Mecury-300BB instrument, 31P NMR 

(121.5 MHz).  The chemical shifts are reported in δ (ppm) as referenced to the residual 

protons of deuterated chloroform as a solvent and TMS (tetramethylsilane) as an internal 

reference.  Elemental analyzes were determined on a Carlo Erba NA analyzer and 

PerkinElmer.  The melting points were recorded on a Leitz hot stage.  GC-MS were 

recorded on a Finnigan Mat instrument; ESI-MS was done on a Waters API Quattro 

Micro instrument at Stellenboch University. 

 

 

2.5. Synthesis of imine ligands 

 

2.5.1 (Benzylidene 2,6-diisopropylphenyl) amine (L1) 

 

Benzaldehyde (0.57 ml, 5.64 mmol), 2,6-diisopropylaniline (1.06 ml, 5.64 mmol) were 

reacted in a Schlenk tube in 15 ml of dry ethanol in the presence of anhydrous 

magnesium sulfate (MgSO4) which serves to remove the water formed as by-product.  

The reaction was allowed to stir under nitrogen while refluxing at ~70oC temperature for 
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2 hrs.  MgSO4 was filtered off and solvent was removed from the filtrate by rotatory 

evaporator.  A yellow solid residue was obtained and purified by recrystallisation from 

cold methanol yielding the product as yellow crystals. 

Yield = 1.43 g, 96 %.  13C NMR (CDCl3) δ: 162.0 (HC=N), 137.6, 131.4, 128.8, 128.6, 

123.0, 124.1 (Ar), 27.93 (iPr, CH), 23.45 (iPr, CH3).  GC-MS: m/z (%) = 265 (M+), 221 

(M+-CH(CH3)2), 179 (M+-CH(CH3)2), 104 (M+-C6H5) 

 

2.5.2. (2-Chlorobenzylidene) (2,6-diisopropylphenyl) amine (L2) 

 

The same synthetic procedure as for (L1) above was followed for the preparation of L2. 

Yield = 1.57 g, 93 %.  13C NMR (CDCl3) δ: 159.2 (HC=N), 149.10, 137.60, 135.91, 

133.21, 132.18, 129.97, 128.39, 127.20, 124.38, 123.08 (Ar), 27.96 (iPr, CH), 23.51 (iPr, 

CH3).  GC-MS: m/z (%) = 300 (M+), 257 (M+-CH(CH3)2), 242 (M+-CH3), 207 (M+-Cl), 

91(M+-(CH3CH)C6H4N-) 

 

2.5.3.(2-Bromobenzylidene 2,6-diisopropylphenyl) amine (L3) 

 

L3 was prepared in a similar manner as L1. 

Yield = 0.942 g, 92 %.  13C NMR (CDCl3) δ: 161.4 (HC=N), 148.94, 137.61, 134.65, 

133.22, 132.40, 128.86, 127.79, 125.72, 124.40, 123.09 (Ar), 27.97 (iPr, CH), 23.54 (iPr, 

CH3).  GC-MS: m/z (%) = 344 (M+), 300 (M+-CH(CH3)2), 174 (M+-[(CH3)2CH]C6H3N-), 

91 (M+-Br) 
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2.5.4. (2-Bromobenzylidene phenyl) amine (L4) 

 

The same synthetic procedure as above for L1 was followed for the preparation of L4.  

However the product was purified differently by dissolving the oily residue in CH2Cl2 (20 

ml) and washing it with water (5 x 50 ml) to remove unreacted starting material 

(aldehyde).  The organic layer was collected then dried over anhydrous magnesium 

sulphate after which it was filtered.  The solvent was then removed from the filtrate by 

rotatory evaporator yielding orange oil. 

Yield = 1.08 g, 74 %.  13C NMR (CDCl3) δ: 159.2 (HC=N), 151.6, 134.6, 133.1, 132.3, 

129.1, 129.0, 127.6, 126.3, 126.0, 121.0, 118.6, 115.1, 113.3 (Ar).  GC-MS: m/z (%) = 

259 (M+), 179 (M+-Br), 91(M+-C6H5N-) 

 

2.5.5. (Benzylidenepropyl) amine (L5) 

 

The same synthetic procedure as for L1 above was followed for preparation of L5.  The 

oily product was purified by CH2Cl2/H2O as described in the synthesis of L4 yielding a 

pure orange oil. 

Yield = 0.59 g, 71 %.  13C NMR (CDCl3) δ: 160.6 ( HC=N), 136.2, 130.2, 128.4, 127.9 

(Ar), 11.7, 23.9, 63.3 (Pr).  GC-MS: m/z (%) = 148 (M+1), 90 (M+-N(CH2)2CH3). 
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2.6. Synthesis of cyclometallated Pd(II) complex Through a Ph-X oxidative addition 

process [PdBrP(C6H5)3(C6H4)CH=N{2,6-(CH3CH3CH)2-C6H3}] (1) 

 

Pd(PPh3)4 (0.40 g, 0.35 mmol) was suspended in toluene (5 ml) in a Schlenk tube. The 

ligand, (2-Bromobenzylidene)2,6-diisopropylphenyl) amine (L3) (0.25 g, 0.35 mmol) 

was dissolved in toluene (5 ml) and added to the stirring mixture in a Schlenk tube.  On 

addition of the ligand, the Pd(PPh3)4 became soluble.  The reaction mixture changed 

colour within 5 min from dark yellow-brown to light yellow.  The reaction was allowed 

to stir at room temperature under nitrogen atmosphere for 10 hrs.  The solvent was 

removed by rotatory evaporator yielding a yellow residue.  The residue was dissolved in 

CH2Cl2 (20 ml) and passed through celite to remove any decomposed metal.  The filtrate 

was collected and the solvent removed by rotatory evaporator yielding a yellow solid.  

This was washed with diethylether (10 ml) forming a beige solid which was filtered off.  

The product was purified by recystallisation from CH2Cl2/Et2O. 

Yield = 0.1609 g, 65%.  13C NMR (CDCl3) δ: 177.65, 148.09, 141.61, 130.36, 135.44, 

135.29, 135.21, 135.04, 130.60, 130.55, 128.14, 128.10, 127.96, 127.88, 127.85, 122.75, 

(Ar), 28.62 (iPr, CH), 22.90, 24.70 (iPr, CH3). 
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2.7. Synthesis of Cyclometallated imine [(N-C)PdCl]2 bridging complex 

2.7.1. [PdCl(C6H4)CH=N{2,6-(CH3CH3CH)2-C6H3}]2 (2) 

 

(CH3CN)2PdCl2 (0.18 g, 0.71 mmols), NaOAc (0.12 g, 1.42 mmols) and ligand 

(Benzylidene)(2,6-diisopropylphenyl)amine (L1) (0.19 g, 0.71 mmols) were dissolved in 

MeOH (10 ml) in a Schlenk tube.  The reaction initially changes to orange and then 

brownish-black after 1 hr.  The mixture was stirred at room temperature under nitrogen a 

atmosphere overnight.  The solvent was removed and the residue was dissolved in 

CH2Cl2 (20 ml) and filtered through celite to remove metallic palladium.  The solvent 

was removed from the filtrate and the product was precipitated by addition of hexane.  

The precipitate was filtered and purified by recystallisation from CH2Cl2/hexane yielding 

a yellow solid product. 

Yield = 0.22 g, 78 %.  13C NMR (CDCl3) δ: 176.21 (HC=N), 155.43, 145.67, 141.48, 

133.90, 130.86, 127.84, 127.74, 124.68, 123.23 (Ar), 28.19 (iPr-CH), 22.99, 24.45 (iPr-

CH3). 

 

2.7.2. [PdCl(2-ClC6H3)CH=N{2,6-(CH3CH3CH)2-C6H3}]2 (3) 

 

A similar procedure as above for 2 was followed for the synthesis of the bridging 

complex 3.  Yield = 0.24 g and 77 %.  13C NMR (CDCl3) δ: 174.75 (HC=N), 156.38, 

142.88, 141.40, 132.25, 128.04, 125.38, 123.35 (Ar), 28.28 (iPr-CH), 22.94, 24.48 (iPr-

CH3). 
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2.7.3. [PdCl(2-BrC6H3)CH=N{2,6-(CH3CH3CH)2-C6H3}]2 (4) 

 

The same procedure as above 2 was followed for the synthesis of the bridging complex 4. 

Yield = 0.27 g, 76 %. 

 

2.7.4. [PdCl(BrC6H3CH=N(C6H5)]2  (5) 

 

Bridging complex 5 was synthesised following similar procedure as for complex 2.   

Yield = 0.146 g, 51 %. 

 

2.7.5. [PdCl(C6H4CH=N(CH2CH2CH3)]2 (6) 

 

The same procedure as above for 2 was followed for the synthesis of the bridging 

complex 6. 

Yield = 0.14 g, 70 %.  13C NMR (CDCl3) δ: 173.69 (HC=N), 124.68, 146.03, 133.30, 

129.83, 126.96 (Ar), 29.69 (Pr, -N-CH2-), 23.33 (Pr, -CH2-), 11.10 (Pr, -CH3) 

 

 

2.8. Synthesis of mononuclear cyclometallated [(N-C)PdClPR1
3] complex 

2.8.1. [PdClP(C6H5)3(C6H4)CH=N{2,6-(CH3CH3CH)2-C6H3}] (7) 

 

The Cl-bridged complex, [PdCl(C6H4)CH=N{(2,6-CH3CH3CH)2-C6H3}]2 (2) (0.20 g, 

0.25 mmol) was reacted with triphenyl phosphine (0.13 g, 0.49 mmol) in 1:2 ratio by 
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dissolving in 5 ml of dry CH2Cl2 in a Schlenk tube.  The reaction was stirred at room 

temperature under nitrogen atmosphere for 1 hr.  The solvent was removed by rotatory 

evaporator yielding a yellow solid.  The residue was washed with diethyl ether and 

filtered.  The product was purified by recystallisation from CH2Cl2/Et2O. 

Yield = 0.29 g, 91%.  13C NMR (CDCl3) δ: 177.03 (HC=N), 159.54, 147.92, 145.15, 

141.48, 140.80, 138.20, 135.41, 135.18, 135.04, 134.91, 131.68, 130.83, 130.61, 130.56, 

130.49, 128.84, 127.92, 126.88, 124.09, 122.77, 28.58 (iPr-CH), 24.51, 23.02 (iPr-CH3). 

 

2.8.2. [PdClP(C6H5)3(2-ClC6H3)CH=N{2,6-(CH3CH3CH)2-C6H3}] (8) 

 

The same procedure as for 7 above was followed for the synthesis of the mononuclear 

cyclometallated complex 8. 

Yield = 0.32 g, 93 %.  13C NMR (CDCl3) δ: 175.58 (HC=N), 145.81, 141.05, 135.38, 

135.14, 135.04, 130.76, 130.71, 128.22, 128.03, 127.19, 124.12, 122.86, 28.64 (iPr-CH), 

24.56, 22.97 (iPr-CH3). 

 

2.8.3. [PdClP(C6H5)3(2-BrC6H3)CH=N{2,6-(CH3CH3CH)2-C6H3}] (9) 

 

The similar procedure as for 7 above was followed for the synthesis of the mononuclear 

complex 9. 
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Yield = 0.34 g, 94 %.  13C NMR (CDCl3) δ: 177.70 (HC=N), 145.24, 140.75, 137.27, 

137.08, 135.36, 135.13, 135.04, 134.91, 132.40, 132.28, 131.33, 130.76, 130.71, 130.49, 

128.29, 128.23, 128.01, 127.13, 122.86, 122.13, 28.65 (iPr, CH), 24.58, 22.96  (iPr, CH3). 

 

2.8.4. [PdClP(C6H5)3(2-BrC6H3)CH=N(C6H5)] (10) 

 

Complex 10 was synthesized in the similar manner as for mononuclear complex 7. 

Yield = 0.062 g, 75 %.  13C NMR (CDCl3) δ: 176.01 (HC=N), 145.34, 141.05, 137.78, 

136.27, 135.96, 135.19, 135.15, 134.98, 132.46, 131.88, 131.46, 130.87, 130.51, 130.32, 

128.86, 128.67, 128.43, 127.27, 122.66, 122.31 

 

2.8.5. [PdClP(C6H5)3(C6H4)CH=N(CH2CH2CH3)] (11) 

 

The same procedure as for 7 above was followed for the synthesis of the mononuclear 

complex 11. 

Yield = 0.92 g, 93 %.  13C NMR (CDCl3) δ: 174.72 (HC=N), 138.34, 138.14, 135.60, 

135.36, 135.16, 135.04, 134.92, 130.70, 130.65, 130.64, 130.49, 129.50, 128.10, 128.04, 

127.93, 127.89, 127.50, 123.93 (Ar), 60.97, 29.69, 24.09, 11.26, (Pr). 

 

2.8.6. [PdClP(CH3)3(C6H4)CH=N{2,6-(CH3CH3CH)2-C6H3}] (12) 

 

The Cl-bridged complex [PdCl(C6H4)CH=N{(2,6-CH3CH3CH)2-C6H3}]2 (0.10 g, 0.12 

mmol), trimethyl phosphine (0.25 ml, 0.25 mmol) were dissolved in CH2Cl2 (5 ml) in a 
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Schlenk tube.  The reaction was stirred at room temperature under nitrogen atmosphere 

for 1 hr.  The solvent was removed by rotatory evaporator yielding yellow solid residue. 

Residue was washed with diethyl ether and filtered. The product was purified by 

recystallisation from CH2Cl2/Et2O. 

Yield = 0.101 g, 84 %.  13C NMR (CDCl3) δ: 176.67 (HC=N), 140.84, 135.69, 131.61, 

129.60, 126.95, 124.56, 122.81, (Ar), 22.97, 24.51 (PMe3), 28.34 (iPr-CH), 17.11, 16.45 

(iPr-CH3). 

 

2.8.7. [PdClP(CH3)3(2-ClC6H3)CH=N{2,6-(CH3CH3CH)2-C6H3}] (13) 

 

The same procedure as for 12 above was followed for the synthesis of mononuclear 

complex 13. 

Yield = 0.104 g, 81 %.  13C NMR (CDCl3) δ: 174.92 (HC=N), 140.79, 134.16, 133.97, 

132.92, 132.81, 127.47, 125.47, 123.36, 122.89, (Ar), 29.70, 28.40, 24.57, 22.90, (PMe3), 

33.23 (iPr-CH), 16.99, 16.33 (iPr-CH3). 

 

2.8.8. [PdCl(P(CH3)3)2(2-ClC6H3)CH=N{2,6-(CH3CH3CH)2-C6H3}] (14) 

 

The Cl-Bridged complex [PdCl(2-ClC6H3)CH=N{(2,6-CH3CH3CH)2-C6H3}]2 (3) (0.09 g, 

0.11 mmol), trimethyl phosphine (0.21 ml, 0. 25 mmol) were dissolved in CH2Cl2 (5 ml) 

in a Schlenk tube.  The reaction was stirred at room temperature under nitrogen 

atmosphere for 1 hr.  The solvent was removed by rotatory evaporator yielding a yellow 
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solid residue.  The product was purified by recystallisation in CH2Cl2/Et2O.  The single 

pale yellow crystals were obtained from CH2Cl2/Et2O at room temperature. 

Yield = 0.10 g, 77 %.  1H NMR (CDCl3) δ: 1.14 (d, 3JHH = 4.4 Hz, 12H, iPr-CH3), 1.51 

(m, 9H, PMe3), 3.32 (m, 2H, iPr-CH), 6.95-7.60 (m, 6H, Ar), 8.86 (s, 1H, HC=N). 

 

 

2.9. Reaction of Cyclopalladated cationic complexes with NaB(Ar)4 

 
2.9.1. [Pd(CH3CN)P(C6H5)3(C6H4)CH=N{2,6-(CH3CH3CH)2-C6H3}]+[B(Ar)4]- (7a) 

 
NaB(Ar)4 (0.066 g, 0.075 mmol) was transferred into a Schlenk tube in a glove box then 

removed and dissolved in acetonitrile 3 ml.  Complex 7 (0.0500 g, 0.0748 mmol) was 

dissolved in CH2Cl2 7 ml.  Solution was transferred to a Schlenk tube via syringe.  White 

precipitate was observed to form immediately due to the formation of NaCl.  The reaction 

mixture was stirred at room temperature for 2 hrs under nitrogen.  The precipitate was 

filtered and the solvent removed from the filtrate.  The residue was washed with hexane 

or n-pentane forming a light yellow solid that was vacuum dried. 

Yield = 0.1010 g, 88 %.  31P {H} NMR (CDCl3): δ = 41.24 ppm, melting point = 176-178 

°C. 

 

2.9.2. [Pd(CH3CN)P(C6H5)3(2ClC6H3)CH=N{2,6-(CH3CH3CH)2-C6H3}]+[B(Ar)4]-  

(8a) 

 
A similar synthetic procedure as for complex 7a was followed in the preparation of the 

cationic complex 8a. 
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Yield = 0.0678 g, 91 %.  31P NMR (CDCl3): δ = 40.78 ppm, melting point = 149-152 °C. 

 

2.9.3. [Pd(CH3CN)P(C6H5)3(2-BrC6H3)CH=N{2,6-(CH3CH3CH)2-C6H3}]+[B(Ar)4]-  

(9a) 

 

A similar synthetic procedure as for complex 7a was followed in the preparation of the 

cationic complex 9a. 

Yield = 0.0217 g, 72%, 31P NMR (CDCl3): δ = 40.56 ppm, melting point = 167-169 °C. 

 
2.9.4. [Pd(CH3CN)P(C6H5)3(C6H4)CH=NCH2CH2CH3]+[B(Ar)4]-  (11a) 

 
A similar synthetic procedure as for complex 7a was utilized in the preparation of the 

cationic complex 11a. 

Yield = 0.0371 g, 73 %.  31P NMR (CDCl3): 40.97 ppm, melting point = 132-135 °C. 

 

2.9.5. [Pd(CH3CN)P(CH3)3(2-ClC6H3)CH=N{2,6-(CH3CH3CH)2-C6H3}]+[B(Ar)4]-  

(13a) 

 
A similar synthetic procedure as for complex 7a was followed in the preparation of the 

cationic complex 13a. 

Yield = 0.0300 g, 95 %.  31P NMR (CDCl3): δ = -3.98, melting point = 131-135 °C. 
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3.1 INTRODUCTION 

 
Since the first discovery of polymerization with early transition metals in the 1950s by 

Ziegler-Natta, many polymers have been produced using early transition metal catalysts 

e.g. Ziegler-Natta and metallocene catalysts.  A large number of these are based on 

titanium, zirconium and chromium [1].  Since then interest in this reaction has increased 

stimulating a wider study of olefin oligomerization and polymerization reactions. 

 
The disadvantage of the early transition metals is that they are highly oxophilic or 

sensitive towards air or moisture and therefore must be handled in a dry and inert 

atmosphere.  As a result they are inactive in polymerization of monomer reaction with 

oxygen containing functional groups and highly sensitive to polar solvents and the 

impurities in the reaction mixture.  They are almost always binary- or ternary-component 

systems and preparation procedures are not easily achievable [2]. 

 

Late transition metals such as iron, cobalt, rhodium, nickel, palladium and platinum on 

the other hand have low oxophilicity and can therefore tolerate polar reagents and are less 

sensitive than the early transition metal analogues.  As a result late transition metal 

complexes are able to catalyze olefin polymerization, polar-functionalised α-olefin 

polymerization and copolymerization of ethylene and α-olefins [3].  Late transition 

metals also produce polymers with different microstructures due to their chain walking 

ability along the growing polymer chain via β-elimination and a reinsertion reaction 

competitive with chain growth via olefin insertion.   
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The occurrence of oligomerization or polymerization depends on the fine-tuning of the 

ligands of the late transition metal complexes.  For instance polymerization is favoured 

when the ligands contain bulky substituents while oligomerization occurs when the ligand 

contains less bulky substituents [4].  For example cationic Ni(II) and Pd(II) α-diimine 

complexes containing bulky aryl ortho substituents on the imine nitrogen promote chain 

transfer rather than chain propagation by preventing coordination of ethylene on the axial 

position of the active catalytic species.  Bulkiness of the ligand also contributes to a 

decreased rate of deactivation of the catalyst in polymerization reactions by preventing 

bis-ligation [5].  Thus nickel based systems with α-diimine ligands which have less bulky 

ortho substituents produce ethylene oligomers rather than the polyethylene [6]. 

 
Neutral nickel complexes were first reported by Keim et al. and applied in the Shell 

higher olefin process (SHOP) in the 1970’s.  These complexes based on [{Ph2-

PC(R)=C(R)O}Ni(Ph)L] have been applied in ethylene oligomerization forming higher 

α-olefins (SHOP) (Figure 3.1) [7].  SHOP catalyst systems were observed to polymerise 

ethylene under very harsh conditions and under milder conditions in the presence of 

phosphine scavengers such as Ni(COD)2.  Cavell et al. showed that Ni(II) complexes 

based on a pyridinecarboxylate ligand can undergo ethylene polymerization and 

copolymerization under mild conditions in the absence of the co-catalyst or activator [8].  

Grubbs et al. later reported on the synthesis of Ni(II) neutral salicylaldiminato complexes 

and their application in ethylene polymerization in the absence of an activating group 

forming high molecular weight polymers under mild conditions [9]. 
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[Ni(o-tolyl)4-NO2-pyca)PPh3]  c [Ni(o-tolyl)4-OMe-pyca)PPh3]  d

Figure 3.1: Neutral Nickel complexes applied in ethylene polymerization. 

 
 
3.1.1. Synthesis and applications of α-olefins 

 
α-Olefins are one of the major building blocks of the chemical industry.  As a result a 

wide range of studies has been focused on the development of catalysts that possess both 

high activity and selectivity in olefin formation.  α-Olefins are industrially mainly 

produced by the oligomerization of ethylene followed by fractionation, which result in 

the distribution of even-numbered carbon oligomers.  The Fischer-Tropsch process also 

produces a wide distribution of even number oligomers [10].  Linear α-olefins were also 

initially synthesised via the dehydration of alcohols by passing the alcohols in the vapour 

phase over an acidic alumina catalyst.  Other synthetic routes include thermal cracking of 

waxes/paraffins, dehydrogenation of paraffins, dimerisation and metathesis of olefins.  
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Linear internal olefins have been produced by chlorination or dehydrochlorination of 

linear paraffins [11]. 

 

Oligomerization of ethylene has traditionally been performed with different catalyst 

systems, which include Fe, Co, Ni and Pd complexes.  Titanium halides and alkyl 

aluminium compounds have also been used.  It was found that complexes based on 

transition metals require the presence of a co-catalyst such as alkyl aluminiums for 

effective catalysis of the reaction [12].  α-olefins can also be produced by dimerisation of 

low carbon number olefins for an example conversion of 1-butene to 1-octene [13]. 

 
Commercial linear α-olefins are manufactured through six different commercial ethylene 

oligomerization processes.  The Ethyl Corporation (Ineos) process (commonly known as 

stoichiometric Ziegler-Natta process) [14], Gulf (Chevron Phillips Chemical Company) 

process (commonly called catalytic Ziegler process) [14], Shell Higher Olefin Process 

(SHOP) [7 (a)] and Idemitsu Petrochemical process.  These companies produce a wide 

distribution of linear α-olefins.  The Phillips process operated by the CP Chemical 

Company produces only 1-hexene through an ethylene trimerisation reaction while 

technology licensor IFP manufacture 1-butene through dimerization of ethylene [4]. 

 
 

3.1.2. Applications of linear α-olefins 

 

The synthesis of linear α-olefins in the (C4-C20) is of higher demand due to their 

industrial applications as comonomers such as C4-C8 which are used in the production of 
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linear low density polyethylene (LLDPE).  C4-C8 is also applied in the synthesis of 

aldehydes via the oxo synthesis (hydroformylation).  The latter is used to produce short-

chain fatty acids, by the oxidation of the intermediate aldehyde or formation of linear 

alcohols for plastisizer application by hydrogenation of the aldehyde.  C10 olefins are 

used in the synthesis of lubricants and poly-α-olefins while C6-C10 olefins are used as 

additives in the production of plastic material using high density polyethylene and in 

production of plasticizers.  On the other hand C12-C20 olefins are used for synthesis of 

surfactants for aqueous detergent formulations [14]. 

 
C16-C18 linear olefins are employed as hydrophobes in oil-soluble surfactants and as 

lubricating fluids.  C16-C18 internal olefins are also applied as synthetic drilling fluids, 

primarily off-shore synthetic drilling fluids due to the fact that high molecular weight 

internal olefins are better lubricants compared to linear α-olefins.  They are also used in 

paper sizing forming alkyl succinic anhydrides.  C4-C10 olefins are used in many 

reactions therefore they are of higher demand than C12-C20 olefins [11]. 

 

 

3.1.3. Mechanisms for olefin polymerization reactions 

 

The formation of the polyolefin chain is dependent on the amount of monomer molecules 

available and which undergoes reactions in the presence of the catalyst.  The general 

reaction of ethylene oligomer or polymer formation is represented in Figure 3.2. 
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Olefins can undergo dimerisation, oligomerization or polymerization.  These reactions 

depend on the value of n and on the catalyst system employed.  When n = 2 dimerisation, 

n < 100 oligomerization and n > 100 polymerization reaction [15]. 

CH3(CH2)(2n-3)CH2=CH2
CatnC2H4

 

Figure 3.2: General representation of ethylene reaction. 

 
Various catalysts have been employed in olefin oligomerization/polymerization reactions 

ranging from early to late transition metals resulting in the formation of long chain and 

high molecular weight polymers or shorter oligomeric products.  These results stimulated 

the investigation into the mechanism of olefin polymerization reactions.  Olefin 

polymerization and oligomerization reaction mechanisms have been focused on those 

using early transition metal complexes.  Several mechanisms have been proposed for 

ethylene oligomerization and these include bimetallic and monometallic mechanisms 

[16]. 
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Scheme 3.1: Cossee-Arlman monometallic mechanism of ethylene oligomer chain 

growth. 
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There are three proposed and accepted monometallic mechanisms and these are shown in 

Schemes 3.1-3.3.  In the Cossee-Arlman monometallic mechanism, olefin insertion 

occurs via four-centred intermediates.  The organoaluminum alkylate titanium ion 

resulting in the formation of a vacant site allowing coordination of ethylene as illustrated 

in Scheme 3.1 [17]. 
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Scheme 3.2: Green monometallic mechanism of ethylene chain growth. 
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Scheme 3.3: Agostic mechanism for late transition metal in ethylene oligomerization 
polymerization reaction. 
 

The Green monometallic mechanism given in Scheme 3.2 is a metathesis mechanism.  

This involves formation of a metal carbene (M=CHR) through an α-hydrogen shift from 

the growing chain to the metal ion [18].  The agostic mechanism involves partial shift of 
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the α-H as illustrated in Scheme 3.3 [19].  This mechanism has been proposed for both 

early and late transition metal complexes. 

 

The mechanistic study of the olefin polymerization reaction involves using the kinetic 

isotope effect (KIE).  This is due to the fact that when mechanistic changes occur in the 

reaction, the kinetic isotope effect also changes resulting in different KIE for the overall 

reaction.  The kinetic isotope effects demonstrate the presence or absence of an agostic 

interaction in some intermediate of the catalytic cycle for the olefin polymerization 

reaction [20].  α-agostic interactions have been discussed previously for metallocene 

catalysts resulting in KIE ranging from 1.2-1.3 confirmed by theoretical studies [21].  

This interaction decreases the barrier for the olefin insertion by stabilizing the transition 

state and contributes to the stereo-specificity of the reaction. 

 
The α-agostic interaction has only been observed in early transition metal catalysis and its 

existence has been verified by many reported theoretical studies [22].  It is known that 

single site catalysts in polymerization ground states exhibit different agostic interactions, 

commonly α, β and γ interactions [23].  Theoretical studies have shown that β-agostic 

geometry is the most stable conformation.  This has been observed to be the case in both 

late and early transition metals [24]. 
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3.2. Results and Discussion 

 
3.2.1 Ethylene oligomerization in the absence of activator 

 
The initial objective of the work was to utilize cyclometallated palladium complexes in α-

olefin oligomerization or polymerization reactions in the absence of an activating group.  

This was based on the extensive mechanistic study that has been conducted since the mid 

1990’s involving ethylene oligomerization or polymerization in which it has been 

accepted that M-C or M-H bond is required for the ethylene insertion to occur allowing 

oligomerization or polymerization to occur [25]. 

N
Pd

Ph3P X
2

R

X
1

x
CH2=CH2

no polymers or oligomers 
no activator 

 

Scheme 3.4: Illustration of attempted ethylene reactions in the absence of an activator 

The neutral salicylaldimine nickel complexes containing triphenyl phosphine have been 

reported to be highly active in ethylene polymerization reactions producing high 

Complex R X1 X2 

1 2,6-di-iPr Ph H Br 

7 2,6-di-iPr Ph H Cl 

8 2,6-di-iPr Ph Cl Cl 

9 2,6-di-iPr Phl Br Cl 

11 Pr H Cl 
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molecular weight polymers in the absence of an activating group [9].  The proposed 

mechanism suggests that the triphenyl phosphine dissociates in solution allowing 

coordination of ethylene to the vacant site followed by insertion into an M-C bond.  This 

process continues until polymer is formed.  

 

We applied the same hypothesis to our neutral cyclometallated palladium complexes 1, 7-

9 and 11 in ethylene oligomerization.  Since the cyclometallated complexes under study 

contains an M-C bond and phosphine ligands (triphenyl phosphine), it was expected that 

they would facilitate polymerization or oligomerization reaction under mild conditions in 

the absence of an activating group.  However no polymers or oligomers were obtained 

under various reaction conditions (25 °C, 50 °C and 80 °C 10 and 30 atm, 1 and 2 hrs) as 

illustrated in Scheme 3.4. 

 

This was possibly due to the coordination of the phosphine to the palladium preventing 

the coordination of ethylene resulting in no reaction taking place.  A similar result was 

reported by Bailey et al. where they used neutral diimine palladium complexes containing 

triphenyl phosphine ligand in ethylene reactions in the absence of an activating group. No 

reaction was observed in the absence of an activating group and very low activity was 

observed in the presence of 2 mole equivalents of Ni(COD)2 as co-catalyst [26].  It was 

therefore necessary to use an activating group to facilitate ethylene reactions. 
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3.2.2. Ethylene oligomerization in the presence of an activator 

 

Ethylene oligomerization or polymerization reactions have been widely performed in the 

presence of various transition metal complexes.  These metal complexes require presence 

of the co-catalyst to form an active catalyst allowing ethylene coordination to the metal 

centre.  Aluminium containing co-catalysts have been extensively used in ethylene 

oligomerization reactions showing very high activities.  Here we investigate 

cyclopalladated complexes in ethylene oligomerization in the presence of modified 

methylaluminoxane (MMAO) and ethyl aluminium dichloride (EtAlCl2) with the aim of 

activating the pre-catalysts.  The ethylene reaction using cyclopalladated complexes in 

the presence of ethyl aluminium dichloride was unsuccessful since no oligomers were 

obtained.  Thus MMAO was used as a catalyst since it gave some activity. 

The catalyst was combined with MMAO in the reactor which was then charged with 

ethylene and stirred under desired conditions.  It should be noted that at ambient and 5 

atm pressure no reaction or product was obtained.  The samples were collected for GC 

(gas chromatography) analysis.  Cyclopalladated complexes were observed to be active in 

ethylene oligomerization reactions under different aluminium to metal ratio resulting in 

low to moderate activity compared to activities of the catalysts reported in literature. 
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Chart 3.1: Activity comparison of the complexes under different Al/Pd ratio 

Complexes 7, 8 and 11 were observed to behave in a similar manner since all these 

complexes were observed to have higher activity at lower MMAO ratio to the catalyst (50 

and 100).  The optimum activity was reached at 100:1 Al/Pd ratio after this the activity 

decreased gradually for complexes 1, 7, 8 and 11 suggesting that the higher amount of 

MMAO inhibit the reaction resulting in low activity.  

 

The activities of complexes 7, 8 and 11 were observed to exhibit a similar pattern under 

different Al/Pd ratio as shown in the Chart 3.1.  This showed less dependency of the 

catalyst activity on the substituents on the nitrogen of the imine ligand (N-R) than the 

substituents X1 on the metallated aromatic ring.  The activity of complexes 1 and 9 were 

comparable and show the lowest activity when compared to the other complexes.  The 

activity of complex 7 and 1 were expected to be similar since the active species around 

the metal is similar.  However this was not the case, since complex 7 was observed to be 

 

 

 

 



Chapter 3 

 99

more active than complex 1.  This could be due to ease of abstraction of the chloride 

rather than bromide forming an active catalyst in the presence of MMAO. 

 

Theoretically it is expected that the chloride containing complexes will be less active than 

the bromide containing complexes due to the lower electophilicity of the bromine 

allowing it to be easily removed in the presence of the co-catalyst.  However this was 

observed not to be the case and is probably due to lower solubility of the bromine 

containing cyclopalladated complexes in toluene resulting to slow formation of the active 

catalyst.  It has also been speculated that bromide form more stable complexes than 

chloride.  The more stable the halide complexes are, the less active they will be since they 

are less likely to promote abstraction of the halide group [27] to form an active catalyst. 

 

α-olefins oligomers in the range C8-C16 were obtained using cyclometallated palladium 

complexes as catalysts.  High selectivity for C8 α-olefin oligomers was observed in all 

catalytic reactions.  This is especially observed when operating at low Al/Pd ratios.  The 

absence of C10 was unexpected.  The reason for this behaviour is not clear thus further 

studies need to be conducted to investigate the mechanism involved in these reactions.  It 

was observed that as the Al/Pd ratio increases so the selectivity to C8 decreases forming 

selectively more C12-C16 oligomers using complexes 1, 7 and 11.  Complexes 

containing a halogen on the metallated aromatic ring e.g. 8 and 9 were observed to be 

highly selective for C8 even at higher Al/Pd ratio. 
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Scheme 3.5: General ethylene oligomerization mechanism though formation of 
metallocycles. 

 

A metallacyclic formation has been proposed to be central to the reaction mechanism of 

ethylene trimerisation and tetramerisation.  This reaction mechanism involves 

coordination of the two ethylene molecules to the metal centre; which then react with 

each other by oxidative coupling forming metallacyclopentane (Scheme 3.5).  This can 

either be released by reductive elimination in formation of 1-butene or insertion of 

another ethylene molecule leading to 1-hexene [28]. 

 

This mechanism only applies to systems producing selectively one group of olefins such 

as 1-butene, 1-hexene or 1-octene therefore it is impossible to propose this mechanistic 

pathway for these cyclopalladated systems [29].  However in this case α-olefins C12-C16 

oligomers were also produced in relatively moderate amounts therefore insertion of 

ethylene into M-C bond followed by chain propagation is proposed to be the operational 
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mechanism.  The insertion mechanism has been proposed in literature for most of group 

10 metal complexes in both olefin oligomerization and polymerization reactions. 

 

Table 3.1: Selectivity table of complex 1 at various Al/Pd ratios 

Fraction (%) C8 C12 C14 C16 

50 72.46 12.35 8.35 6.85 

100 69.65 12.82 10.36 7.17 

200 26.38 28.96 25.87 18.80 

500 14.32 36.71 27.33 21.64 
Reaction conditions: 7.5 μmol of catalyst, 50 ml toluene solvent, 10 atm, 1hr, 30°C. 

 

Table 3.2: Selectivity data of complex 7 at various Al/Pd ratios 

Fraction (%) C8 C12 C14 C16 

50 67.50 9.66 9.71 13.13 

100 40.14 31.10 16.87 8.89 

200 0.00 26.84 27.72 45.44 

500 0.00 0.00 17.72 82.28 
7.5 μmol of catalyst, 50 ml toluene solvent, 10 atm, 1hr, 30°C. 

 

Table 3.3: Selectivity data of complex 8 at various Al/Pd ratios 

Fraction (%) C8 C12 C14 C16 

50 73.06 8.55 10.88 7.51 

100 57.61 11.70 7.49 23.19 

200 32.56 18.59 13.13 35.73 

500 31.05 27.06 24.86 17.02 
Reaction conditions: 7.5 μmol of catalyst, 50 ml toluene solvent, 10 atm, 1hr, 30°C.  
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Table 3.4: Selectivity table for complex 9 at various Al/Pd ratios 

Fraction (%) C8 C12 C14 C16 

50 
69.58 12.75 10.15 7.51

100 
75.71 10.79 8.98 4.52

200 
68.74 13.19 8.31 9.76

500 
69.26 11.72 10.41 8.62

Reaction conditions: 7.5 μmol of catalyst, 50 ml toluene solvent, 10 atm, 1hr, 30°C.  

 

Table 3.5: Selectivity of complex 11 at various Al/Pd ratios 

Fraction (%) C8 C12 C14 C16 

50 76.04 9.57 8.74 5.65 

100 70.74 5.98 11.00 12.28 

200 66.42 11.89 11.35 10.33 

500 0.00 31.33 29.65 39.02 
Reaction conditions: 7.5 μmol of catalyst, 50 ml toluene solvent, 10 atm, 1hr, 30°C.  

 

 

Effect of temperature on ethylene reaction  

 

Complex 7 was evaluated at elevated reaction temperatures at an Al/Pd ratio of 100:1.  

The activity of the catalyst was observed to decrease as the temperature increases from 

30, 60 and 75 °C as shown in activity Figure 3.3. 
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Figure 3.3: Temperature effect towards activity of complex 7. 
 

The low activity was possibly attributed to low thermal stability of the catalyst at high 

temperatures resulting in the decomposition or degradation of the active species.  A 

similar trend has been reported by Axenov et al. where nickel, cobalt, iron complexes 

were investigated at high temperatures [30].  The selectivity for formation of C8 α-olefin 

oligomers was observed to increase with the increase in temperature. 

 
Table 3.6: Effect of temperature on selectivity using complex 7 

Entry Temp oC C8 C12 C14 C16 

1 30 67.50 9.66 9.71 13.13 

2 60 78.63 0.00 10.61 10.76 

3 75 100.00 0.00 0.00 0.00 

Reaction conditions: 7.5 μmol of catalyst, 50 ml toluene solvent, 10 atm, 100 Al/Pd ratio, 1hr 

Turn over frequency is mass of product in kg/mol of catalyst/reaction time 
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3.2.3. Evaluation of cationic cyclopalladated complexes in ethylene oligomerization 

 

The diimine and phosphine imine palladium cationic complexes synthesised from 

NaB(Ar)4 have previously been applied in ethylene oligomerization reactions.  These 

types of complexes are extensively applied in the copolymerization of olefins with CO or 

acrylate monomers [31].  Cationic cyclometallated complexes of this nature have been 

reported in alkyne insertion however no oligomerization or polymerization reactions have 

also been reported with cationic cyclopalladated complexes.  Catalyst 7a and 8a were 

reacted with ethylene at 25 °C and 60 °C under 10 atm and 30 atm in all cases no 

oligomers or polymers were observed. 

 

 

3.2.4. Preliminary results for 1-hexene oligomerization 

 

Polymerization of higher olefins such as 1-hexene and 1-octene form high molecular 

weight polymers that are applied as lubricants and oil derivatives.  Tu et al. have reported 

1-hexene polymerization in the presence of TiCl3 catalyst and AlEt2Cl co-catalyst [32].  

Soga et al. used the same catalyst in the presence of Cp2TiMe2 as co-catalyst forming 

higher molecular weight polymers [33].  Late transitions metal complexes have also been 

applied in high olefin oligomerization and polymerization reactions.  1-hexene in most 

cases was observed to undergo isomerisation or dimerisation in the presence of the late 

metal complex and aluminium co-catalysts such as methylaluminoxane [34].  Complex 7 

and 8 showed better activities in ethylene oligomerization.  Therefore their activity is 
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evaluated in 1-hexene oligomerization.  The application of cyclometallated complexes 7 

and 8 in 1-hexene oligomerization in the presence of MMAO showed no oligomer 

formation from the GC analysis.  However in the presence of EtAlCl2, C12, C18 and 

small traces of C24 oligomers were observed. 

 

Complex 7 was observed to be more active than complex 8 and this was thought to be 

due to the lower solubility of complex 8 in toluene than complex 7.  Optimum activity for 

complex 7 was observed to be at 100:1 Al/Pd ratio with highest conversion of the 

monomer (1-hexene) while the highest activity for complex 8 was observed at 200:1 

Al/Pd ratio. 
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Chart 3.2: 1-Hexene oligomerization conversion at various Al/Pd ratios 

 

Table 3.7: 1-hexene oligomers selectivity using complex 7 
Al/Pd C12 C18 C24 

50 55 46  

100 55 41 4 

200 63 37  

Reaction conditions: 23 μmol Pd, 2 ml toluene, 2 ml 1-hexene,r.t, 10 hrs 
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Table 3.8: 1-hexene oligomers selectivity using complex 8 
Al/Pd C12 C18 C24 

50 41 56 3 

100 76 24  

200 77 23  

Reaction conditions: 23 μmol Pd, 2 ml toluene, 2 ml 1-hexene,r.t, 10 hrs 

 

Both complexes were observed to form mainly C12, C18, and C24 oligomer with 

complex 8 being highly selective for C12 forming up to 77% of this fraction.  Complex 7 

also show high selectivity to C12 but its selectivity C12 is lower than complex 8.  The 

results are as illustrated in Table 3.7 and Table 3.8. 

 

 

3.3. Conclusion 

 

Although cyclopalladated complexes have been reported to be highly active with very 

high turn over numbers in C-C coupling reactions such as Heck, Suzuki, etc., their 

activities in ethylene oligomerization reactions have been observed to be low-moderate.  

Chloride complexes were found to be more active than the bromide containing 

complexes.  Although the complexes had moderate activity they were able to achieve 

high selectivity for C8 and C16 linear α-olefin oligomers which seems to hold a promise 

for feasible process.  The preliminary 1-hexene oligomerization results using complex 7 

and complex 8 afforded high conversions with high selectivity for C12 and C18.  C24 

was observed in some cases but in very low amounts. 
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3.4. Experimental and Instrument 

 

MMAO (7 % in heptane) was purchased from AKZO NOBEL; Ethylene (99.9 %) was 

obtained from Afrox and used without further purification.  CH2Cl2 was dried in P2O5, 

and toluene was dried by sodium wire and benzophenone. 1-hexene (97 %) was 

purchased from Sigma Aldrich and purified by passing through activated alumina and 

then kept over fresh molecular sieves under nitrogen overnight before use. 

IR spectra were recorded as KBr pellets on a Perkin-Elmer, Paragon 1000 PC FTIR 

spectrometer. NMR spectra were recorded on a Varian Gemini 2000 instrument (1H 

NMR at 200 MHz) and on Mecury-300BB instrument (31P NMR at 300MHz).  The 

chemical shifts are reported as referenced to the residual protons of deuterated 

chloroform as a solvent and TMS as an internal reference.  The melting points were 

recorded on a Leitz hot stage.  The products in oligomerization were analysed by gas 

chromatography (GC) Varian CP- 3800 to determine only linear α-olefin oligomers. 

 
 
3.4.2. General ethylene reaction 

 
The cationic complex (5 mg, 7.5 μmol) was added into a Parr reactor in the glove box. 

CH2Cl2 (40 ml) was added and the reactor was sealed and then removed from the glove 

box.  The reactor was charged with ethylene, and flushed three times with ethylene.  The 

reaction was then pressurised to desired pressure and the temperature was adjusted.  The 

reaction was kept under these conditions for 1 hr.  After an hour small sample fraction 

was taken for GC analysis.  Acidified methanol was added to the rest of reaction solution 

to precipitate any possible polymer. However no precipitate was observed. 
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3.4.3. General ethylene oligomerization with modified methylaluminoxane (MMAO) 

 
The appropriate cyclopalladated complex (7.5 μmol), was added to the Parr reactor 

followed by addition of dry toluene (50 ml).  The required amount of MMAO was added 

to the reactor.  The reactor was sealed and then removed from the glove box, after which 

it was charged with ethylene and flushed three times.  Finally the reaction was 

pressurised to 10 atm then reaction was allowed to run at desired temperature for 1 hr.  A 

sample was collected for GC analysis. Acidified methanol was added to the remainder of 

the reaction mixture to quench the reaction. 

 
 
3.4.4. 1-Hexene oligomerization 
 

The appropriate cyclopalladated complex (23 μmol) was added into a Schlenk tube 

connected into a nitrogen line and 2 ml of toluene was added. The required amount of 

EtAlCl2 was added to the Schenk tube in a glove box.  The Schlenk tube was sealed and 

removed from the glove box.  The complex suspension was canula transferred to the 

Schenk tube containing the co-catalyst.  1-hexene (2 ml) was added to the solution and 

allowed to stir or 10 hrs at room temperature.  Colour changes were observed from 

yellow to brown.  Small sample was collected for GC analysis the rest was quenched with 

acidified methanol resulting in oil product which was dried under vacuum. 
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4. Introduction 

 

4.1. Polymerization of acetylenes using early and late transition metal catalysts 

 

Many polymers are formed by reactions employing early transition metal catalysts e.g. 

Ziegler-Natta and metallocene catalysts.  A large number of these are based on titanium, 

zirconium and chromium [1].  Polymerization of acetylenes was first performed in 1958 

by Natta et al. using a catalyst mixture of [Ti(O-nBu)4] and triethylaluminium (AlEt3) 

forming only linear polyacetylene [2].  WCl6, MoCl5 [3] and Co(NO)2/NaBH4 [4] have 

earlier been reported as effective catalysts for the phenylacetylene polymerization.  Since 

then many researchers have focused on studies concerning different acetylenes such as 

monosubstituted (terminal) or disubstituted (internal) acetylenes.  Amongst the different 

type of acetylenes, phenylacetylene is the most studied [5-6]. 

 

Phenylacetylene polymerization can be catalyzed using different catalysts under different 

conditions.  Polymerization of acetylene forms π-conjugated polymers that are 

characterised by physico-chemical properties making them applicable as oxygen 

permeable membranes, nonlinear optics and ferromagnets.  They are also applied in gas 

separation as membranes, electrical conductors, photonics, stimuli responsive materials, 

liquid crystals, humidity sensors, organic light emitting diodes, electroluminescence 

devices, photoluminescence and magnetic devices all of which have stimulated research 

in the area [7-8]. 
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Group 5, 6 and rhodium compounds have been widely studied in the polymerization of 

acetylenes forming mixtures of cis and trans polymers.  Group 5 and 6 (Mo, W, Ta and 

Nb) complexes have been observed to mediate acetylene polymerization through a 

metathesis mechanism.  Acetylene polymerization using MoCl5 as catalyst has been 

observed to selectively form cis isomers under mild temperatures (< 40 °C), while WCl6 

as catalyst forms exclusively trans polymers [9].  MoCl5 is capable of polymerising non-

polar alkynes such as t-butylacetylene, as well as polar alkynes such as propiolic acid, 

forming lower molecular weight polar polymers. 

 

It has been shown that when using Ziegler-Natta catalysts in the polymerization of 

monosubstituted alkynes or acetylenes, polymers with higher molecular weights ranging 

from 10 000-100 000 Da are obtained for only uncrowded monomers having primary or 

secondary aliphatic groups [5-6].  Masuda and Higashimura found transition metal 

complexes such as WCl6 and MoCl5 gave high molecular weight polymers with good 

yields when used in phenylacetyene polymerization [3].  It was later shown that WCl6 

and MoCl5 can also produce very high molecular weight materials (above 100 000 Da) 

when bulky acetylenes such as tert-butylacetylene or disubstituted alkynes are 

polymerised [5-6]. 

 

The disadvantage of the early transition metals is that they are very sensitive towards air 

or moisture and therefore must be handled in dry and inert atmospheres.  They are almost 

always binary- or ternary-component systems and preparation procedures are not easily 

achievable [7a].  The late transition metals such as iron, cobalt, rhodium, nickel, 
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palladium and platinum on the other hand have low oxophilicity and are less sensitive 

than the early transition metal analogues. 

 

Furlani et al. first reported rhodium (I) complexes in the polymerization of 

phenylacetylene [10].  Rhodium (I) based catalysts are characterised by their stability in 

different solvents such as polar solvents (alcohols, amines, water and ionic liquids), a 

high selectivity in forming cis-transoidal structures, tolerance of functional groups and its 

ability to control the stereochemistry of chain propagation.  Rhodium catalysts have been 

reported to favour phenylacetylene polymerization through a 2,1 insertion mechanism 

forming cis-transoidal polymers [8, 11]. 

 

 

4.2. Isomers of Polyphenylacetylene 

 

Polymerization of monosubstituted acetylenes with head to tail regiochemistry produces 

four different isomers such as cis-transoidal, trans-cisoidal, cis-cisoidal and trans-

transoidal (Figure 4.1).  The nature of the stereoisomers formed is highly dependent on 

the experimental conditions.  Natta et al. first reported trans-polyacetylene isomers in 

1958 [2].  Later Kleist and Byrd reported the first cis and trans-configuration of 

polyacetylenes [12].  

 

Electrical conductivity of polyacetylenes depends on the degree of conjugation between 

the repeat units.  Polyacetylenes were found to be insoluble and unstable and therefore 
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cannot be used as functional materials.  However polyphenylacetylene is soluble and 

stable, due to the presence of aryl or alkyl groups, which reduces degree of conjugation 

[13].  When the polymer is dominated by the cis-transoidal isomer the conductivity 

becomes 10-16 S.cm-1 and if the polymer is dominated by trans-transoidal units the 

conductivity increases and varies between 10-6 and 10-7 Scm-1 [14]. 
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Figure 4.1: Four different geometries of poly-(phenylacetylene) 

 

 

4.3. Reactions of cyclometallated complexes with alkynes 

 

The insertion reactions of alkynes into M-C bond of the cyclometallated complexes have 

been studied since the 1970’s forming intermediates for organic synthesis.  Insertion of 

alkynes into M-C bond also allows for the study of the reactivity of M-C bonds [15].  

Ruthenium and rhodium four membered ring metallocycles have been studied in alkyne 

insertion reactions forming eight membered ring metallocycles. 
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Figure 4.2: Types of cyclopalladated complexes able to undergo alkynes insertion. 

 

Cyclopalladated complexes have also been investigated in alkyne insertion reactions 

affording insertion of two, three or four alkynes.  Cationic cyclometallated complex i 

formed benzofulvene instead of the proposed azacyclooctatriene after insertion of two 

diphenylacetylene molecules in the presence of chloro-benzene.  Oligomers were formed 

in further addition of the monomer [16].  Cylopalladated ferroccene complexes have also 

been investigated in the insertion reactions of alkynes. 

 

Palladium complexes have been widely studied for many organic transformations but 

there are fewer reports on the polymerization of phenylacetylene [17].  The palladium 

complex [Pd(N,N’O)Cl] (N,N’O = 2-acetylpyridine or 2-formylpridine 

benzoylhydrazones) have been used in phenylacetylene polymerization in water 

producing polymers with molecular weights ranging from 18 233-23 495 Da [18].   
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The main focus for this section of the project is the evaluation of the catalytic activity of 

the cationic metallocyclic palladium complexes synthesized in Chapter 2 (Scheme 2.7) in 

phenylacetylene oligomerization or polymerization.  The effects of different parameters 

were evaluated such as the co-catalyst concentration, reaction time and temperature. 

 

 

4.4. Results and Discussion 
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Figure 4.3: Cyclopalladated cationic complexes applied in phenylacetylene 

polymerization. 

 

Phenylacetylene polymerization was performed by reacting the reported cationic 

cyclopalladated complexes in Chapter 2 with phenylacetylene in CH2Cl2.  Reactions of 

the five cationic complexes were investigated under different conditions to monitor the 

effect of reaction time, temperature, and solvent type.  The reaction was quenched by 

addition of methanol yielding methanol insoluble (polymers) and methanol soluble 
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fractions (oligomers).  These complexes were observed to be less active in 

phenylacetylene polymerization at low temperature than the frequently studied rhodium 

complexes.  However comparable activities were observed at high temperatures.  The 

colours of the polymers and oligomers obtained varied from dark brown to orange.  

Though polymers were obtained in many of the reactions, in some cases only a methanol 

soluble fraction was obtained. 

 

 

4.4.1. Effect of monomer concentration on PA polymerization 

 

The most common monomer to metal (catalyst) ratio usually investigated in the literature 

is 50:1 often leading to very high conversions.  High monomers to catalyst ratios such as 

200:1 or 500:1 have rarely been investigated.  It was however decided to do a preliminary 

investigation of this variable. 

 

A high concentration of phenylacetylene was first employed in the polymerization 

reactions using the palladacycles as pre-catalysts.  This resulted in the formation of both 

methanol soluble and insoluble products.  Very low yields were however observed at 

high monomer concentrations as shown in Chart 4.1.  It was observed in all cases that 

decreasing the amount of the monomer increases the overall yield of the reaction.  The 

monomer: metal ratio of 50:1 was observed to be the optimum ratio compared to 200:1 

and 100:1 ratios therefore this was applied in all further PA polymerization reactions. 
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Chart 4.1: Effect of monomer concentration on PA polymerization using catalyst 7a. 

 

 

4.4.2. Effect of the nature of co-catalyst on polymerization  

 

A wide range of co-catalysts (activators) have traditionally been employed in the 

polymerization of phenylacetylene catalysed by transition metal complexes.  Some 

examples of typical activators previously employed include silver salts [Ag(OTf)2, 

AgBF4, and AgPF6] and sodium salts [NaB(Ar)4].  The active catalyst is often formed in-

situ by the reaction of the pre-catalyst with the activator.  The drawback with in-situ 

activation of the active catalyst is that the nature of the actual active species is not fully 

known.  Therefore the isolated and fully characterised cationic cyclopalladated 

complexes were investigated as catalysts in phenylacetylene polymerization.  The 

preparation of several of these cationic complexes was discussed in Chapter 2. 
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All cyclopalladated cationic complexes synthesised from NaB(Ar)4 shown in Figure 4.3 

were observed to be more active than the in-situ generated cyclopalladated cationic 

complexes using silver salt activators (silver triflate and silver tetrafloroborate).  The 

activation with silver salts in CH2Cl2/CH3CN (3:1) at a 50:1, PA: Pd ratio gave only low 

molecular weight oligomers and low yields (entries 1-8, Table 4.1).  This was probably 

due to instability of the in-situ cationic complex generated from the silver salt. 

 

 

4.4.3. Effect of temperature on phenylacetylene polymerization  

 

Temperature plays an enormous role in phenylacetylene polymerization.  It can determine 

the type of isomeric structure of oligomers or polymers formed since at high temperature 

the structure easily changes its conformation.  Phenylacetylene polymerizations were 

performed at room temperature and at 60 °C in CH2Cl2 to illustrate the effect of 

temperature on the polymerization.  The cationic cyclometallated complexes (7a-9a, 11a, 

13a) were employed as catalysts in these polymerization reactions.  All the catalysts were 

found to be active at both room temperature and at 60 °C.  

 

Higher conversions were obtained at higher temperature with turn over numbers (TON) 

up to 5000 g PPA/mol Pd.  The reaction was observed to be faster at 60 °C than at room 

temperature.  This trend has also been observed by Li et al. where palladium complexes 

containing a bis(diphenylphosphine) ligand and activated by a silver salt were 

investigated in phenylacetylene polymerization [17].  Similar results were also observed 
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for iridium complexes [19].  In this current work large amount of methanol insoluble 

product were formed at higher temperature where as only methanol soluble fractions 

were obtained under similar reaction conditions at room temperature. 
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Chart 4.2: Illustration of activity of PPA under different temperatures. 

 

The stereo-selectivity of the oligomers or polymers was observed to be dependent on the 

phenylacetylene polymerization temperature.  At room temperature a mixture of cis-

transoidal (35 % of the cis configuration) and trans-cisoidal isomer was observed.  The 

increase in temperature converted all of the cis isomer to the trans-cisoidal isomer.  This 

was confirmed by NMR studies of the isolated products.  The stereo-selectivities of the 

polyphenylacetylene produced in this work are in agreement with the results reported for 

reactions catalysed by complexes of Rh, Ni and Pd.  The later were also observed to be 

dependent on temperature.  For instance cis-isomers were observed in the polymerization 

of phenylacetylene using rhodium and iridium complexes at lower temperature, whereas 
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at high temperature trans isomers dominate.  It was suggested that at higher temperatures 

trans insertion becomes the dominant process over cis insertion [19, 20].  

CH PhCH

Ph

++
LMR ML

R

oligomers or polymers
CH Ph n

 

Scheme 4.1: General schematic representation of polymerization of phenylacetylene  

 

The general polymerization of phenylacetylene is shown in Scheme 4.1 where the 

cationic complex allows π-coordination of the monomer into the vacant site.  This is 

followed by insertion of the monomer into the metal-carbon σ-bond in a trans-fashion or 

cis-fashion to give trans-polymers at higher temperatures or cis-poylmers at mild 

temperatures [20].  This has also be observed in the polymerization of bulky substituted 

acetylenes using nickel and palladium catalysts forming trans-polyene as dominating 

products [3].  The molecular weight of the polymers was observed to decrease at higher 

temperature [19]. 

 

 

4.4.4. Effect of reaction time on polymerization activity 

 

Phenylacetylene polymerization was performed over 24 hrs and 48 hrs reaction periods.  

The expected increase in % conversion was observed at longer reaction times by increase 

in TON values. 
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Chart 4.3: The effect reaction time on activity using different catalysts. 

 

The activities of the complexes were compared showing similar patterns for complexes 

7a and 11a have fairly similar activities (Chart 4.3).  Catalyst 8a and 9a were also 

observed to behave in a comparable manner.  These results suggest that the substituent on 

the imino N does not have a significant effect on the polymerization.  However the 

substituents on the metallated aromatic ring were observed to play a role resulting in 

generally high activities for complexes containing halide substituents.  This was possibly 

due to the electron-withdrawing halide leading to a lowering of the electron density 

around the metal thus allowing coordination of the phenylacetylene.  This facilitates 

formation of oligomers and polymers. 

 

Effect of the phosphine ligand was observed by comparing activity of catalyst 8a and 

13a.  The catalyst 8a containing the bulky phosphine ligand (PPh3) was observed to be 

highly active compared to 13a which contains the less bulky phosphine ligand (PMe3).  In 
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the case of 7a, 11a and 13a the increase in activity was observed to be substantially 

greater at longer reaction time 48 hrs than at 24 hrs, whereas in the case of 8a and 9a no 

significant increase in activity was observed as the reaction time increases. 

 

 

4.5. Characterisation of oligo-phenylacetylene and polyphenylacetylene 

 

The phenylacetylene oligomers and polymers were characterised by 1H NMR, FTIR 

spectroscopy and gel permeation chromatography.  Polyphenylacetylene can adopt 

different isomeric forms depending on the mechanism under operation.  For instance 

rhodium catalysts have been reported to produce cis-transoidal polymers dominated by 

cis-isomer.  This can be unambiguously distinguished by the NMR and FTIR 

characterisation techniques. 

 

 

4.5.1. 1H NMR spectra of oligo- and polyphenylacetylene 

 

In the 1H NMR spectra of the oligo-phenylacetylene and polyphenylacetylene obtained at 

room temperature (Figure 4.4 (a)) the singlet peak at δ 5.84 ppm was as a result of the 

cis-configuration of the polymer.  A broad peak is observed at δ 6.64 ppm which is 

characteristic of the ortho aromatic proton.  A broad peak was observed at δ 6.95 ppm 

representing the para and meta aromatic protons.  These peaks at δ 6.64 and δ 6.95 ppm 

are associated with the trans-configuration of the polymer.  This is characteristic of a 
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head to tail structure of a cis-transoidal polyphenylacetylene as previously reported [18].  

In the 1H NMR analysis of the oligomers similar signals were observed as for the cis-

trans polymers.  The 1H NMR spectra of the products obtained at high temperature 

(Figure 4.4 (b)) contained only broad signals between δ 6.40–7.60 ppm representing the 

trans- isomer.  No peaks for the cis isomer were observed; therefore trans-product was at 

high temperature. 

 

 

4.5.2. FITR spectra of oligo- and polyphenylacetylene 

 

In the IR spectrum of the polyphenylacetylene isolated (Figure 4.5) strong absorption 

peaks at 756 and 695 cm-1 were observed and have previously been reported to be 

characteristic of cis-transoidal polyphenylacetylene [21].  The peaks at 756 and 695 cm-1 

represents C-H out of plane deformation of the benzene rings [22].  The absorption band 

observed at 1597 cm-1 is characteristic of polyconjugated C=C bonds [22].  For the 

oligomers similar spectra as for the polymers were observed with the exception that a 

broad strong peak at 1278 cm-1 was observed which is characteristic of the trans-

configuration.  It has been reported that the presence of this peak in oligomers indicates 

that the cis-transoidal structure of the oligomer isomerizes to trans-cisoidal structures 

[21].  At higher temperatures more of the strong absorption band at 1278 cm-1 was 

observed illustrating a higher proportion of the trans isomer formation. 
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Figure 4.4: (a) 1H NMR spectrum of cis-transoidal       (b) 1H NMR of trans-cisoidal isomer PPA formed at high 

 isomer PPA formed at room temperature    temperature 
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Figure 4.5: FTIR spectrum of polyphenylacetylene.
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4.5.3. Gel permeation chromatography of phenylacetylene oligomers and polymers 

 

Gel permeation chromatography is generally used to determine the molecular weight and 

poly-dispersity index of the oligomers and polymers.  From the literature it has been 

reported that phenylacetylene products can only be regarded as a polymer if it contains an 

average molecular weight (Mw) greater or equal 1000 g.mol-1 and anything less than that 

is an oligomer [7 (h)].  However some other authors have reported phenylacetylene 

products with molecular weight above 1000 g.mol-1 as oligomers [23].  The great 

controversy around this issue illustrates that more findings need to be uncovered related 

to phenylacetylene polymerization. 

 

Generally low molecular weight phenylacetylene polymers and oligomers were obtained 

from the polymerization of phenylacetylene catalysed by in-situ activation of 

cyclopalladated complexes in all cases.  The use of different silver salts as activator did 

not impose any change in the molecular weight of the PA oligomers formed.  All the 

complexes gave fairly similar molecular weights and with polydispersity indices in the 

accepted range (1.07-1.12) as shown in Table 4.1 (entry 1-8). 

 

The increase in temperature from room temperature to 60oC was observed to improve the 

activity of the cationic catalyst in phenylacetylene reactions (Table 4.2, entries 11-15).  

However this resulted in the decrease in the molecular weight of PA oligo- or polymer.  

This is probably due to the fact that at high temperatures chain termination is favoured 
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over chain propagation.  These is also the possibility that catalyst deactivation occurs at 

elevated temperatures. 

 

Table 4.1: Oligo-PA produced by pre-catalysts activated by silver salts 

Entry Pre-

catalyst 

Mass of total 

product 

% Yield Mw PDI 

1 7aa 0.040 26 553 1.07 

2 8aa 0.036 23 541 1.08 

3 9aa 0.025 16 565 1.08 

4 11aa 0.015 10 591 1.12 

5 7ab 0.052 34 550 1.10 

6 8ab 0.052 34 545 1.08 

7 9ab 0.032 21 524 1.07 

8 11ab 0.021 14 570 1.09 

Reaction conditions: Solvent CH2Cl2:CH3CN (3:1) 10 ml, rxn time 24 hrs, room temperature, Pd: PA = 
1:50, catalyst concentration = 3 mmol/L. 
Activated by = a AgBF4,  b AgOTf 
 

The reaction time was also observed to have significant impact on the molecular weight 

of the products formed during phenylacetylene reactions.  When the reaction was 

performed for 24 hrs oligomers were obtained (Table 4.2, entry 6-10).  The increase of 

reaction time to 48 hrs (Table 4.2, entry 16-20) increased the molecular weight forming 

polymers in all cases.  This means that after 24 hrs there was unreacted monomer present 

in the reaction solution therefore longer reaction time is required to reach maximum 

consumption of the monomer.   
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Table 4.2: PA oligomerization/polymerization catalysed by cationic complexes 

Entry  Catalyst Mass % conversion Mw PDI 

1 7aa 0.111 18 4870 3.49 

2 8aa 0.146 24 897 1.17 

3 9aa 0.066 11 848 1.18 

4 11aa 0.181 30 783 1.14 

5 7ab 0.075 24 901 1.52 

6 7a 0.053 35 801 1.30 

7 8a 0.080 52 1034 1.46 

8 9a 0.067 44 929 1.47 

9 11a 0.055 36 705 1.25 

10 13a 0.0243 16 45222 1.78 

11 7ac 0.129 84 638 1.16 

12 8ac 0.152 99 675 1.12 

13 9ac 0.138 90 712 1.17 

14 11ac 0.109 71 577 1.08 

15 13ac 0.0567 37 59863 1.54 

16 7ad 0.086 56 2162 1.01 

17 8ad 0.085 55 2226 1.01 

18 9ad 0.082 53 2189 1.00 

19 11ad 0.098 64 2196 1.01 

20 13ad 0.0521 34 55963 1.36 

Reaction conditions: Solvent CH2Cl2 10 ml, rxn time 24 hrs, room temperature, Pd: PA = 1:50 unless 
specified otherwise, catalyst concentration = 3 mmol/L. 
a Pd: PA = 1:200, b Pd: PA = 1:100, c temperature = 60 °C, d rxn time 48 hrs 
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Exceptionally high molecular weight polymers were obtained using cationic complex 13a 

under all investigated reaction conditions; the reason for this is not clear.  It might be due 

to the fact that PMe3 is sterically less demanding than PPh3 and thus monomer 

coordination is facilitated.  However further investigation into this need to be conducted. 

 

When comparing the above results to those in the literature involving palladium systems 

in phenylacetylene polymerization the cyclopalladated cationic complexes in this work 

showed comparable activities.  However at high temperature exceptional high activities 

were observed when using cationic cyclometallated complexes in reported in this study.  

The molecular weights of polymers obtained in this work were lower than the reported in 

literature however it had a very narrow polydispersity index. 

 

 

4.6. Conclusions 

 

The cationic palladium metallocycles were observed to be active in phenylacetylene 

reactions.  Evaluation of the cationic complexes under various conditions gave highest 

activities at higher temperatures.  Increase in activity was also observed by increasing 

reaction time.  It was observed that phenylacetylene isomers are highly dependent on 

temperature since trans isomers were obtained at high temperature whereas mixtures of 

cis and trans isomers were observed at room temperature.  Low molecular weight PA 

polymers were obtained having both cis-transoidal and trans-cisoidal structure.  These 
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results present promising results for further application of cyclometallated complexes in 

acetylene polymerization. 

 

 

4.7. Experimental and Instrumentation 

 

Phenylacetylene was purchased from Fluka.  The solvents CH2Cl2 and CH3CN were dried 

by distillation over P2O5 and THF were dried by distillation over sodium wire and 

benzophenone and then kept over molecular sieves (4 A).  All reactions were performed 

under a dry deoxygenated nitrogen atmosphere using standard Schlenk techniques. 

IR spectra were recorded as KBr pellets for both the polymers and oligomers, on a 

Perkin-Elmer, Paragon 1000 PC FTIR spectrometer. NMR spectra were recorded on a 

Gemini 2000 instrument (1H NMR at 200 MHz).  Chemical shifts are reported as 

referenced to the residual protons of deuterated chloroform as internal reference.  The 

number- average (Mn) and weight-average molecular weights (Mw) and polydispersity 

(Mw/Mn) of polymers were determined by gel permeation chromatography (THF, 30 °C, 

rate = 1.0 cc/min) with a PL mixed-C column using polystyrene standards  on an Agilent 

1100 series equipped with an RI detector. 
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4.7.1. General phenylacetylene polymerization 

 

The cationic palladium complex (0.03 mmol) was dissolved in 10 ml of CH2Cl2 solvent.  

Then phenylacetylene (0.03 mmol) in ratio of 1:50, 1:100 or 1:200 Pd/PA was added.  

The reaction was stirred for required time at room temperature or 60 °C under nitrogen 

atmosphere.  The solution color changed from light yellow to dark yellow then to orange.  

The solvent was removed by rotatory evaporator; 20 ml of methanol was added to 

precipitate the polymer, yielding a brown solid.  This was stirred overnight and then 

filtered.  The solid was dried under vacuum and the filtrate was collected and solvent was 

removed by rotatory evaporator yielding a brown residue that was placed under vacuum 

dried for 2 days. 
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CHAPTER 5 

 

 

 

SUMMARY AND CLOSING REMARKS  
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5.1. Summary  
 

The imine ligands L1, L3-L5 previously reported and new ligand L2 were synthesized by 

modification of the synthetic procedure reported by Chen et al.  The ligands L1-L3 were 

obtained as solids from recrystalization in methanol at low temperature (-4 °C) where as 

L4, L5 were obtained as orange oils.  In general high yields were obtained and for some 

cases even higher yield than previously reported.  All ligands were soluble in all organic 

solvents. 

 

Cyclopalladated complex 1 was synthesized by reaction of Pd(PPh3)4 with L3.  This 

complex was obtained in good yields by purification from CH2Cl2/Et2O.  Other 

complexes were synthesized via formation of intermediate chloro-bridged complexes 

through reaction of the imine ligand with (CH3CN)2PdCl2 in the presence of sodium 

acetate.  These complexes were partially soluble in chlorinated solvents and insoluble in 

most other organic solvents.  1H NMR and FTIR spectroscopy was used for 

characterization of these complexes. 

 

Mononuclear cyclopalladated complexes were synthesized by reacting chloro-bridged 

cyclopalladated analogues with two mole equivalents of tertiary phosphines.  Higher 

yields were obtained and the complexes were highly soluble in organic solvents with 

partial for hexane (only partially soluble).  The mononuclear complexes described here 

have never been reported in literature thus far.  Cationic cyclopalladated complexes were 

synthesized by reacting mononuclear cyclopalladated complexes with NaB(Ar)4 resulting 
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in very high yields.  The complexes were characterized by NMR, FTIR spectroscopy, 

ESI-mass spectrometry and elemental analysis. 

 

Application of the mononuclear complexes in the olefin oligomerization in the absence of 

the activator was unsuccessful.  The cationic cyclopalladated complexes were evaluated 

in olefin oligomerization however these reactions were also unsuccessful instead 

resulting in complex decomposition.  However in the presence of MMAO co-catalyst 

these mononuclear cyclopalladated complexes shown reasonable activity.  This is the first 

study of cyclometallated complexes in olefin oligomerization in the presence of MMAO 

activator.  The catalysts were selective for C8, C12-C16 with C8 being formed in high 

amounts. 

 

Cationic cyclopalladated complexes were also evaluated in phenylacetylene 

oligomerization/polymerization forming mixture of oligomers and low molecular weight 

polymers with narrow polydispesity indices.  High monomer conversion was observed at 

high temperature showing that these complexes to be promising catalysts for 

phenylacetylene polymerization.  The reaction time seems to be the determining factor 

for polymer yield and polymer molecular weight.  These complexes were observed to 

form more trans isomers rather than cis isomers (~ 35 %) however at high temperature all 

cis isomers are converted to trans isomers.  The change to less bulky phosphine ligands 

(PMe3) was observed to improve molecular weight of the polymers. 
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