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HOMOGENEOUS TRANSITION METAL CATALYSTS FOR OLEFIN 
POLYMERIZATION 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 2

1.1. Introduction 
In 1955, Ziegler discovered that poly(ethylene)s can be obtained by the polymerization of 

ethylene at atmospheric pressure and room temperature by using transition metal 

catalysts1.  This discovery led to the birth of polyolefin industry worldwide.  Today 

annual production of poly(ethylene)s and poly(propylene)s exceed more than 100 million 

tons and constitute more than 55% of the global plastics industry.  Polyolefins are 

characterized by several advantages, such as low weight, low energy consumption during 

polymerization and processing, low emission of volatiles, wide property ranges, 

versatility in application and ease of recycling.  Group IV metallocene complexes have 

attracted considerable attention during the past two decades as a new class of catalysts 

capable of producing novel tailored polyolefin structures.  More recently, there are many 

reports on polymerization of olefins by non-metallocene early and late transition metal 

catalysts.  In this chapter, the advances in homogeneous transition metal catalysts for 

olefin polymerization are reviewed, with special reference to non-metallocene early and 

late transition metal catalysts. 

 

1.2. Early transition metal catalysts 
1.2.1. Group 4 metallocenes 
1.2.1.1. Brief historical perspective 
As early as 1957, metallocene catalysts for ethylene polymerization were reported by 

Natta et al2 and by Breslow and Newburg3.  They found that 

bis(cyclopentadienyl)titanium dichloride when activated with triethylaluminium or 

diethylaluminium chloride was effective in polymerizing ethylene.  However, these 

catalysts were of no commercial importance as their catalyst activities were much lower 

than classical Ziegler-Natta catalysts and they were inactive towards polymerization of 

other α-olefins.  In 1975, Meyer et al4 observed that addition of small amounts of water 

to bis (cyclopentadienyl) titanium dichloride-dimethylaluminium chloride system led to a 

significant increase in ethylene polymerization rate.  Reichert and Meyer also reported a 

similar increase in activity upon addition of water to titanocene/diethylaluminium 

chloride system.  Soon after, Kaminsky and Sinn5 reported that ethylene polymerization
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activity increased to about 104 g PE mmol-1Ti h-1 when trimethylaluminium(TMA) 

pretreated with water (Al:H2O = 2:1 to 5:1) was added to bis(cyclopentadienyl) titanium 

dimethyl.  They attributed this increase in activity to the formation of an aluminoxane via 

hydrolysis of TMA.  This was further evidenced by Kaminsky and Sinn6,7 from the 

observation that bis(cyclopentadienyl) zirconium dimethyl when activated with a 

preformed methylaluminoxane (MAO) resulted in an ethylene polymerization activity of 

about 104 g PE mmol -1Zr h-1.  However, these early catalyst systems were unsuitable for 

commercial production of poly(ethylene)s and resulted in non-stereospecific 

polymerization of propylene to atactic poly(propylene)s due to symmetric nature of the 

active sites8. 

 

Significant increase in catalyst activity and molecular weights were reported by Ewen9 by 

modification of the structure of Kaminsky catalyst.  He also reported the first 

stereoselective polymerization of propylene using a Cp2TiPh2/MAO system.  This 

catalyst was shown to produce isotactic poly(propylene)s with a novel stereoblock 

structure by a chain-end stereocontrol mechanism, wherein, the chirality of the last 

inserted monomer unit determines the stereocontrol during polymerization.  But the most 

significant breakthrough in the field of stereospecific propylene polymerization was on 

account of the discovery of ansa-metallocenes by Brintzinger et al10.  They found that 

racemic isomer of ansa-metallocenes, such as, ethylene bis(indenyl)zirconium dichloride 

and ethylene bis(tetrahydroindenyl)zirconium dichloride in conjunction with MAO 

produced poly(propylene)s with very high activities and isotacticities of more than 95%.  

Ewen also reported the analogous hafnium catalysts which produced high molecular 

weight, highly isotactic poly(propylene)s11.  In these cases, stereocontrol is by 

enantiomorphic or catalytic site control mechanism, where, chirality of catalyst 

determines the stereochemistry of polymerization.  Syndiospecific propylene 

polymerization was first reported by Ewen et al12 using a Cs-symmetric catalyst, namely, 

isopropylidene cyclopentadienyl fluorenyl zirconium and hafnium dichlorides.   

 

Cyclic olefins such as cylopentene and norbornene were also polymerized by metallocene 

catalysts13-32.  While classical Ziegler-Natta catalysts produce ring-opened products, 



 4

metallocene catalysts promote vinyl polymerization.  Further developments led to 

catalysts which are capable of polymerizing styrene to syndiotactic poly(styrene)s33-36.  

Monomers containing functional groups such as hydroxyl, amino, carboxyl etc. were also 

homo-and copolymerized using metallocene catalysts37-54.  In general, metallocene 

catalysts are capable of polymerizing almost all vinyl monomers with very high activity 

resulting in polymers with narrow molecular weight and composition distributions.   

 

A number of reviews are available on metallocene catalyzed olefin polymerization55-77. 

 

Recently a new family of metallacyclic metallocene catalysts (1) was reported by Alt78.  

These catalysts exhibit higher activity than metallocenes and are self immobilizing in 

solution.  These catalysts do not contain any halides and so the polymers produced do not 

release any hydrogen halides on thermal decomposition or combustion. This property  

 

 
1 

makes them eco-friendly.  Higher activities of these catalysts may be attributed to their 

rigid structure and absence of halides.  When the metallacycles are activated with MAO, 

the ring expands through repeated insertion of ethylene into the M-C σ-bond, finally 

resulting in an insoluble polymer that is directly attached to one π ligand of the active 

catalyst.  Poly(ethylene)s produced by metallacycles possess lower molecular weights 

than metallocene dichlorides, presumably, due to more facile chain transfer reaction.   

1.2.1.2. Cocatalysts 
1.2.1.2.1. Methylaluminoxane(MAO) 
Metallocene complexes as such are not olefin polymerization catalysts; they need to be 

activated with another component, usually, an organoaluminium compound in order to 
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exhibit polymerization activity.  The most commonly used cocatalyst is 

methylaluminoxane (MAO).  MAO is obtained by controlled hydrolysis of TMA.  The 

exact structure of MAO still remains obscure. However, several studies have shown that 

MAO is composed of oligomers of [-Al(CH3)-O-] units with linear or cage structures and  

a molecular weight of roughly 800-1200.  Generally, TMA (either unreacted or formed 

by disproportionation reactions between the oligomeric components) is present along 

with MAO.  The role of MAO is to alkylate the metallocene dichloride and then abstract 

a methide ion to generate an electron deficient species which is responsible for the 

polymerization activity.  TMA present in MAO acts as a scavenger of impurities as well 

as a chain transfer agent79. 
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Linear structure Cyclic structure  
Recently Kissin and Brandolini reported an alternative route for synthesis of MAO by 

reaction of TMA with bis(trialkyltin)oxides R3Sn-O-SnR3 or with Me3SnOH.  They 

found that MAO produced by using AlMe3 : Sn compound > 1 act as efficient cocatalysts 

for alkene polymerization as well as syndiospecific polymerization of styrene80. 

 

1.2.1.2.2. Modified  methylaluminoxane (MMAO) 
MMAO is a modified methylaluminoxane in which 25 % of the methyl groups are 

replaced by isobutyl groups.  MMAO has got a longer shelf life than MAO81. 

 

1.2.1.2.3. Other alkylaluminoxanes 
Other than MAO, aluminoxanes such as ethylaluminoxane and isobutylaluminoxane are 

often employed in polymerization.  These are obtained by hydrolysis of 

triethylaluminium and triisobutylaluminium respectively.  They exhibit much lower 

activities when compared to MAO.  Cryoscopic, 1H, 17O and 27Al NMR studies have 
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shown that ethylaluminoxane has a trimeric structure, while a dimeric structure has been 

proposed for isobutylalumioxane82. 

 

1.2.1.2.4. Boron cocatalysts 
One of the disadvantages of metallocene/MAO systems is the large amount of expensive 

MAO that is often needed for appreciable polymerization activity.  Several organoboron 

compounds such as B (C6F5)3, [PhNHMe2] [B(C6F5)3], [Ph3C][B(C6F5)4] were also found 

to be efficient activators for metallocene-catalyzed polymerization of olefins.  Reaction 

of these compounds with metallocene dialkyls such as Cp2Zr(CH3)2 and Et(Ind)2Zr(CH3)2 

results in the formation  of a 14 electron species, [Cp2Zr(CH3)]+ which is the true active 

species in polymerization83,84.  It was observed by Bochmann and Lancaster85 that 

zirconium dibenzyl complexes react with boron activators to give cationic Zr-benzyl 

complexes which are thermally more stable than analogous cationic methyl complexes.  

This may be attributed to Zr-phenyl interaction that reduces electron deficiency of the 

metal center.  Several modifications of boron cocatalysts have been reported recently. It 

is generally observed that more weakly coordinating anions result in higher 

polymerization activity.  Certain carboranes were also found to be effective activators for 

metallocene-catalyzed olefin polymerizations86,87. 

 

Several types of cocatalysts, their role as activators in olefin polymerization and their 

activation mechanism were recently reviewed by Chen and Marks88. 

 

1.2.1.3. Mechanism of polymerization 
It is now well established that reaction of zirconocene dichlorides or dialkyls yield three 

co-ordinated 14 electron species which is the true active species in polymerization.  MAO 

first alkylates the metallocene dichloride and then abstracts a methide ion resulting in the 

formation of the active species.  MAO also acts as a counterion which hinders 

recombination of zirconocene cation with chloride or methide ion.   

 

The Cossee mechanism89, 90 originally proposed for conventional Ziegler-Natta catalysts 

is also the most plausible mechanism for metallocene catalysts.  It involves coordination 
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of the monomer at the vacant site of the metal center, followed by migratory insertion 

into the M-R bond.  Polymer chain growth occurs through a four-membered transition 

state.  Molecular orbital calculations have shown that once the olefin coordinates to the 

metal, insertion takes place rapidly.  The driving force for this is the energy gained upon 

transformation of M-R and C=C bonds to M-C and C-C bonds. 

 

 

M

P

+
CH3 M

P CH3

M

P CH3

M

CH3

P

= vacant coordination site

P = polymer chain 
 

Scheme 1.1 Cossee mechanism for olefin polymerization using Ziegler-Natta 

catalysts 

 

1.2.2. Group 4 non-metallocene catalysts 
 
1.2.2.1. Constrained geometry catalysts (CGC) 
 
Researchers at Dow91,92 and Exxon93-95 contributed to the development of  metallocene 

analogous, mono-cyclopentadienyl amido complexes (2) which are known as 

“constrained geometry catalysts”.  These mono-cyclopentadienyl complexes are 

characterized by a covalently linked amide donor which stabilizes the metal center 

electronically, and a short bridging group which opens up one side of the complex. The 

Cp-M-N angle is less than 115°.   As a consequence, these complexes are capable of 

incorporating long chain α-olefins and sterically hindered monomers such as styrene into 

polyethylene chains.   
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Constrained geometry catalysts produce polyolefins with narrow molecular weight and 

comonomer distributions.  Generally, narrow molecular weight and comonomer 

distributions were found to improve physical properties at the expense of processability.  

Dow has developed a new technology called “INSITE” which produces polymers with 

good physical properties without sacrificing processability96. Improved processability 

could be due to the presence of small amounts of long chain branching resulting from 

reincorporation of α-olefins produced as a result of β-H transfer at higher temperatures.  

Evidence for this mechanism was reported by Soga and coworkers97,98 who polymerized 

ethylene with oligoethylene and polypropylene macromonomer.   

 

Dow INSITE technology is capable of producing polyolefin elastomers (POE) and 

polyolefin plastomers (POP) by copolymerization of ethylene with α-olefins such as 

hexene-1, octene-1 and decene-1.  Stevens studied the effect of Cp substituents, bridging 

group and metal in the copolymerization of ethylene with octene-1 using the constrained 

geometry catalyst, [Me2Si(Me4Cp)NtBu]TiCl2/MAO99.  Ultra-low density elastomers 

with as high as 56 mol% octene-1 content were obtained under appropriate 

polymerization conditions.   

 

Conventional Ziegler-Natta catalysts incorporate only very small amounts of styrene (<1 

mol %) into polyethylene chains100,101.  In most cases, mixtures of homopolymers were 

produced and polymer molecular weights were also very low102,103.  Metallocenes exhibit 

very low activities and poor regiospecificity in such copolymerizations.  Constrained 



 9

geometry catalysts are capable of copolymerizing ethylene and styrene with very high 

activities, high styrene contents and no contamination with polystyrene impurities104-109.  

The reactivity ratios calculated by Fineman-Ross method was found to be 23.4 for 

ethylene and 0.015 for styrene.  Sernetz et al studied the effect of ligands on ethylene-

styrene copolymerization using constrained geometry catalysts.  They observed that 

sterically hindered catalysts show higher activity due to high electron density at the 

metal110.  Xu obtained a perfectly alternating ethylene-styrene copolymer with well-

defined isotactic structure using the catalyst system 

[Me2Si(Flu)(NtBu)TiMe][B(C6F5)4]111.  In another study, Chung and Lu reported 

copolymerization of ethylene with a reactive monomer such as p-methylstyrene which 

can form crosslinking networks to produce stable residues desirable for elastomers112.  A 

broad range of polyolefin elastomers based on terpolymers of ethylene with p-methyl 

styrene and a third olefin such as propylene and octene-1 was also produced using 

constrained geometry catalysts.   

 

Copolymerization of ethylene with cyclic olefins such as norbornene using various 

constrained geometry catalysts has been reported113.  In all cases, unexpectedly low 

norbornene incorporations (<50 mol %) were observed.  Microstructure of the 

copolymers depends on catalyst structure, yielding copolymers with mainly isolated 

norbornene units, alternating monomer sequences or short norbornene microblocks.   

 

Several modifications of constrained geometry catalysts have been reported in the 

literature.  Teuben and coworkers114 reported ethylene bridged titanium complexes (3) 

which showed higher activities for homopolymerization of ethylene and its 

copolymerization with octene-1 than the corresponding SiMe2 bridged complexes.  A 

phosphorus-bridged cyclopentadienyl amide titanium complex (4) was reported by Kotov 

et al115 which produced linear high molecular weight poly(ethylene)s with an activity of 

100 g PE mmol-1Ti h-1 bar-1.  Park and coworkers reported bridged cyclopentadienyl 

hydrazido titanium complexes which exhibit lower activities for polymerization of 

ethylene  but produce high molecular weight polymers116.   
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Several indenyl and fluorenyl constrained geometry catalysts that exhibit higher activities 

for the polymerization of ethylene have also been reported117-121.  Klosin et al reported 

heteroatom susbstituted constrained geometry complexes which when activated with 

B(C6F5)3 show dramatic increase in activity for ethylene/octene-1 copolymerizations122. 

 

Bazan and coworkers reported the use of a combination of a constrained geometry 

catalyst and a boratabenzene zirconium catalyst for obtaining long chain branched 

poly(ethylene)s without addition of another olefin123.  The boratabenzene complex 

oligomerizes ethylene to α-olefins which get incorporated into polyethylene chains 

produced from constrained geometry catalysts. This is termed as “tandem catalysis” 

wherein two independent catalysts work cooperatively to produce a single product124. 

 
1.2.2.2. Chelating diamides 
In 1996, McConville and coworkers reported chelating diamide complexes of titanium 

(5) bearing bulky substituents which are capable of polymerizing higher α-olefins with 

very high activities125,126.  For example, hexene-1 is polymerized with an activity of 

3.5x105 g poly(hexene) mmol-1 Ti h-1.  Activities of these catalysts decrease in toluene 

which may be attributed to the possible coordination of toluene to titanium that decreases 

the rate of insertion of hexene-1.  It was observed that chain transfer to aluminium is the 

only chain termination mechanism for these catalysts when MAO was used as 

cocatalyst127.  However, when boron activators such as B(C6F5)3 are used, no chain 

transfer occurs, resulting in a living polymerization system.  Thus the catalyst system 
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[ArN(CH2)3NAr]TiMe2/B(C6F5)3 polymerizes hexene-1, octene-1 and decene-1 with high 

molecular weights and narrow polydispersities(1.05-1.11).  Catalyst activities and 

polymer molecular weights increase when polymerizations are run in dichloromethane 

which may be due to greater charge separation between the ions in presence of polar 

solvent.  Uozumi and coworkers obtained isotactic poly(propylene)s using chelating 

diamide complexes with various AlR3/Ph3CB(C6F5)4 cocatalysts and found that higher 

isotacticities were observed when bulky aluminium alkyls such as trihexyl or trioctyl 

aluminum were used128, 129.  Isotacticities were also found to increase in presence of 

cyclohexene at low propylene concentrations.  Several modifications of these catalysts 

have been reported by research groups of Shiono130, Park131,132 and Nomura133-135.  
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1.2.2.3. β-Diketiminates 

Recently several early transition metal complexes bearing β-diketiminate or “nacnac” 

ligands have been reported. However, their polymerization activities were very low.  Jin 

and Novak reported a series of mono(β-diketiminate) zirconium(IV)complexes (6) which 

exhibit activity of 45g PE mmol-1 Zr h-1 bar-1 136.  These catalysts were stable for longer  
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reaction periods (16 h). A β-diketiminate Ti (III) complex (7) was reported by Theopold 

which also exhibit very low activity137.   

                                               

Collins and coworkers reported bis(β-diketiminate) zirconium complexes which are 

slightly more active than the mono(β-diketiminate) complexes and yield poly(ethylene)s 

with narrow molecular weight distributions138. Zirconium complexes in which the  β-

diketiminate ligand is in the η5 coordination mode (6 electron donor) exhibit activities as 

high as 2200 g mmol-1Zr  h-1 bar –1 when electron withdrawing p-CF3C6H3 substituents 

are present on the nitrogen139.   

 

1.2.2.4. Chelating alkoxides and aryloxides 
In 1999, Fujita reported group 4 metal complexes based on chelating bis(phenoxyimine) 

ligands (8) which showed very high activity and afforded poly(ethylene)s with very high 

molecular weights140,141.  A series of complexes with differing substituents on the 

aromatic as well as on the imino nitrogen and their polymerization activities have been 

reported142-163.  The nature of metal, substituents on imino nitrogen and ortho-substituents 

on phenoxide moiety were found to have a dramatic influence on catalyst activity and 

molecular weight of the polymer.  Catalyst activity decreases in the order Zr >> Hf > 

Ti145.  Polymerization activity decreases and molecular weight increases up on increasing 

the steric bulk of the imino substituent.    Increasing the steric bulk of the ortho-phenoxy 

substituent increases catalyst activity, which is believed to be due to better cation-anion 

separation in the active species as well as increased protection of the oxygen towards 
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electrophilic attack by TMA present in MAO144,145.  When bulky substituent such as 

cumyl was present at the ortho-position of phenoxide moiety, very high molecular weight 

poly(ethylene)s were obtained. When the imino nitrogen was substituted with cyclic 

groups such as cyclopropyl, cyclobutyl, cyclopentyl or cyclohexyl, vinyl-terminated 

linear, low molecular weight poly(ethylene)s were produced.  Phenoxy-imine catalysts 

possessing hexyl or cyclohexyl group on imino nitrogen and cumyl and methoxy groups 

at the ortho- and para- positions of the phenoxide, respectively, are thermally stable at 

75°C.  Replacing the phenoxy-imine ligands by a phenoxy-pyridine or phenoxy-indolide 

ligands resulted in complexes which showed lower activities.  Polymerization of higher 

olefins such as propylene and hexene-1 as well as copolymerization of ethylene with 

propylene using the Group 4 bis(phenoxyimine) complexes are also reported in the 

literature. 
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Living polymerization of ethylene and propylene at room temperature as well as at 75°C 

was achieved with phenoxyimine catalysts bearing fluorinated substituents such as C6F5, 

C6H2F3, C6H3F2 or C6H4F on imino nitrogen.  Density functional theory (DFT) 

calculations showed that in the active species, fluorine adjacent to the imine nitrogen 

interacts with β-H of the polymer chain resulting in the prevention of β-H transfer.  

Living polymerization of propylene was found to be syndiospecific via a chain-end 

control mechanism. Polyethylene-b-(polyethylene-co-polypropylene) diblock and 

polyethylene-b-(polyethylene-co-polypropylene)-b-polypropylene triblock copolymers 

were synthesized under these conditions. 
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Several complexes which contain aryloxide or alkoxide ligands in combination with 

cyclopentadienyl moiety were active for polymerization of olefins.  Marks et al reported a 

phenolic bifunctional mono-Cp titanium complex which in combination with boron 

activators was active for polymerization of ethylene, propylene and styrene164.  Gielens et 

al reported a cationic titanium complex with linked Cp-alkoxide ancillary ligand which 

polymerized propylene to atactic poly(propylene)s in presence of B(C6F5)3
165.  Several 

non-bridged titanium cyclopentadienyl-aryloxy complexes of the type CpTi(OAr)X2 and 

their use in polymerization of olefins were reported by Nomura et al166-171.  These 

complexes are capable of producing poly(ethylene)s, poly(ethylene-co-octene-1) and 

poly(ethylene-co-styrene) with reasonable activity, molecular weight, polydispersity and 

composition distribution. 

 

Kasi and Coughlin immobilized cyclopentadienyl aryloxy titanium complexes (piano 

stool complexes) on 4-hydroxystyrene-styrene copolymer and examined such polymer 

supported complexes for polymerization of olefins172.  These supported catalysts 

produced branched poly(ethylene)s with exclusively butyl branches in contrast to the 

unsupported catalyst that produces high density poly(ethylene)s.  Presence of 

macroligated catalyst is vital for formation of butyl branches in poly(ethylene)s. 

Formation of butyl branches was attributed to the production of hexene-1 by trimerization 

of ethylene and subsequent copolymerization with ethylene.  Copolymerization of 

ethylene with octene-1 and styrene was also studied using these catalysts173.   

 

1.3. Late transition metal catalysts 
In contrast to the wealth of information on olefin polymerization using early transition 

metal catalysts, there are only few reports of the use of late transition metal complexes 

for olefin polymerization.  This is because late transition metal catalysts were generally 

expected to exhibit lower activities for olefin insertion relative to early metal catalysts, 

since β-hydride elimination competes with chain growth resulting in the formation of low 

molecular weight materials.  However with the discovery by Brookhart and his group of a 

new family of cationic nickel(II) and palladium(II) catalysts capable of producing  high 
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molecular weight poly(ethylene)s and poly(α-olefin)s, the field of late transition metal 

catalysts underwent a major transformation174.  Lower oxophilicity and greater functional 

group tolerance of late transition metals relative to early metals make them attractive as 

potential catalysts for copolymerization of ethylene with polar comonomers such as 

(meth)acrylates, vinyl acetate, CO etc.  Many catalysts based on group 8-11 metals for 

polymerization of olefins are reported in the literature. 

 
1.3.1. Group 8 metal catalysts 
One of the recent additions to growing number of highly active non-metallocene 

polymerization catalysts are based on bis (imino) pyridine iron systems (9) with bulky 

substituents at ortho-positions of the aromatic ring, developed by Gibson and 

coworkers175.  These complexes have a five-coordinate pseudo-square pyramidal 

conformation.  Steric bulk of ortho-substituents above and below the metal center is 

crucial for the formation of high molecular weight polymers176.  When a less bulky 2-

MeC6H4 substituent was present, these catalysts showed remarkable selectivity towards 

oligomerization177-178.  In addition to β-H transfer, chain transfer to aluminium was also a 

chain termination mechanism for these catalysts resulting in the formation of polymers 

with broad and sometimes bimodal molecular weight distributions176.  Substitution of the 

central pyridine donor for a pyrimidine ring resulted in slight reduction of activity and 

formation of polymers with narrow molecular weight distributions and an increased 

proportion of unsaturated end groups179.   
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Nature of the pendant imino donor also influences polymerization activity and resulting 

polymer properties.  Ketimine complexes are about an order of magnitude more active 

than their aldimine analogues176.  When the imino moiety was replaced by neutral amino 

donors, only low to moderate ethylene polymerization activities were observed.  This 

observation may be due to the different orientation of the aryl substituents when the 

amino donor is used which may lead to more hindered access of the monomer180. 

 

Several groups have studied the effect of aryl substitution pattern on catalytic activity and 

resulting polymer properties.  Gibson and coworkers have recently reported iron catalysts 

that bear ether and thioether substituents (10) that exhibit ethylene polymerization 

activity181.  They found that the methoxy-substituted catalyst system was inactive towards 

polymerization whereas the bulky ether and thioether substituted systems showed higher 

activity for polymerization of ethylene resulting in broad molecular weight distributions.   
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Several 2-(carboxylato)-6-iminopyridine iron  catalysts with alkyl or halogen substituents 

at ortho-position (11) have been reported which in presence of MAO oligomerize or 

polymerize ethylene depending on steric bulk at ortho-positions182.  All these complexes 

oligomerize ethylene to produce butenes and hexenes and small amounts of higher 

oligomers with more than 93% selectivity for linear α-olefins.  Catalysts with methyl or 

ethyl substituents also produce isolable amounts of poly(ethylene)s.  Catalyst activity 

increased four fold when polymerization was performed in dichloromethane rather than 

in toluene. Presence of an auxiliary ligand such as PPh3 was found to enhance catalyst 

activity marginally.  Bis(imino)pyridyl iron complexes with ortho-CF3 aryl substituents 

were reported by Gibson and coworkers.  These complexes exhibit higher activities for 

polymerization of ethylene than their non-fluorinated analogues183.  The activities as high 
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as 17000 g mmol-1 h-1 bar-1 were obtained.  Introduction of ortho-CF3 substituent also 

increased the polymer molecular weights. 
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Bianchini et al reported a C1-symmetric iron complex (12) that simultaneously 

polymerized and oligomerized ethylene to α-olefins with Schulz-Flory distribution184.  

Due to the C1-symmetry of the complex two atropisomeric propagating alkyl species may 

be formed.  An incoming ethylene molecule will have re and si faces available at the 

metal for coordination and propagation.  Insertion through re face leads to polyethylene 

production while insertion through si face results in only α-olefins.  Poly(ethylene)s 

produced by this catalyst are highly crystalline with no branching.  Oligomerization was 

highly selective with 95% even α-olefins with Schulz-Flory distribution parameter of 

0.71.   
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Synthesis of single component iron (II) alkyl complexes (13) by direct alkylation of the 

dichloride complexes has been reported recently185.  This complex showed low activity 
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for polymerization of ethylene and produced polymers with narrower molecular weight 

distributions than the corresponding chloride complexes. Campora et al synthesized a 

bis(pyridine) iron dialkyl complex (14) by the reaction of bis(pyridine)iron dichloride 

with alkyl magnesium chloride followed by reaction with 2,6-diiminopyridine ligands186.  

This complex showed ethylene polymerization activity in presence of MMAO.  The 

activities increased in presence of TIBAL or TMA.  Even ZnMe2 and MeAl(OAr)2 also 

activated this catalyst. 

N
N N

Fe

Me3SiH2C CH2SiMe3                              CH2SiMe3

Fe

N
N N

ArAr

Et2O

[BPh4]-

                            
                        13                                                                                     14 

A novel macrocyclic trinuclear bis(imino)pyridyl iron catalyst was reported in which the 

central iron atom is located inside the macrocyclic ligand187.  The catalyst exhibited 

higher activity and longer lifetime for polymerization of ethylene using MMAO and 

resulted in poly(ethylene)s with high molecular weights and high melting points.  

Formation of high molecular weight polymers may be due to the fact that the macrocyclic 

ligand restrains the active iron centre from deactivation and controls the chain transfer 

reactions. 

 

Gibson et al reported bis(imino)pyridine iron complexes bearing ferrocenyl substituents 

that when activated with MAO produce linear poly(ethylene)s with an activity of 6900 g 

PE mmol-1Fe h-1bar-1 and Mw as high as 9x105.  These complexes exhibit quasi-

reversible oxidation and reduction waves that make them applicable for redox-active 

polymerization of ethylene188. 

 

Iron(II) complexes based on tris(pyridyl)amine and tris(pyridyl)phosphine ligands189 have 

been employed as catalysts for polymerization of ethylene along  with MAO.  The 

catalysts exhibited moderate to high activities (32-271 g PE mmol-1Fe h-1bar-1) and no 

significant increase in activity was observed on changing the bridgehead nitrogen atom 
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by a phosphorus atom.  However five-to-six-fold increase in catalyst activities was 

observed at higher polymerization temperatures.  Molecular weights as high as 304,000 

were obtained even at 60°C and monomodal molecular weight distributions were in the 

range of 4.7-7.1.   
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Self immobilization of bis(imino)pyridyl iron complexes has been achieved by 

employing ligands bearing ω-alkenyl substituents190.   Such self immobilized catalysts 

produced poly(ethylene)s with monomodal molecular weight distributions, in contrast to 

the unsubstituted catalysts that result in bimodal molecular weight distributions.  The 

monomodal molecular weight distributions can be attributed to incorporation of the 

active centers in the growing chains that prevents interaction with MAO counterion 

which in turn disfavours the chain transfer reactions. 

 

Copolymerization of ethylene with higher α-olefins were also studied using the 

bis(imino)pyridine iron complexes.  However in all cases very low α-olefin incorporation 

was observed191-194. 

 

Other catalysts for polymerization of ethylene based on tridentate ligands such as furan195 

and pyrrole196,197 derivatives have also been reported.  However catalytic activities of 

these complexes are generally very low.   

 

Active species for polymerization in the case of iron based catalysts was initially 

presumed to be a 14 electron cationic Fe(II) alkyl species198.  Based on EPR and 

Mossbauer studies Gibson and coworkers reported that the initial Fe(II) complex is 



 20

oxidized to an Fe(III) species upon activation with MAO199.  However recent study by 

Bryliakov et al revealed that in the case of bis(imino)pyridyl Fe(II) complex, 

[LFe(II)Cl(μ-R)2 AlR2] or [LFe(II)R(μ-R)2 AlR2]  are the active species for AlR3 

activated systems whereas for MAO activated systems ionic species of the type 

[LFe(II)(μ-Me) (μ-Cl) AlMe2] [Me-MAO]- or [LFe(II) (μ-Me)2 AlMe2] [Me-MAO]- are 

formed200. 

 

1.3.2. Group 9 metal catalysts 
As early as 1985, Brookhart and coworkers reported Co(III) complexes of the general 

structure [C5Me5P(OMe)3CO(CH2=CHR)-μ-H]+ (R = H, alkyl or aryl) which are active 

for polymerization of ethylene.  This cationic compound shows a β-agostic interaction 

and inserts ethylene in a living fashion to form high molecular weight polymers (Mn = 

20,000) with narrow polydispersity (Mw/Mn = 1.11-1.16).  Activities are generally low 

which can be improved by use of non-coordinating counter ions such as B[3,5-

(CF3)2C6H3]4.  End functionalized poly(ethylene)s can be synthesized using this system 

when R possesses a functional group such as C6H5, C6H4CF3, SiEt3, SiMe2Cl etc201. 

 

High activity cobalt catalysts for polymerization of ethylene based on bis(imino)pyridine 

ligands (16) exhibit an activity of 460 gPE mmol-1 Co h-1 bar-1 when activated by MAO 

which is the highest for cobalt based catalysts reported to date175.  Cobalt catalysts based 

on bis(phosphinimide) pyridine202 or imino pyrrolide196 ligands  exhibit only moderate 

activities for polymerization of ethylene. 
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Longo et al reported that cobaltocene showed an activity of 30 g PE mmol-1 Co h-1 bar-1 

for ethylene and resulted in poly(ethylene)s with narrow polydispersity and melting point 

of 136°C203. 

 

A cobalt diimine complex was also found to exhibit an activity of 340 gPE mmol-1Co h-1 

bar-1 upon activation with MAO.  The catalyst produced branched oligomeric oils in 

contrast to the related nickel complexes, which result in high molecular weight 

poly(ethylene)s with very high activity204-205. 

 

A dicationic triazacyclononane based rhodium complex was reported that show very low 

activity of about one turn over per day at 60 bar ethylene pressure206.  This is the first 

example of a catalyst capable of polymerizing ethylene in water207. 

 

Mechanistic investigations on cobalt bis(imino)pyridyl catalysts revealed that a cationic 

Co(I) alkyl species that contain no Co-alkyl bond is formed initially upon activation with 

MAO.  Polymerization is initiated from this species by the incorporation of alkyl groups 

from the cocatalyst involving attack of methide ion on a Co-ethylene species208,209 . 

 

1.3.3. Group 10 metal catalysts 
An significant advance in the field of late transition metal polymerization is due to 

Brookhart and coworkers who showed that nickel(II) and palladium(II) complexes 

bearing bulky α-diimine ligands (17) are capable of polymerizing ethylene and higher α-

olefins to high molecular weight polymers174.  The steric and electronic factors of the α-

diimine ligands can be varied to obtain polymers with specific properties.  Hindered aryl 

groups on the α-diimine nitrogen atoms block the axial coordination sites and retard 

chain transfer relative to propagation, resulting in high molecular weight polymers.   
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These complexes polymerize ethylene, producing poly(ethylene)s with microstructures 

ranging from almost linear to hyperbranched depending on the catalyst used and reaction 

conditions.  Nickel(II) and palladium(II) complexes also exhibit good functional group 

tolerance and, hence, can be used for copolymerization of ethylene with polar 

comonomers such as acrylates.  A variety of complexes is reported in academic and 

patent literature and is reviewed by Ittel et al210 and Gibson and Spitzmesser211.   

 

Strauch et al212 reported that reaction of (α-diimine)Ni(η4-butadiene) with B(C6F5)3 

produces a zwitterionic complex which polymerizes ethylene without any cocatalyst with 

an activity of 80 gPE mmol-1 Ni h-1 bar-1. 

 

Several neutral and cationic nickel and palladium complexes with unsymmetrical imino-

pyridine ligands are reported which generally show very low activities for polymerization 

of ethylene and produce low molecular weight polymers213-217. 

 

A novel family of nickel and palladium diimine complexes bearing 1,4-dithiane, triazole 

or imino carboxylate ligands were reported by scientists from Eastman Tennesse and has 

been introduced under the name GAVILAN catalyst technology218-224.  This family of 

catalysts (18) exhibit excellent catalyst activity and thermal stability at commercially 

relevant process temperatures.  They produced branched poly(ethylene)s with narrow 

molecular weight distributions.  They were also active for polymerization of α-olefins, 

NN

Ni

BrBr
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cycloolefins, copolymerization of olefins with polar comonomers like carbon monoxide, 

vinyl ethylene carbonate etc.  Copolymerization of norbornene and functional group 

containing norbornene has also been achieved using these catalysts.  The copolymers 

exhibit narrow molecular weight and composition distributions. 

 
        18 
In addition to the α-diimine complexes, several phosphorus based nickel and palladium 

complexes are reported.  Pringle, Wass and coworkers225 reported a phosphine-based 

nickel complex (19) which showed high ethylene polymerization activities of 2200 gPE 

mmol-1 Ni h-1.  Brookhart and coworkers226 reported a single component nickel catalyst 

bearing a neutral [PO] ligand (20) which exhibit ethylene polymerization activity of 700 

gPE mmol-1 Ni h-1 bar-1.  This catalyst also copolymerized ethylene with methyl-10-

undecenoate with upto 6.6 mol% comonomer incorporation.   
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Nickel catalysts based on monoanionic [PO] ligands have been extensively studied for 

ethylene oligomerization in the so-called Shell Higher Olefin Process (SHOP).  High 

molecular solid poly(ethylene)s can also be obtained by using these catalysts by proper 

choice of reaction conditions227,228.  Soula et al reported the nickel catalyst (21) which 

exhibit activities upto 5300 gPE mmol-1 Ni h-1 bar-1 when the R’ substituent is CF3, C3F7 

or C6F5 resulting in linear poly(ethylene)s with narrow molecular weight distributions229.  

It was observed by Gibson et al that presence of bulky groups adjacent to the oxygen 

donor leads to a dramatic increase in activity probably due to steric protection of the 

relatively exposed O-donor atom230. 
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Bazan and coworkers reported that addition of B(C6F5)3 to phosphino-carboxylate nickel 

complex leads to a cationic species (22) which oligomerizes ethylene to predominantly 

butene-1231.   
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Salicylaldiminato nickel complexes (23)232 bearing bulky imino substituents exhibit 

ethylene polymerization activities of several hundred g mmol-1 Ni h-1 bar-1.  These 

complexes also copolymerize ethylene with polar comonomers.  A single component 

nickel complex bearing an amido-aldehyde [NO] ligand for polymerization of ethylene 
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was reported233.  Brookhart et al reported an anilinotropone based nickel complex (24) 

which produces high molecular weight poly(ethylene)s with moderate activity234.   
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Ethylene polymerization using neutral single component binuclear nickel complexes (25) 

of bridging ligands containing 2,5-disubstituted amino p-benzoquinone has been 

reported235.  Catalyst activities were comparable to those of Grubbs catalyst and 

moderately branched poly(ethylene)s with broad molecular weight distributions were 

obtained.  Interaction between the two metals creates more than one active species during 

polymerization which may be the reason for the broad molecular weight distributions. 
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Recently, zwitterionic (2-alkylideneamino)benzoato nickel complexes (26) were reported 

that polymerize ethylene at elevated temperatures and pressures236.  This complex 

exhibited activity at 80°C which implies that the active species was stable even at higher 

temperatures.  However rapid deactivation of the catalyst was observed at 98°C.  

Branched poly(ethylene)s with low molecular weights (Mw = 10,000) and narrow 

molecular weight distributions (2-3) were obtained. 
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A new class of oligomerization catalysts based on nickel complexes having sterically 

hindered tris(pyrazolyl) borate ligands has been reported237.  This complex selectively 

produces butene-1 when activated with MAO or TMA.  Catalyst activity and selectivity 

depends on nature of the cocatalyst which indicates that these cocatalysts act as ligands 

attached to the metal centre. 

 

A pyridine based bulky phosphine nickel complex (27) catalyzes the polymerization and 

oligomerization of ethylene238.  At Al/Ni ratio of 150, the catalyst produced linear 

poly(ethylene)s in poor yields with bimodal molecular weight distributions.  The polymer 

was found to be orthorhombic by XRD.  However, at Al/Ni of 500, ethylene was 

oligomerized to butenes and hexenes by the catalyst.  Another peculiar feature of this 

catalyst was that considerable amount of polymer was obtained when the reaction was 

carried out in presence of carbondioxide under high pressures. 
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Nickel isocyanide complexes239 function as active catalysts for polymerization of 

ethylene when activated with MAO.  Catalyst activity and resulting polymer properties 
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are found to be strongly dependent on the substituents on the aryl group particularly at 

the 2 and 2,6-positions.   2-aryl and 2,6-diaryl phenylisocyanide complexes showed 

higher activities than the 2-alkyl and 2,6-dialkyl substituted complexes.  2,6-diphenyl 

phenyl isocyanide complexes resulted in polymers with higher molecular weights than 

the 2-phenyl phenyl isocyanide complexes.  Poly(ethylene)s produced have narrow 

molecular weight distributions. 

 

Ionkin et al reported that ortho-5-methylfuran and benzofuran substituted η3-allyl nickel 

complexes (28, 29) show superior polymerization stability at elevated temperatures240. 

The 5-methyl furan substituted complex exhibited activity at 120°C whereas the 

benzofruan substituted complex was active even at 150°C.  The benzofuran substituted 

complex also resulted in ultrahigh molecular weight poly(ethylene)s (Mw = 2,486,000) at 

70°C. 
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A novel binuclear 3,3’-bisalicylaldimine based neutral nickel complex (30) acts as a 

single component catalyst in the polymerization of ethylene.  High activity and high 

molecular weight poly(ethylene)s with broad molecular weight distributions are produced 

by this catalyst241. 
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Novel nickel and palladium complexes containing macrocyclic α-diimine ligands have 

been reported242.  They exhibit high activities (42,000 gPE mmol-1 Ni h-1) at 90°C and 

result in methyl branched poly(ethylene)s with high molecular weights and narrow 

molecular weight distributions.  Branching density was higher when compared to acyclic 

counterparts and indicates enhanced chain walking process.  High molecular weight 

poly(ethylene)s  were obtained even at higher temperatures that may be due to blocking 

of the axial sites by the cyclophane ring even at these temperatures.   However catalysts 

bearing C6 hydrocarbon bridges243 exhibited low catalytic activities for polymerization of 

ethylene which may be due to significant steric constraint imposed by the alkyl bridges 

on the catalytic centre.  Moreover, proximity of alkyl hydrogens to the metal centers may 

result in catalyst deactivation via intermolecular C-H activation followed by 

decomposition. 

 

Kim et al244 reported novel nickel complexes (31) bearing diimine ligands with different 

steric bulk that are highly active for polymerization of ethylene.  Catalyst activities as 

high as 106 g PE mmol-1 Ni h-1 bar-1 were obtained.  By proper choice of ligand 

architecture and temperature a range of polyethylene materials with high molecular 

weights and varying degrees of branching were obtained. 

 



 29

 
31 

 

Binuclear neutral nickel complexes (32) bearing salicylaldiminato ligands245 polymerize 

ethylene with an activity of 6.7 gPE mmol-1 Ni h-1.  Molecular weights in the range 

4.4x105 and molecular weight distribution of 2.2 were obtained.  Branched 

poly(ethylene)s with predominantly methyl branches resulted from the use of this 

catalyst.   
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Recent studies on similar binuclear nickel complexes by Chen et al246 showed that 

substituents at  ortho-position of phenyl rings and arene bridge of the ligand dramatically 

influence the polymerization behavior.  Catalysts with small substituents (H, Me) at 

ortho-position of the phenolic ring were less active at lower temperatures where as those 

with bulky ortho-substituents such as t-butyl or phenyl showed optimal activities even at 

lower temperatures.  Presence of an electron withdrawing substituent such as nitro group 

improved the catalyst activity significantly due to decrease in ethylene insertion barrier 

and resulted in very high molecular weight poly(ethylene)s.  These binuclear catalysts 

were found to be thermally more stable than analogous mononuclear catalysts. 

 

Bimetallic nickel complexes based on macrocyclic tetraiminodiphenols have been 

reported which when activated with B(C6F5)3 produce methyl branched poly(ethylene)s 

with lower molecular weights (38,000) and broad molecular weight distributions 

(Mw/Mn =5-10)247. 

 

Brookhart and coworkers reported polymerization of ethylene using a series of new 

neutral (N, O) chelated nickel complexes (33) based on anilino-substituted enone ligands 

bearing electron withdrawing trifluoromethyl and trifluoroacetyl groups248.  The 

complexes when activated with Ni(COD)2 or B(C6F5)3 produced moderately branched 

poly(ethylene)s (35-55 branches/1000 C).  The catalyst that does not have methyl group 

on the α-carbon to the nitrogen exhibited maximium activity even at 60°C and longer life 

times at 35°C.   
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A novel catalytic system for polymerization of ethylene was obtained in situ by oxidative 

addition of 8-hydroxyqunoline based ligands to Ni(COD)2 and MAO249.  When the ligand 

is 8-hydroxyqunoline, only oligomers were obtained.  However 5, 7-dinitro-8-hydroxy 

quinoline resulted in linear poly(ethylene)s. 

 

A novel nickel(II) complex bearing 2-(2,6-diisopropylanilino)-1,4-naphthoquinone ligand 

(34) was reported by Shiono250.  The complex alone polymerized ethylene to linear 

polymers with a low activity.  However, when activated with 4 eqv of B(C6F5)3 the 

complex resulted in uniquely branched poly(ethylene)s consisting of both short and long 

chain branches.  The short chain branches were mainly composed of methyl, ethyl and 

propyl and the long chain branches contain more than seven carbon atoms.  It was 

proposed that coordination of B(C6F5)3 to the oxygen at 4-position forms a zwitterionic 

complex that is more active than the neutral nickel complex for polymerization and β-H 

elimination.  Vinyl-terminated macromonomers are formed as a result of β-H elimination 

which in turn are copolymerized with ethylene to form long chain branching. 
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Several mono-nuclear and dendritic nickel(II) complexes based on N,N’-iminopyridine 

chelating ligands have been synthesized and investigated for polymerization of 

ethylene251. These complexes when activated with MAO polymerized ethylene with low 

to moderate activity resulting in a mixture of toluene soluble oligomers together with 

solid polymer.  Catalytic properties were found to be sensitive to ligand structure and 

dendrimer generation.  For higher dendrimer generation, more oligomers were produced 

than polymer and higher molecular weight and molecular weight distribution were 
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observed.  Moreover, branching degree of polymers also decreased progressively with 

dendrimer generation.   

 

Several new κ2-(N,O)-salicylaldiminato nickel(II) complexes(35) for polymerization of 

ethylene have been studied by Mecking and coworkers252.  These complexes act as single 

component catalysts above 15°C and highest catalyst activities were observed in the 

temperature range 40-75°C.  3’, 5’-substitution of the terphenyl group was found to have 

a major influence on the polyethylene microstructure.  Electron withdrawing and 

sterically demanding substituents at the 3’,5’ positions of the terphenyl ring decreased the 

degree of branching and resulted in higher molecular weights when compared to electron 

donating and small substituents. 
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Slurry phase polymerization of ethylene to branched polymer has been studied using α-

diimine nickel catalysts covalently linked to silica supports253.  These nickel complexes 

were prepared by the reaction of α-diimine ligands with pendant amino or hydroxyl 

functionalities with the linker of the silica support.  TMA, tetrachlrosilane and 

trichloroborane were used as efficient linkers, with TMA being the most preferred.  High 

catalyst loadings have been achieved using this approach and highly active 

polymerization catalysts have been obtained by the activation of these precatalysts with 

alkyl aluminum cocatalysts.  One of the features of these catalysts is that inexpensive 

ethyl aluminium sesquichloride is a very efficient cocatalyst even at low Al/Ni ratios.  

Catalyst activity increased with ethylene pressure and at higher pressures (50 bar) high 
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productivities were obtained even at 80°C.  No reactor fouling was observed.  Such 

supported late transition metal catalysts may be potential candidates for industrial slurry 

polymerization processes. 

 

Copolymerization of ethylene with polar comonomers using nickel and palladium 

catalysts have also been investigated by several groups254-261. 

 

Polyolefins with novel microstructures and properties can be obtained by reactor 

blending of nickel and palladium catalysts with early transition metal catalysts262-265. 

 

Mechanism of olefin polymerization by nickel based catalysts has been widely 

investigated266.  A number of spectroscopic267-271 and computational272-278 studies have 

been carried out to investigate the mechanistic aspects of nickel and palladium catalyzed 

olefin polymerizations.  All these studies revealed that a cationic alkyl ethylene complex 

is the resting state of the catalyst system.  A series of β-H elimination and reinsertion 

reactions via β-agostic cationic alkyl intermediate leads to the formation of highly 

branched polymer. 

 

1.3.4. Group 11 metal catalysts 
Reports on olefin polymerization using copper complexes are very rare.  A 

benzamidinate-based copper complex (36) which polymerizes ethylene was reported by 

Shibayama et al279-281.  The complex when activated with MAO produced poly(ethylene)s 

with Mw of 820,000 and a Tm of 138°C.   
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Bis(benzimidazole) complexes of copper (37) are reported to homopolymerize ethylene 

and acrylates and also copolymerize these monomers.  Linear poly(ethylene)s with 

narrow molecular weight distributions were obtained using these catalysts.  

Copolymerization of ethylene with acrylates has also been achieved to produce in-chain 

copolymers with high acrylate incorporation282-285.   

37 

 

Gibson and coworkers reported an α-diimine copper(II) catalyst (38) which was active 

for polymerization of ethylene.  They observed that ortho-phenyl substituents play a 

special role in stabilizing the active species286.  
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Several bis(salicylaldiminato)copper(II) complexes (39) along with MAO were found to 

be efficient catalysts for vinyl polymerization of norbnornene287.  The resulting 

poly(norbornene)s possess high molecular weights and non-stereoregular vinyl-type 

structure indicative of a non-radical mechanism.  The N,O-chelate ligand on the metal 

center appears to be necessary for stabilization of the active species.  ESR studies on the 

polymerization system supports the formation of a Cu (I) active species.  
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Copper (II) complexes based on bis{{2’-(4’,6’-di-t-butylhydroxy-phenyl)-1,4,5-

triphenylimidazole]} (40) were reported to be active for the vinyl addition polymerization 

of norbornene when activated with MAO288.  Catalyst activities as high as 3.16 x105 g 

PNB mol-1Cu h-1 were observed which are higher than those exhibited by 

bis(salicylaldiminate) copper (II) complexes.  Atactic poly(norbornene)s with high 

molecular weights (106) were obtained using this catalyst.  This is one of the catalysts 

that possess highest activities for vinyl addition polymerization of norbornene.   
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1.4. Conclusions 

Past ten years have witnessed significant advances in the area of non-metallocene olefin 

polymerization catalysts. The search for new generation of non-metallocene catalysts 

have led to the identification of a variety of new ligands and complexes that are useful for 

the synthesis of poly(olefin)s with diverse structures and properties.   New 

organometallic complexes have been discovered which show a range of catalytic 

behavior, from oligomerization to polymerization, from low molecular weights to 

extremely high molecular weights, from linear to branched and exhibiting propensities to 

incorporate a range of comonomers into copolymers.  A few of these catalytic systems 

show “living” or “quasi-living” polymerization behavior, which provides the synthetic 

chemists new opportunities to prepare block copolymers and functional polymers.  The 

ability of certain complexes to act as single component catalysts systems has enabled 

polymerization of ethylene in aqueous emulsions. In spite of all these developments, 

early transition metal Ziegler-Natta and metallocene complexes hold their own unique 

status, in view of their ability to polymerize propylene in a stereospecific manner. This is 

still difficult to accomplish using late transition metal catalysts. 
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2.1. Introduction 
Poly(olefin)s are of vast economic importance which is reflected by an annual production 

of more than 100 million tons of poly(ethylene)s and poly(propylene)s.  Past two decades 

have witnessed tremendous advances in the preparation and application of organometallic 

complexes as olefin polymerization catalysts.  Since the early 1980’s there have been 

dramatic advances in a new class of catalysts, namely, metallocenes,  which have impacted 

the polyolefins industry and resulted in a number of commercial processes for the 

preparation of polyolefinic materials with new or improved properties1-4.  In order to 

extend the range of properties of polyolefinic materials considerable effort has been 

devoted to the discovery of new families of catalysts.  In pursuit of these efforts, particular 

importance has been paid either to gain greater control on polyolefin properties or to the 

preparation of new materials5,6. 

 

In recent years, there have been significant advances in the development of non-

metallocene catalysts for olefin polymerization.  Many novel ligands and metals have been 

explored in the design of organometallic complexes to be used as olefin polymerization 

catalysts.  These include complexes based on early (Ti, Zr, Hf) as well as late (Ni, Pd, Fe, 

Co, Cu) transition metals. 

 
An important advance in the late transition metal catalyzed polymerization processes was 

due to Brookhart and coworkers who showed that nickel(II) and palladium(II) complexes 

bearing bulky α-diimine ligands are capable of polymerizing ethylene and higher α-olefins 

to high molecular weight polymers7-11.  Hindered aryl groups on the α-diimine nitrogens 

block the axial coordination sites and retard chain transfer relative to propagation resulting 

in high molecular weight polymers.  These complexes produce poly(ethylene)s with a 

microstructure ranging from almost linear to hyperbranched depending on the catalyst used 

and reaction variables.  Nickel(II) and palladium(II) complexes also exhibit good 

functional group tolerance and, hence, can be used in the copolymerization of ethylene with 

polar comonomers such as acrylates.  Gibson and coworkers12,13 reported iron and cobalt 

based catalysts based on bis(imino)pyridine ligands which are highly active in the 
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polymerization of ethylene and resulted in linear poly(ethylene)s. 

 
Recently many copper based complexes have also been explored as olefin polymerization 

catalysts.  Copper complexes based on benzamidinate14 and benzimidazole15-17 ligands are 

reported which exhibit relatively low activities.  Gibson et al 18 reported an α-diimine 

copper complex which produce very high molecular weight poly(ethylene)s with moderate 

activity. Vinyl addition polymerization of norbornene using copper(II) complexes has 

recently been reported.19-20  

 

Another class of catalysts that have been widely explored is the early transition metal 

complexes with bidentate ligands that combine two anionic functions such as 

cyclopentadienyl, indenyl or fluorenyl with alkoxide, amide or similar groups.  In 

particular, complexes of bifunctional mono cyclopentadienyl ligands having an appended 

hetero atom donor have attracted considerable attention, as exemplified by “constrained 

geometry” catalysts(CGC)21-23.  These mono-cyclopentadienyl complexes are characterized 

by a covalently linked amide donor which stabilizes the metal center electronically, and a 

short bridging group which opens up one side of the complex. The Cp-M-N angle is less 

than 115°.   The consequence of the open structure of these complexes is that they are 

capable of incorporating long chain α-olefins and sterically hindered monomers such as 

styrene into polyethylene chains.  Constrained geometry catalysts produce polyolefins with 

narrow molecular weight and good comonomer distributions.  Generally, narrow molecular 

weight distributions obtained with metallocene type catalysts tend to make melt processing 

of polymers more difficult.  Constrained geometry catalysts produce polymers with good 

physical properties without sacrificing processability. Improved processability is due to the 

presence of small amounts of long chain branching resulting from the reincorporation of 

the α-olefins produced by the β-H transfer at higher temperatures.  

 

Alt et al24,25 have reported several amido functionalized half sandwich complexes based on 

indenyl and fluorenyl ligands which show potential application as olefin polymerization 

catalysts. 
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2.2. Objectives of the present work 
The objective of the present work was to explore organometallic complexes based on some 

novel ligands and metals as olefin polymerization catalysts. 

1. A wide variety of late transition metal complexes based on iron, cobalt, nickel and 

palladium have been employed as olefin polymerization catalysts.  While the iron 

and cobalt based complexes produce linear poly(ethylene)s, the nickel and 

palladium based complexes are characterized by the production of branched 

polyethylenes.  However, reports on the polymerization of olefins using copper 

based catalysts are scarce.  Few copper complexes based on benzamidinate, 

benzimidazole and α-diimine ligands are reported which exhibit either very low or 

moderate activities.  The objective of this work was to synthesize several copper 

complexes based on α-diimine, bis(oxazoline) and bis(benzimidazole) ligands and 

explore them as olefin polymerization catalysts. 

2. There are only very few reports on olefin polymerization using mono-

cyclopentadienyl (or substituted cyclopentadienyl) complexes bearing pendant 

oxygen donor atom.  Presence of metal-oxygen bond in these complexes was 

expected to provide enhanced thermal stability compared to bis(cyclopentadienyl) 

complexes. Therefore the objective of this work was to synthesize novel ansa-η5-

mono-fluorenyl cyclohexanolato complexes of Group 4 metals (Ti, Zr, Hf) and 

study their behavior towards polymerization of ethylene.   

3. Amido functionalized fluorenyl half-sandwich complexes of zirconium have 

recently been reported to be active catalysts for ethylene polymerization by Alt et 

al.  All these complexes bear an alkyl group on the amido nitrogen.  However, there 

are no reports on olefin polymerization using such complexes with an aryl group on 

the amido nitrogen.  The objective was to synthesize Group 4 metal complexes of 

amido functionalized fluorenyl ligands bearing an aryl group on the amido nitrogen 

and investigate their behavior towards polymerization of ethylene. 
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3.1. Introduction 

All the catalysts used are sensitive to air and/or moisture and the active centers in Ziegler-

Natta polymerizations are susceptible to termination by protic sources.  Hence, all reagents 

and solvents should be carefully purified and dried prior to use.  All manipulations of air- 

and/or moisture-sensitive compounds were performed using high vacuum or Schlenk 

techniques.  All manipulations involving solid, air and moisture sensitive compounds were 

performed inside an inert atmosphere glove box (M. Braun/labmaster 100) continuously 

purged with high purity nitrogen.  Argon and nitrogen were purified by passage through 

columns of phosphorus pentoxide. 

In this chapter, materials used, methods of purification and drying of reagents, 

polymerization procedures and polymer characterization techniques are discussed. 

 

3.2. Materials  

Table 3.1 List of chemicals used 

Name of chemical Formula/Abbreviation Grade/purity Source 

Absolute ethanol C2H5OH GR E-Merck, Germany 

Acenaphthenequinone C12H6O2 Tech. Aldrich, USA 

Acetone C3H6O LR S.D.Fine Chem Ltd., 

India 

Acetonitrile CH3CN AR S.D. Fine Chem Ltd., 

India 

2-Amino-3-methyl-1-

butanol 
(CH3)2CHCH(NH2)CH2OH 97% Aldrich, USA 

2-Amino-2-methyl-1-

propanol 
(CH3)2C(NH2)CH2OH 95% Aldrich, USA 

Ammonium chloride NH4Cl LR Thomas Baker, India 
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Benzophenone (C6H5)2CO 99 % Aldrich, USA 

1-Bromobutane CH3(CH2)2CH2Br 99% Aldrich,USA 

2-tert-Butylaniline (CH3)3CC6H4NH2 99% Aldrich, USA 

n-Butyl lithium n-BuLi 2.5M solution 

in hexane 

Aldrich, USA 

Calcium hydride CaH2 95% Aldrich, USA 

Celite Filter agent SiO2 95% Aldrich, USA 

Copper(II)bromide CuBr2 99% E-Merck, Germany 

Copper(II)chloride CuCl2 99% E-Merck, Germany 

Decahydronaphthalene C10H16 99+%, 

anhydrous 

Aldrich, USA 

1,2-Dichlorobenzene C6H4Cl2 ExtrapureAR SISCO, India. 

Dichlorodiphenylsilane (C6H5)2SiCl2 97% Aldrich, USA 

Dichloromethane CH2Cl2 LR Merck, India. 

Diethyl ether (C2H5)2O LR S.D. Fine Chem Ltd., 

India 

Diethyl oxalate (COOC2H5)2 Synthesis Merck, India 

2,6-Diisopropylaniline [(CH3)2CH]2C6H3NH2 90% Aldrich, USA 

2,6-Dimethylaniline (CH3)2C6H3NH2 99% Aldrich, USA 

1,2-Dimethoxyethane C2H4(OCH3)2 (DME) 99+ % 

 

Aldrich, USA 

Epoxycyclohexane C6H10O Synthesis Merck, India 

Ethanolamine CH2(OH)CH2(NH2) GR Merck, India 
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Fluorene C13H10 98% Aldrich, USA 

Formic acid HCOOH 97% Indian Drugs & 

Petrochemicals Ltd. 

India. 

Glyoxal OHC-CHO LR S.D. Fine Chem Ltd., 

India 

Hafnium(IV) chloride HfCl4 99.9+ % Aldrich, USA 

Hexane CH3(CH2)4CH3 AR S.D. Fine Chem Ltd, 

India 

Hexene-1 CH3(CH2)3CH=CH2 97% Aldrich, USA 

Hydrochloric acid HCl LR S.D.Fine Chem Ltd., 

India 

Iodomethane CH3I 99% Aldrich, USA 

Irganox 1010 C16H24N10O4 antioxidant Ciba-Giegy, 

Switzerland 

tert-Leucinol (CH3)2CCH(NH2)CH2OH 98% Aldrich, USA 

Malonic acid CH2(COOH)2 99% Aldrich, USA 

Methanol CH3OH LR S.D.Fine Chem Ltd., 

India 

Molecular Sieves Na12[(AlO2)12(SiO2)12]. 

xH2O 

 S.D. Fine Chem.Ltd., 

India 

Methylaluminoxane MAO 30 wt % 

solution in 

toluene. 

Me/Al = 1.7 

Witco GmbH, 

Germany. 
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free TMA = 

31 wt %.    Al 

content = 10.9 

% 

Nickel(II)Bromide NiBr2 

 

Anhydrous, 

99.99+ % 

Aldrich, USA 

Octene-1 CH3(CH2)5CH=CH2 98% Aldrich, USA 

Pentane CH3(CH2)3CH3 LR S.D.Fine Chem. Ltd., 

India. 

Petroleum ether  Synthesis Merck, India 

1,2-Phenylenediamine C6H4(NH2)2 99.5% Aldrich, USA 

Potassium hydroxide KOH LR S.D.Fine Chem Ltd., 

India 

Sodium hydride NaH 60% 

dispersion in 

mineral oil 

Lancaster,  

Sodium metal Na LR S.D.Fine Chem. Ltd., 

India. 

Sodium sulphate Na2SO4 Anhydrous  

LR 

S.D.Fine Chem.Ltd., 

India. 

1,1,2,2-

Tetrachloroethane-d2 
Cl2CDCDCl2 99.5+atom % 

D 

Aldrich, USA 

Tetrahydrofuran 

 
THF Synthesis 

grade  

Merck, India. 

Thionyl chloride SOCl2 Synthesis Merck, India 

Titanium(IV)  chloride TiCl4 99.9+ % Aldrich, USA 
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Toluene C6H5CH3 Sulfur free, 

LR 

S.D. Fine Chem. Ltd., 

India.  

p-Toluenesulphonic acid PTSA AR Merck, India 

1,2,4-Trichlorobenzene C6H3Cl3 Spectroscopic 

grade 

Aldrich, USA 

Triethylorthoformate CH(OC2H5)3 98% Aldrich, USA 

Triisobutylaluminium TIBAL  Witco GmbH, 

Germany. 

Trimethylaluminium TMA  Schering A.-G., 

Germany. 

Zirconium(IV)  chloride ZrCl4 99.9+ % Aldrich, USA 

 

3.3. Purification and drying 

All solvents and reagents were purified and dried under dry nitrogen atmosphere by 

standard procedures.1 Toluene, n-hexane, n-pentane, diethylether and tetrahydrofuran were 

distilled from sodium benzophenone ketyl radical.  Dichloromethane, 1,2-dichlorobenzene, 

2,6-diisopropylaniline, 2,6-dimethyl aniline and 2-tert-butyl aniline  were dried and 

distilled from calcium hydride.   

 

3.4. Polymerization techniques 

3.4.1. Apparatus used for polymerization of ethylene at one bar pressure 

A glass tube of 3 L capacity with a glass jacket, a three-way stopcock and a supporting 

glass tube was fabricated.  The fabricated unit was mounted on a wooden platform.  In 

order to calibrate the fabricated glass apparatus, graph sheets were pasted on the wooden 

frame.  Upon calibration, it was found that one unit on the graph sheet corresponds to 30 

mL of ethylene.  The calibrated glass tube was used as a gas burette for measuring the 

differences in displacement of volume of ethylene during the polymerization.  A three-neck 
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flat-bottomed jacketed vessel of capacity 100-150 mL was used as the polymerization 

reactor. 

 

Figure 3.1 Set up for polymerization of ethylene at one bar pressure 

A separating funnel of 4 L capacity filled with paraffin oil was connected to the gas burette 

through a PVC tubing.  The reaction cell was mounted on a magnetic stirrer, which was 

connected to the gas burette through a T-shaped stopcock using pressure tubing.  Two 

paraffin bubblers were also connected for purging purpose to the reaction assembly and gas 

burette as shown in the diagram.  The reaction cell was dried at 200 ºC overnight and 

thoroughly checked for leaks by running a blank experiment under one atmosphere 

pressure for 2-3 hours.  The paraffin oil was saturated with ethylene gas before starting the 

experiment. 
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3.4.2. Polymerization of ethylene at 1 bar pressure 

Polymerization was performed with the assembly described previously at one atmosphere 

pressure in toluene.  Ethylene was continuously fed to the cell using a gas burette with a 

reservoir containing paraffin oil.  The reaction cell, pre dried at 200 ºC overnight was 

cooled under ethylene.  The gas burette was flushed 2-3 times by passing ethylene.  Solvent 

was introduced into the cell using a hypodermic syringe and saturated with ethylene.  

Toluene solution of the cocatalyst was added.  Polymerization was initiated by the addition 

of the catalyst dissolved in suitable solvent (toluene in the case of titanium and zirconium 

complexes and o-dichlrobenzene in the case of copper catalysts).  Polymerization 

temperature was maintained by circulating water from a thermostat through the jacket of 

the cell and the gas burette. Ethylene uptake was measured as a function of time from the 

gas burette. The reaction was terminated by the addition of acidified methanol (methanol 

containing 10 % HCl).  The polymer was precipitated by the addition of acetone, filtered, 

washed with acetone and dried at 60 ºC under vacuum. 

 

3.4.3. Polymerization of ethylene at higher pressures 

Polymerization of ethylene at high pressures was performed in a Buchi AG miniclave (Figure 

3.2). The oven-dried glass reactor (heated at 200°C overnight) was cooled in an atmosphere 

of ethylene.  Toluene (30 mL) was injected into the reactor through a hypodermic syringe 

and stirred for 10 minutes in order to achieve saturation with ethylene. This was followed 

by addition of the comonomer (in the case of copolymerizations).  The cocatalyst was then 

added through a syringe.  Finally the catalyst solution was added through a syringe and the 

reactor was pressurized with ethylene.  After 60 min, polymerization was terminated by 

addition of methanol containing 15% dilute hydrochloric acid and the polymer was 

precipitated in methanol.  The polymer was filtered, washed several times with methanol 

and dried at 60°C in vacuum.  
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Figure 3.2 Buchi miniclave 

3.5. Characterization techniques 

3.5.1. Gel permeation chromatography (GPC) 

The molecular weights and molecular weight distributions of the polymer samples were 

determined by high temperature GPC analysis.  A GPC instrument, PL 220, equipped with 

a refractive index detector was employed using μ-styragel columns (106, 105, 104, 103, 

500Å) and 1,2,4-trichlorobenzene as the solvent at 160ºC with a flow rate of 1mL/min.  

Universal calibration method was used for analysis. The solvent was filtered through 0.45 

μ membrane filter (Millipore) thrice prior to use. 

 

3.5.2. Differential scanning calorimetry (DSC) 

DSC of the homo- and copolymers were recorded on a Perkin Elmer DSC 7 instrument. 

The sample was initially heated upto 150 ºC at a heating rate of 10oC/min and then rapidly 

cooled to 50 ºC at a rate of 100 ºC/min. Finally the sample was again heated at a rate of 10 

ºC/min. The melting points reported were calculated from the second heating curve. 
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3.5.3. Intrinsic viscosity 

Intrinsic viscosities of the polymer samples were determined in decahydronaphthalene at 

135 ºC using an Ubbelohde viscometer. 

 

3.5.4. Infra red spectra 

IR spectra were recorded on a Perkin Elmer 16 PC FT-IR Spectrometer.  

 

3.5.5. NMR spectra 
1H NMR spectra of the ligands and complexes were recorded using a 200 MHz and 500 

MHz Bruker NMR spectrometer. Deuterated solvents like CDCl3, C6D6, 1,1,2,2-

tetrachlorodideuterioethane were used. 

Quantitative 13C NMR of the polymers were recorded on Bruker DRX-500 NMR 

spectrometer at 130°C under quantitative conditions (90° pulse followed by 10 seconds 

delay).  Samples were prepared by dissolving about 200 mg of the polymer in 2 mL of 

1,1,2,2-tetrachlorodideuterioethane or 1,2-dichlorobenzene/benzene-d6 in a 10-mm-o.d. 

tube.  

 

3.5.6. Cyclic voltametry 

Electrochemical measurements were made in equimolar dichloromethane : acetonitrile 

solvent using tetraethylammonium perchlorate (TEAP) as the supporting electrolyte with 

the help of BAS cyclic voltammetric model CV-27 with automatic system under a dry and 

pure nitrogen atmosphere. The three-electrode system employed consisted of platinum 

working electrode, platinum wire (auxillary electrode) and SCE as the reference electrode. 

 

3.5.7. Single crystal X-ray crystallography 
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Single crystal X-ray diffraction data were collected on a Bruker AXS Smart Apex CCD 

diffractometer at 297(2) K.  The X-ray generator was operated at 50 kV and 30 mA.  X-ray 

data collection was monitored by Bruker’s SMART program (Bruker(1998) SMART 

Version 5.0. Bruker AXS Inc., Madison, Winconsin, USA).  All the data were corrected for 

Lorentzian polarization and absorption effects using Bruker’s SAINT and SADABS 

programs (Bruker SMART (V5.628), SAINT (V6.45a), Bruker AXS Inc., Madison, 

Winconsin, USA, 2004).  XPREP was used to determine the space group.   The initial 

structure was solved by   SHELX-97 and refined by least squares methods based on F2 

(Sheldrick, G.M. SHELXS 97, SHELXL 97: University of Gottingen, Germany, 1997).  

Molecular diagrams were generated using XShell program embedded in SHELXTL.   

Geometrical calculations were done using SHELX-97.  All the hydrogen atoms were 

treated as riding model and refined isotropically. 

 

3.5.8. Electron paramagnetic resonance (EPR) spectra 

EPR spectra of the complexes were recorded in dichloromethane solution on a Bruker 

EMX spectrometer operating at a frequency of 9.45 GHz (X-band).  Samples were taken in 

Suprasil quartz aqueous cell and measurements were done at 77 K using 100 kHz field 

modulation and a modulation amplitude of 2 Gp. 

  

3.6. References 

1. L. F. Armarego and D. D. Perrin, Purification of laboratory chemicals, W. Eds., 4th 

Edn., Butterworth Heinemann 1996. 
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4.1. Introduction 
In recent years many advances have been made in the field of late transition metal catalysts 

for olefin polymerization.  A large variety of complexes based on iron, cobalt, nickel and 

palladium for polymerization of olefins are reported in the literature.  However, with the 

exclusion of ATRP1, there are only very few reports on polymerization catalysts based on 

copper. Copper presents an attractive candidate for olefin polymerization, as it may be 

more tolerant of polar comonomers than any of the previously used metals, thus offering 

new opportunities for preparing copolymers of ethylene with polar monomers.   

 

Shibayama et al2-4 reported an amidinate-based copper complex, N, N’-bis (trimethylsilyl 

benzamidinato) copper (II) chloride, which when activated with methylaluminoxane, 

produced poly(ethylene)s with Mw of 820,000 and Tm of 138°C.   

 

Several bis(benzimidazole) copper complexes have been reported by Stribany et al5-15 that, 

when activated with MAO, homopolymerize ethylene and acrylates and also copolymerize 

these two monomers.  They also exhibit activities towards vinyl ethers5,6 and α-olefins10.  

Poly(ethylene)s produced by these catalyst systems at 80°C and 50 bar ethylene pressure 

possess high molecular weights (Mw = 150000), narrow molecular weight distributions 

(Mw/Mn = 2.5) and high melting point (Tm = 138°C)12.  13C NMR spectrum of 

poly(ethylene)s confirmed their linear nature.  These observations suggest a single site 

coordination/insertion mechanism for these catalyst systems. This was further supported by 

mechanistic studies using 19F labeled copper catalysts13.   

 

Homopolymerization of acrylates was also studied using copper bis(benzimidazole)/MAO 

catalysts8.  Monomer reactivity was found to follow the order t-butyl acrylate>n-butyl 

acrylate>methyl methacrylate.  An increase in Al/Cu ratio and longer reaction times were 

found to increase the polymer conversion.  The resulting polymers possess high molecular 

weights and narrow molecular weight distributions.  Tacticities of these polymers were 

different from poly(acrylate)s prepared by free radical mechanism.  Moreover these 

catalysts do not polymerize monomers like styrene, butadiene and vinyl acetate and failed 

to induce atom transfer radical polymerization with PhEtCl or reverse atom radical transfer 
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polymerization with AIBN.  This led to the conclusion that homopolymerization of 

acrylates using these copper bis (benzimidaozole)/MAO catalysts do not proceed via free 

radical or ATRP mechanisms. 

 

Copolymerization of ethylene with t-butyl acrylate was studied using copper 

bis(benzimidazole)/MAO catalysts at 80°C and 40-55 bar ethylene pressure8,14.  The 

copolymers possess high molecular weight, narrow molecular weight distribution and low 

levels of branching.  High levels of acrylate incorporation (45-100 mol %) can be achieved 

by these catalysts8.  A typical copolymer with 67 mol% t-butyl acrylate showed a Mw of 

108,000 and Mw/Mn of 1.814. 

 

Recently Baugh et al15 reported several copper bis(benzimidazole) complexes with 

perfluorinated carbon spacers.  Introduction of perfluorinated two carbon spacer in the 

ligand backbone instead of one carbon spacer was found to reduce the bite angle slightly.  

However no obvious correlation between ligand structure and copolymer composition was 

observed.  Ethylene copolymerization with t-butyl acrylate, methyl acrylate, methyl 

methacrylate and t-butyl methacrylate were studied using these complexes/MAO.  The 

lowest acrylate incorporations were obtained with t-butyl methacrylate (37-69 mol %) 

while the highest incorporations were obtained with methyl acrylate (>85 mol%).  

Copolymers of ethylene with methyl acrylate and methyl methacrylate showed presence of 

unusual γ-keto ester structures at low acrylate feeds, that may arise from chain termination 

or transfer processes.  This type of structures may result from 1,2 –insertion of acrylate 

followed by the attack of the resultant, less stable chain end at a pendant carbonyl site. 

 

(α-diimine) copper complexes active for the polymerization of ethylene were reported by 

Gibson et al16.  The ortho-phenyl substituted catalyst showed an activity of 22.5 g PE 

mmol-1 Cu h-1 at 4.5 bar ethylene pressure whereas the ortho-isopropyl substituted catalyst 

gave only traces of polymer at 5 bar pressure.  Activity of the ortho-phenyl substituted 

catalyst increased to 300 g PE mmol-1 Cu h-1 when ethylene pressure was increased to 30 

bar.  Higher activity of the ortho-phenyl substituted catalyst was explained to be due to 

stabilization of the active species through weak interactions with ortho-phenyl substituents. 
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Several bis(salicylaldiminato) copper(II) complexes17 when activated with MAO 

(containing 15% TMA) were reported to be active for vinyl-type polymerization of 

norbornene.  No catalyst activity was observed with TMA alone or with TMA-free MAO 

indicating that both TMA and MAO are necessary for catalyst activity.  Moreover complete 

deactivation of the catalyst occurred when MAO containing 28 mol% TMA was employed 

as cocatalyst.  The catalysts were active even at 80°C but slight deactivation was observed 

at 100°C.  Presence of electron withdrawing nitro groups on phenol moiety of the catalyst 

played an important role in the activation.  FT-IR and NMR analysis showed the non-

stereoregular vinyl-type structure of the poly(norbornene)s.   High molecular weight and 

non-stereoregular vinyl-type structure of poly(norbornene)s also indicates that a non-

radical mechanism is operating in the case of these catalysts.  ESR studies on the 

polymerization system supported the formation of a Cu (I) active species.  Vinyl addition 

polymerization of norbornene using copper (II) complexes based on bis{{2’-(4’,6’-di-t-

butylhydroxy-phenyl)-1,4,5-triphenylimidazole]} has been reported recently that resulted 

in high catalyst activities and high molecular weight atactic poly(norbornene)s18. 

 

In this chapter, synthesis and characterization Cu (II) and Cu(I) complexes containing α-

diimine, bis (oxazoline) and bis(benzimidazole) ligands are described and their efficacy in 

the polymerization of ethylene explored.  The (α-diimine) copper complex with 

acenaphthene based chelating ligand framework was selected for the study. The analogous 

nickel complex has been reported to be active for polymerization of ethylene.  The 

objective was to compare the polymerization behaviour of copper complexes with that of 

nickel complexes.   Bis(oxazoline) and bis(benzimidazole)copper(II) complexes were 

explored for the polymerization of ethylene as they possess the diimine structure  with an 

oxygen or nitrogen atom linked to the imine moiety.   

 
4.2. Experimental 
4.2.1. Materials and their purification 
This has been described in Chapter 3, Section 3.2 and 3.3 

4.2.2. Synthesis of (α-diimine) copper complexes 
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4.2.2.1. Synthesis of [(N,N’-diisopropylbenzene)-2,3-naphthyl-(1,4-
diazabutadiene)] dichlorocopper(II) (2a) 
4.2.2.1.1. Synthesis of [(N,N’-diisopropylbenzene)-2,3-naphthyl-(1,4-
diazabutadiene)]  (1a) 
The ligand was prepared according to literature procedure19.   

Analysis for C36H40N2:  

Calcd.,  % C  86.40    H 8.00    N 5.60 

Found,  % C  86.13     H 7.52     N 5.68 
1H NMR (CDCl3, 200 MHz): δ ppm 7.9(d,2H), 7.4(t, 2H), 7.25(s, 6H), 6.15 (d, 2H), 

3.05(septet, 4 H), 1.25(d, 12 H), 1.0(d, 12 H).    
13C NMR (CDCl3, 50 MHz): δ ppm 23.1, 23.3, 28.6, 123.4, 127.8, 128.8, 129.5, 131, 

135.3, 140.8, 147.5, 160.9.  

IR(nujol mull): cm-1 1672 w, 1650 w, 1588 w, 1378 s, 1342 w, 1272 w, 1178 w, 1106 w, 

1084 w, 1060 w, 1034 w, 938 w, 922 w, 834 w, 786 w, 748 m, 724 m, 590 w, 532 w, 500 

w, 478 w, 464 w, 456 w. 

4.2.2.1.2. Synthesis of 2a 
Anhydrous copper (II) chloride (0.1345 g, 1.0 mmol) was taken in a 100 mL round-

bottomed flask and absolute ethanol was added to it to form a green solution.  Ligand 1a 

(0.525 g, 1.05 mmol) dissolved in dichloromethane was added to this solution and the 

mixture was stirred overnight.  A brown-colored crystalline precipitate was formed which 

was filtered, washed with ethanol and dried.  Yield : 0.54 g (85%)  

Analysis for C36H40N2CuCl2 : 

Calcd.,    C % 68.09  H 6.30  N 4.41   

Found,    C % 67.69  H 6.02  N 4.20   

IR (nujol mull) : cm-1 1630 m, 1582 m, 1378 s, 1292 w, 1256 w, 1222 w, 1182 w, 1132 w, 

1104 w, 1048 w, 936 w, 836 w, 782 w, 756 w, 722 w.  

EPR: g|| = 2.19, g⊥ = 2.05. 

4.2.2.2. Synthesis of [(N,N’-diisopropylbenzene)-2,3-naphthyl-(1,4-
diazabutadiene)] dibromocopper(II) (2b) 
The complex was prepared by the same procedure as complex 2a using ligand 1a and 

CuBr2 in ethanol/dichloromethane.   Yield: 1.2 g (85 %).   
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Analysis for C36H40N2CuBr2 :   

Calcd.,   C %  59.71   H 5.53  N 3.87   

Found,   C % 59.81    H 5.48  N 3.92    

IR(nujol mull): cm-1  1648 s, 1624 s, 1578 w, 1416 s, 1378 w, 1364 w, 1320 m, 1288 w, 

1254 w, 1220 w, 1180 m, 1148 w, 1128 w, 1086 w, 1056 w, 1044 m, 938 m, 848 s, 834 s, 

800 s, 780 s, 758 w, 612 m, 542 m, 512 m, 478 m, 460 m, 452 m.   

EPR:  g|| = 2.27, g⊥ = 2.14. 

4.2.2.3. Synthesis of [(N,N’-2-tert-butylbenzene)-2,3-naphthyl-(1,4-
diazabutadiene)] dichloro copper(II) (2c) 
4.2.2.3.1. Synthesis of [(N,N’-2-tert-butylbenzene)-2,3-naphthyl -(1,4-
diazabutadiene)] (1b) 
The ligand was prepared according to literature procedure19.  

Analysis for C32H32N2:  

Calcd.,   % C 86.49  H 7.21  N 6.34    

Found,   % C 86.61  H 7.83  N 6.31     
1H NMR (CDCl3, 200 MHz): δ ppm 7.84 (d, 2 H ) 7.51 (m, 2 H), 7.36 (t, 2H), 7.19 (m, 4 

H), 6.96(m, 2 H), 6.84(d, 2 H), 1.39(s, 18 H).   
13C NMR (CDCl3, 50 MHz): δ ppm 160.1, 150.8, 142.05, 139.55, 131.43, 129.41, 128.97, 

127.94, 126.98, 124.85, 124.11, 119.19, 35.75, 30.05 

 

4.2.2.3.2. Synthesis of 2c 
Anhydrous copper (II) chloride (0.150 g, 1.126 mmol, 1 eqv) was weighed into a round-

bottomed flask.  Ethanol was added to it and a green solution formed.  Ligand 1b (0.55 g, 

1.23 mmol, 1.1 eqv) dissolved in dry dichloromethane was added with stirring.  A 

precipitate formed after a few minutes.  The reaction mixture was stirred overnight.  

Solvents were removed through a cannula; the complex was washed with dry n-hexane and 

dried in vacuum.  Yield: 0.56 g (86%)  

Analysis for C32H32N2CuCl2.CH2Cl2: 

Calcd.,  % C  59.63  H 5.12  N 4.22 

Found,  %  C 59.87  H 4.96  N 4.15 
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4.2.2.4. Synthesis of [(N,N’-diisopropylbenzene)-2,3-naphthyl-(1,4-
diazabutadiene)] chloro copper(I) (3a) 

The complex was prepared by the same procedure as complex 2a using CuCl and ligand 1a 

in ethanol.  Yield : 0.72 g (80 %).  

Analysis for C36H40N2CuCl. C2H5OH :  

Calcd.,  % C   70.69  H 7.14  N 4.34  

Found,  % C 70.96  H 6.49  N 4.32 

IR(nujol mull):  cm-1 1642 m, 1434 w, 1380 s, 1362 w, 1280 m, 1254 w, 1218 w, 1178 m, 

1120 w, 1088 w, 1042 m, 938 w, 830 m, 796 s, 778 s, 752 w, 622 w, 540 w, 512 w, 486 w, 

474 w, 464 w. 

 

4.2.2.5. Synthesis of [(N,N’-diisopropylbenzene)-2,3-naphthyl-(1,4-
diazabutadiene)] bromo copper(I) (3b) 

The complex was prepared by the same procedure as complex 3a using CuBr(0.143 g) and 

ligand 1a (0.50 g) in ethanol.  Yield:  0.53 g (82 %).   

Analysis for C36H40N2CuBr :   

Calcd.,  % C 67.1  H 6.21  N 4.35 

Found,  % C 66.5  H 6.09  N 4.14   

 IR(nujol mull):  cm-1 1644 m, 1378 s, 1280 m, 1120 m, 1088 w, 1042 w, 938 m, 830 m, 

778 s, 754 s  

 

4.2.2.6. Synthesis of [(N,N’-diisopropylbenzene)-2,3-naphthyl-(1,4-
diazabutadiene)] dibromo nickel(II) (4) 

The complex was prepared by the literature procedure19 using ligand 1a and NiBr2(DME). 

 

Analysis for C36H40N2NiBr2 

Calcd., % C 60.12   H 5.61  N 3.89 

Found, % C 59.98   H 5.45  N 3.73 
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4.2.2.7. Synthesis of [(N,N’-diisopropylbenzene)(1,4-diazabutadiene)] dichloro 

copper(II) (6) 

4.2.2.7.1. Synthesis of [(N,N’-diisopropylbenzene)(1,4-diazabutadiene)] (5) 

In a 100 mL round-bottomed flask, 20 mL of methanol and a few drops of formic acid were 

added.  7 mL (34.5 mmol) of 2,6-diisopropylaniline was added to it and the flask was 

cooled to 0 ºC.  To this, 2.5 mL (17.25 mol) of glyoxal (40% aqueous solution) was added 

dropwise.  After 5-10 min, a yellow precipitate formed and the reaction mixture turned 

yellow.  It was stirred overnight.  The precipitate was filtered and washed with cold 

methanol.  The compound was recrystallized from hexane/methanol mixture and 

redissolved in hexane to which methanol was added and kept in a freezer.  Crystals of the 

compound were collected in a Buchner funnel and washed with cold methanol and dried. 

Yield:    0.40 g (60%)   

Analysis for C26H36N2:  

Calcd., % C  82.97 H 9.57  N 7.45  

Found, % C  83.30 H 10.17 N 7.33  

1H NMR (CDCl3, 200 MHz) δ ppm 8.1 (s, 2, CH=N), 7.2 (m, 6, H aryl), 2.9 (m, 4, CHPh), 

1.25 (d, 24, CH (CH3)2) 

 

4.2.2.7.2. Synthesis of 6 

Anhydrous copper(II) chloride (0.300 g, 2.2 mmol, 1 eqv) was weighed into a round-

bottomed flask inside the glove box.  Ethanol and triethylorthoformate were added to it and 

a green solution formed.  Ligand 5 (1 g, 2.6 mmol, 1.2 eqv) dissolved in dry 

dichloromethane was added with stirring.  A precipitate formed after a few minutes.  The 

reaction mixture was kept stirring for 18 h.  Solvents were removed through a cannula; the 

complex was washed with dry n-hexane and dried in vacuum.  Yield: 0.90 g (80%) 

Analysis  for C26H36N2CuCl2 : 

Calcd.,  % C 61.12 H 7.0  N 5.48   
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Found,  % C  61.11 H 6.81 N 5.37 

 

4.2.3. Synthesis of bis(oxazoline) copper(II) complexes 

4.2.3.1. Synthesis of 2,2’-bis(1,3-oxazoline) dichlorocopper(II) (10a) 

4.2.3.1.1. Synthesis of 2, 2’-bis (1, 3-oxazoline) (9a) 
The ligand was synthesized by a modification of literature procedure20. 

 

Diethyl oxalate (2 mL, 16.5 mmol) was added to ethanolamine (2 mL, 33.0 mmol) in a 100 

mL R.B. flask and stirred at room temperature for 2 h.  An exothermic reaction was 

observed and a white solid formed.  The solid, N,N'-bis(1-hydroxyethyl)1,2-ethane diamide 

(7a) was dried in vacuum.  Yield: 2.5 g (87%) 

Analysis for C6H12N2O4 

Calcd.,   % C 40.90   H 6.82   N 15.91 

Found,   % C 41.22   H 6.68    N 15.45 

7a (2 g, 11.3 mmol) was added to freshly distilled thionyl chloride (10 mL) and refluxed 

for 4 h.  The reaction mixture was cooled and excess thionyl chloride was removed under 

vacuum.  The last traces were removed by washing with toluene.  N,N'-bis(1-

chloroethyl)1,2-ethane diamide (8a) obtained was dried in vacuum.  Yield: 1.9 g (80%) 

Analysis for C6H10N2O2Cl2 

Calcd.,   % C   33.80   H  4.69   N  13.15 

Found,   % C   34.22   H  4.68    N  13.45 

In a 100 mL round-bottomed flask, 8a and KOH were taken and methanol was added to it 

and refluxed for about 6 h.  The solution became clear and KCl settled at the bottom.  The 

solution was filtered and methanol was evaporated under vacuum to obtain 9a as a white 

solid.  Yield: 1.7 g (75%) 

Analysis for C6H8N2O2   

Calcd., % 51.43  H 5.71  N 20.00   

Found,  % 50.81  H 6.19  N 19.83 

 

4.2.3.1.2. Synthesis of 10a 
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A 100 mL Schlenk flask was cooled under vacuum and charged with argon.  Anhydrous 

copper(II) chloride (0.269 g, 2 mmol) and  9a (0.280 g, 2 mmol) were added to the flask 

and dichloromethane was added through a canula.   The mixture stirred for about 12 h.  

Complex 10a was obtained as a green-colored solid which was filtered and dried in 

vacuum.  Yield: 0.25 g (45%).   

Analysis for C6H8N2O2CuCl2 :  

Calcd.,  % C 26.23  H 2.91  N 10.20   

Found,  % C 25.97  H 3.11  N 10.34 

 

4.2.3.2. Synthesis of 2,2’-bis[(4,4-dimethyl)-1,3-oxazoline]dichlorocopper(II) 
(10b) 
4.2.3.2.1. Synthesis of 2,2’-bis[(4,4-dimethyl)-1,3-oxazoline] (9b) 
In a 100 mL round-bottomed flask, diethyl oxalate (3.8 mL, 0.028 mole) was taken and to 

this was added 2-amino-2-methyl-1-propanol (5.4 mL, 0.056 mole) with stirring.  An 

exothermic reaction was observed and after some time the whole reaction mixture 

solidified.  The flask was cooled; the solid was washed with hexane and dried under 

vacuum to yield the bisamide 7b.  Yield: 7.0 g (90%) 

Analysis for C10H20N2O4: 

Calcd.,   % C  51.72   H  8.62   N  12.07 

Found,   % C  52.04   H  8.71   N  12.45 

7b (2.0 g, 8.62 mmol) was added to freshly distilled thionyl chloride(10 ml, excess) in a 

100 mL round-bottomed flask and refluxed for 4 h.  The reaction mixture was cooled and 

excess thionyl chloride was removed by distillation.  The last traces were removed by 

washing with toluene.  The resultant solid was recrystallized from ethyl acetate-hexane to 

afford 8b.  Yield : 1.7 g (74 %) 

Analysis for C10H18N2O2Cl2: 

Calcd.,   % C  44.61   H  6.69   N  10.41 

Found,   % C  44.52   H  6.90   N  10.81 

KOH (0.413 g, 7.38 mmol) was dissolved methanol. 8b (1 g, 3.69 mmol) was added into 

this solution and the reaction mixture was stirred for 6 h at reflux.  The mixture was cooled 

to room temperature, KCl formed was filtered off and the methanol evaporated to yield 9b 
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as a white solid which was recrystallized from dichloromethane-hexane mixture.  Yield: 

0.4 g (80%).  

Analysis for C10H16N2O2 

Calcd.,   % C  61.22  H  8.16   N   14.29 

Found,   % C  60.86  H   7.82   N   13.74 
1H NMR (CDCl3, 200 MHz): δ ppm 1.34 (12 H), 4.10 (4 H) 

 

4.2.3.2.2. Synthesis of 10b 
A 100 mL Schlenk flask was cooled under vacuum and filled with argon.  Anhydrous 

CuCl2 (0.342 g, 2.55 mmol) and 9b (0.50 g, 2.55 mmol) were added into the flask under 

argon.  Dichloromethane was added through a canula and the mixture was stirred for 4 h.  

During this time, CuCl2 reacted completely.  The reaction mixture was further stirred for 12 

h to obtain 10b as a yellow-colored solid which was filtered and dried in vacuum.  Yield: 

0.40 g (47%).  

Analysis for C10H16N2O2CuCl2 : 

Calcd.,   % C 36.31   H 4.84   N 8.47   

Found,   % C 35.98   H 4.70   N 8.30  

 

4.2.3.3. Synthesis of 2,2’-bis[(4-isopropyl)-1,3-oxazoline]dichlorocopper(II) (10c) 

4.2.3.3.1. Synthesis of 2,2’-bis[(4-isopropyl)-1,3-oxazoline] (9c) 
Diethyl oxalate (0.62 mL, 4.536 mmol) was added to 2- amino-3- methyl-1-butanol (1 mL, 

9.072 mmol) and stirred for 1 h during which the reaction mixture solidified.  The mixture 

was cooled, washed with hexane, powdered and dried under vacuum to yield N,N’-bis[2 -

isopropyl-1-hydroxyethyl]-1,2-ethanediamide 7c.  Yield: 1.1 g (93%) 

Analysis for C12H24N2O4: 

Calcd.,    % C  55.38   H  9.23   H  10.77 

Found,    % C  54.93   H  9.58   H   10.65 

Bisamide 7c (0.5 g, 1.923 mmol) was added to freshly distilled thionyl chloride (5 mL) 

and refluxed for 3 h.  The reaction mixture was cooled and excess thionyl chloride was 

removed by distillation.  The last traces were removed by washing with toluene.  The 

resultant solid was recrystallized from ethyl acetate-hexane to yield N,N’-bis-[2 
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isopropyl-1-chloroethyl]-1,2-ethanediamide 8c.  Yield: 0.52 g (90%) 

Analysis for C12H22N2O2Cl2: 

Calcd.,   % C   48.48   H  7.41   N  9.43 

Found,   % C   47.98   H  7.63   N  9.31 

KOH (0.188 g, 3.37 mmol) was dissolved methanol. 8c (0.5 g, 1.68mmol) was added to 

this solution and the reaction mixture was stirred for 6 h at reflux.  The mixture was cooled 

to room temperature, KCl formed was filtered off and methanol evaporated to yield 9c as a 

white solid which was recrystallized from dichloromethane-hexane mixture. Yield: 0.4 g 

(80%).  

Analysis for C12H20N2O2: 

Calcd.,   % C  64.29  H  8.93   N  12.50 

Found,   % C 64.04   H  9.08   N  11.93 
1H NMR (CDCl3, 200 MHz): δ 0.92(12 H), 1.85(2 H), 4.11(4 H), 4.44(2 H) 

 

4.2.3.3.2. Synthesis of 10c 

In a 100 mL Schlenk flask, vacuum dried and filled with argon was taken anhydrous 

copper(II) chloride (0.240 g, 1.79 mmol) and  ligand 9c (0.40 g, 1.79 mmol)and 

dichloromethane was added.  The reaction mixture was stirred for about 4 h.  During this 

time, all the CuCl2 reacted completely. The reaction mixture was stirred for another 8 h to 

obtain 10c as a green-colored solid which was filtered and dried in vacuum.   Yield:  

0. 30 g (48%).   

Analysis for C12H20N2O2CuCl2:  

Calcd., % C 40.17  H 5.58  N 7.81  

Found, % C 39.32  H 5.50  N 7.19  

 

 

 

 

4.2.3.4. Synthesis of 2,2’-bis[(4-tert-butyl)-1,3-oxazoline]dichlorocopper(II)  
(10d) 
4.2.3.4.1. Synthesis of 2,2’-bis[(4-tert-butyl)-1,3-oxazoline] (9d) 
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Diethyl oxalate (0.29 mL, 2.137 mmol) was added to tert-Leucinol(0.5 g, 4.274 mmol) and 

the reaction mixture was stirred for 1 h.  The reaction mixture solidified during this time.  

The mixture was cooled, washed with hexane, powdered and dried under vacuum to yield 

the N,N’-bis[2 –t-butyl-1-hydroxyethyl]-1,2-ethanediamide 7d.  Yield: 0.55 g (90%) 

Analysis for C14H28N2O4 

Calcd.,   % C  58.33   H  9.72   N  9.72 

Found   %  C  57.68   H  9.73   N  10.02 

Bisamide 7d (0.5 g, 1.736 mmol) was added to freshly distilled thionyl chloride (5 mL, 

excess) and refluxed for 3 h.  The reaction mixture was cooled and thionyl chloride was 

removed by distillation.  The last traces were removed by washing with toluene.  The 

resultant solid was recrystallized from ethylacetate-hexane to yield N,N’-bis-[2 t-butyl-1-

chloroethyl]-1,2-ethanediamide 8d.  Yield: 0.50 g (89%) 

Analysis for C14H26N2O2Cl2: 

Calcd.,   % C  51.69   H  8.00   N  8.62 

Found,   % C  51.35   H  7.88   N  8.84 

8d (0.120 g, 0.3692 mmol) and KOH (0.041 g, 0.7385 mmol) were refluxed in methanol 

for 6 h.  The resultant clear solution was filtered from KCl and methanol removed under 

vacuum to obtain a white solid, 2,2'-bis(4,-tert-butyl)-1,3-oxazoline (9d) which was 

recrystallized from dichloromethane-hexane.  Yield : 0.06 g (65%) 

Analysis for C14H24N2O2 

Calcd.,   % C  66.67   H  9.52   N  11.11 

Found,   % C  67.02   H  9.35   N  11.45 
1H NMR (CDCl3, 200 MHz) : δ 1.34 ( 18 H, CMe3), 4.09(2 H, CH2) 

 

4.2.3.4.2. Synthesis of 10d 

A 100 mL Schlenk flask (dried in oven at 200°C) was dried under vacuum and filled with 

argon.  Anhydrous CuCl2 (0.133 g, 0.992 mmol) and  9d (0.25 g, 0.992 mmol) were added 

into the flask and dichloromethane was added through a canula.    The reaction mixture was 

allowed to stir for 12 h.  It was then allowed to settle, solvent was removed through a 

canula, and the greenish blue-colored solid 10d was washed with ethanol and dried under 

vacuum.  Yield: 0.18 g (47%).   
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Analysis for C14H24N2O2CuCl2 : 

Calcd.,  % C 43.47  H 6.21  N 7.24  

Found,  % C 42.98  H 6.45  N 7.46 

 

4.2.4. Synthesis of bis(benzimidazole) copper(II) complexes 
4.2.4.1. Synthesis of [1,1’-bis(benzimidazolyl)ethane]dichlorocopper(II) (13a) 
4.2.4.1.1. Synthesis of [1,1’-bis(benzimidazolyl)ethane] (12a) 
Malonic acid (5.0 g, 48 mmol) and 1,2-phenylenediamine (10.4 g, 96 mmol) were refluxed 

in 100mL of 4 N HCl for 24 h.  The reaction mixture was cooled to room temperature, 

made alkaline with ammonia solution, filtered, washed with water and dried.  Yield: 7.0 g 

(60 %) 
1H NMR (DMSO-d6, 200 MHz): δ 4.50 (s, 2 H), 7.18(m, 4 H), 7.50 (m, 4 H) 

A 250 mL Schlenk flask (dried in oven at 200°C) was cooled under vacuum and charged 

with argon.  Sodium hydride (60% dispersion in mineral oil, 2.6 g, 64.5 mmol, 8 eqv) was 

added to the flask, washed with dry hexane and dried in vacuum.  To this, dry THF (80 

mL) was transferred through a canula.  The flask was cooled in an ice bath and 2,2'-

bis(benzimidazol-2-yl) methane (2.0 g, 8.065 mmol, 1 eqv) was added slowly to this 

suspension with stirring under argon atmosphere.  After the addition is complete, the 

mixture was stirred for 15 min.  Iodomethane (4 mL,64.5 mmol, 8 eqv) was added through 

a syringe.  The reaction mixture was stirred at room temperature for 36 h.  The reaction was 

quenched with ice, THF was removed under vacuum and the product extracted with 

dichloromethane.  Dichloromethane layer was washed with water, dried over anhydrous 

sodium sulphate and concentrated to obtain an yellow solid which was purified by column 

chromatography.  Yield: 1.0 g (45 %) 
1H NMR (CDCl3, 200 MHz): δ 2.10 (3H, HCMe), 3.64 ( 6 H, N-Me), 5.05 (1H, CHMe), 

7.28 (6H, aromatic), 7.79(2 H, aromatic) 

4.2.4.1.2. Synthesis of 13a 
In a 100 mL Schlenk flask,cooled under vacuum and filled with argon, was added 

anhydrous copper(II) chloride (0.067 g, 0.5 mmol).  To it absolute ethanol was added to 

form a green solution.  Ligand 12a (0.145 g, 0.5 mmol) dissolved in ethanol was 

transferred into the green solution through a canula.  An yellow-colored solid started 
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precipitating.  The reaction mixture was stirred for 12 h.  The solid was then filtered and 

washed with dichloromethane and dried in vacuum.  Yield: 0.15 g (70 %) 

Analysis for C18H18N4CuCl2 

Calcd.,   % C  50.88   H  4.24   N  13.04  

Found,   % C  50.67   H  4.09   N  13.19  

 

4.2.4.2. Synthesis of [1,1’-bis(benzimidazolyl)ethane]dibromocopper(II) (13c) 

In a 100 mL Schlenk flask (dried in oven at 200°C) cooled under vacuum and filled with 

argon was added anhydrous copper (II) bromide (0.111 g, 0.5 mmol).  To it absolute 

ethanol was added to form an orange brown solution.  Ligand 12a (0.145 g, 0.5 mmol) 

dissolved in ethanol was transferred into the solution through a canula.  An orange-colored 

solid started precipitating.  The reaction mixture was stirred for 12 h.  The solid was then 

filtered and washed with dichloromethane and dried in vacuum.  Yield: 0.16 g (60 %) 

Analysis for C18H18N4CuBr2: 

Calcd.,  % C 42.22   H 3.12   N 10.95  

Found,  % C 42.25   H 3.30   N 10.59  

 

4.2.4.3. Synthesis of [1,1’-bis(benzimidazolyl)pentane]dibromocopper(II) 
(13b) 
4.2.4.3.1. Synthesis of [1,1’-bis(benzimidazolyl)pentane] (12b) 
A 250 mL Schlenk flask was cooled under vacuum and charged with argon.  Sodium 

hydride (60% dispersion in mineral oil, 0.65 g, 8 eqv) was added to the flask, washed with 

dry hexane and dried in vacuum.  To this, dry THF (50 mL) was transferred through a 

canula.  The flask was then cooled in an ice bath and 2,2'-bis(benzimidazol-2-yl) methane 

(0.5 g, 2.03 mmol, 1 eqv) was added slowly to this suspension with stirring under argon 

atmosphere.  After the addition is complete, the mixture was stirred for 30 min.  n-Butyl 

bromide (1.7mL, 8 eqv) was added through a syringe.  The reaction mixture was stirred at 

room temperature for about 12 h.  No reaction was observed on checking the TLC.  The 

reaction mixture was then refluxed for another 6 h.  The mixture was then quenched with 

ice, THF was removed by rotary evaporation and the product extracted with 

dichloromethane.  Dichloromethane layer was then washed with water, dried over 
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anhydrous sodium sulphate and concentrated to obtain an yellow solid which was purified 

by column chromatography.  Yield : 0.28 g (33 %) 

 

4.2.4.3.2. Synthesis of 13b 
In a 100 mL Schlenk flask cooled under vacuum and filled with argon was added 

anhydrous copper(II) bromide (0.13 g, 0.6 mmol).  To it absolute ethanol was added to 

form an orange brown solution.  Ligand 12b (0.25 g, 0.6 mmol) dissolved in ethanol was 

transferred into the solution through a canula.  A reddish brown colored solid started 

precipitating.  The reaction mixture was stirred for 12 h.  The solid was then filtered and 

dried in vacuum.  Yield: 0.20 g (52 %) 

Analysis for C27H36N4CuBr2 

Calcd.,  % C 50.66   H 5.63   N 8.76  

Found,  % C 51.39   H 6.11   N 8.59  

 
4.3. Results and Discussion 

4.3.1. Synthesis and characterization of (α-diimine) copper complexes 

Synthetic routes for the preparation of (α-diimine) copper complexes employed in the 

present study are shown in Scheme 4.1.  The ligands 1a, 1b, and 5 were prepared in good 

yields (> 80%) according to literature procedures.   Upon reacting with copper halides in 

ethanol/dichloromethane the corresponding metal complexes 2a-2c, and 6 could be 

obtained.  The complexes were readily soluble in polar solvents like dichloromethane and 

1,2-dichlorobenzene, but sparingly soluble in toluene.   

Copper (I) complexes 3a and 3b were synthesized by the reaction of copper (I) halide with 

the corresponding ligand. Complex 3a was found to have an ethanol molecule coordinated 

to the metal as revealed by elemental analysis. 

 

4.3.1.1. Crystal structure of copper complexes 2a-2c 

Structures of copper complexes 2a-2c with the numbering scheme of atoms are shown in 

Figure 4.1-4.3 while selected bond distances and angles are included in Table 4.1.  X-ray 

crystal data and structure refinement for complexes 2a-2c are listed in Appendix A. 
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Inspection of the structures of metal complexes 2a-2c reveal that they are mononuclear 

compounds where the Schiff base ligands are acting as bidentate N, N donors. The 

geometry around copper is distorted square planar.  The coordination sphere around the 

copper atom in each of these complexes consists of two imine nitrogens and two halide 

atoms. The equatorial plane comprising of these donors atoms is slightly distorted as 

indicated by the unequal bond angles observed for the complex 2a as N (1) – Cu (1) – Cl 

(1) [147.8°] and N (2) – Cu (1) – Cl (2) [143.0°] respectively. Similar arrangement also 

prevails in compounds 2b and 2c. The metal-nitrogen (imine) distances are found to remain 

nearly identical in all compounds (2.02 – 2.08Å) due to rigid orthoquinone moiety while 

the metal halogen distances are observed to be longer and vary between 2.18 and 2.31 Å 

respectively. The steric hindrance offered by the bulky bromide atoms to iso-propyl groups 

results in opening of the N (1) – C (13) – C (14) angle from 116° (in chloro complex) to 

120° (in bromo complex).     One molecule of dichloromethane was observed in the crystal 

lattice of complex 2c. 
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Table 4.1 Selected bond lengths and bond angles for complexes 2a-2c 

 2a 2b 2c 

Bond lengths (Å) 

Cu (1) – N (1) 

Cu (1) – N (2) 

Cu (1) – Cl (1) 

Cu (1) – Cl (2) 

Cu (1) – Br (1) 

Cu (1) – Br (2) 

N (1) – C (13) 

N (2) – C (23) 

N (2) – C (25) 

Bond angles (°) 
 

N(1)-Cu(1)-Cl(1) 

N(2)-Cu(1)-Cl(2) 

C(14)-C(13)-N(1) 

C(18)-C(13)-N(1) 

C(26)-C(25)-N(2) 

C(30)-C(25)-N(2) 

N(1)-Cu(1)-Br(1) 

N(2)-Cu(1)-Br(2) 

N(1)-Cu(1)-Cl(2) 

N(2)-Cu(1)-Cl(1) 

C(24)-C(23)-N(2) 

C(28)-C(23)-N(2) 

 

2.082(3) 

2.021(3) 

2.193(12) 

2.185(12) 

- 

- 

1.449(5) 

- 

1.445(5) 

 

147.78(10) 

143.00(10) 

116.40(3) 

121.00(3) 

117.70(4) 

119.60(4) 

- 

- 

- 

- 

- 

- 

2.072(5) 

2.042(5) 

- 

- 

2.317(12) 

2.316(12) 

1.444(8) 

- 

1.433(9) 

 

- 

- 

120.40(7) 

116.60(6) 

118.10(7) 

118.40(7) 

147.40(17) 

142.08(19) 

- 

- 

- 

- 

2.059(2) 

2.088(2) 

2.220(10) 

2.246(10) 

- 

- 

1.448(3) 

1.448(3) 

- 

 

- 

- 

113.90(2) 

124.20(3) 

- 

- 

- 

- 

161.66(8) 

151.58(7) 

114.50(2) 

123.30(3) 
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Figure 4.1 Molecular structure and numbering scheme for 2a 

 
Figure 4.2 Molecular structure and numbering scheme for 2b 
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Figure 4.3 Molecular structure and numbering scheme for 2c 

  
             
X-ray crystal structure of the analogous nickel (II) complex with ortho-isopropyl or t-butyl 

substituents are not reported in literature as they were poorly soluble in common organic 

solvents.  However crystal structure of nickel complex with ortho-C6F5 substituent shows 

the geometry around the nickel atom to be tetrahedral.21 
 
4.3.1.2. Spectroscopy 
 
Infrared spectra of the ligands exhibit an absorption in the range 1645-1673 cm-1 

corresponding to imino (C=N) stretch which upon metal complexation shifted to lower 

wavenumbers indicating involvement of diimine nitrogens in copper coordination. In the 

case of ligand 1a, C=N stretching is observed at 1673 cm-1 and 1652 cm-1  which shifted to 

1652 and 1629 cm-1 in 2a and 1652 and 1626 cm-1 in 2b.   El-Ayaan et al reported similar 

shifts of 10-17 cm-1in the case of the mixed-ligand cupric complex containing 

acetylacetonate ligand22.  
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Figure 4.4 IR spectra of 1a, 2a and 2b 

 

Electronic spectra (Figure 4.5) of copper complexes 2a-2c show absorption bands below 

350 nm that can be assigned to intra-ligand transitions while an intense band around 440 

nm (for 2a and 2b) and 415 nm (for 2c) which can be ascribed to metal-to-ligand charge 

transfer transition22. This shift to a much longer wavelength compared to other diimine 

ligands, such as, 2,2’-bipyridine and 1,10-phenanthroline can be attributed to the presence 

of  low energy π* orbitals in diimine ligands 1a and 1b which results in increased overlap 

with metal (d) orbitals and, consequently, in a stronger π - bonding interaction. The 

absorption in the visible region around 600-640 nm is due to metal-based transitions 

characteristic of the distorted square planar geometries of such complexes23.   
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Figure 4.5 UV –visible spectra of complexes 2a-2c 

 

Polycrystalline X-band EPR spectra of the copper complexes (Figure 4.6) at 77 K indicates 

an axial symmetry and resolve into parallel and perpendicular components. The calculated 

parameters suggest a trend g⎮⎮ > g⊥>2.0 which is consistent with the distorted square 

planar geometry and localization of the unpaired electron in the dx
2 

– Y
2 ground state.  
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Figure 4.6 EPR spectra of complexes 2a-2c 
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4.3.1.3. Electrochemical studies 
 

Figure 4.7 Cyclic voltagrams of complexes 2a-2c 

 

Cyclic voltagram of complex 2a in equimolar dichloromethane : acetonitrile solvent 

mixture (Figure 4.7) showed a reversible reduction wave at +0.42V which can be assigned 

to Cu+2/+1 redox couple while the irreversible reduction wave observed at –1.50 V is 

assigned to reduction of the azomethine linkage. The other two reduction waves observed 

2a 2b

2c
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are the ligand-based peaks. A similar pattern was observed in the cyclic voltammograms of 

complexes 2b and 2c. 

 

4.3.2. Synthesis and characterization of bis(oxazoline)copper(II) complexes 
Bis(oxazoline) copper complexes 10a-10d were prepared by a modified literature 

procedure20 as shown in Scheme 4.2.  The complexes were obtained in good yields as 

green or yellow microcrystalline solids.  These complexes were soluble in 

dichloromethane, but sparingly soluble in toluene.   
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Scheme 4.2 Synthesis of bis(oxazoline) ligands and copper(II) complexes 
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Susbstituents R1 and R2 on the bis(oxazoline)s were varied in order to study the effect of 

these substituents on their catalytic behaviour towards the polymerization of ethylene.  

Attempts to prepare single crystals of these complexes were not successful. 

 

4.3.3. Synthesis and characterization of bis(benzimidazole)copper(II) 
complexes 
Bis(benzimidazole) ligands and complexes were prepared using the procedure5 shown in 

Scheme 4.3. Copper complexes 13a and 13c were obtained as yellow and reddish brown 

powder respectively.  They were insoluble in almost all organic solvents, both polar and 

nonpolar.  Tri-n-butyl substituted complex 13b was obtained as a dark brown powder and 

was soluble in dichloromethane 
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Scheme 4.3 Synthesis of bis(benzimidazole) ligands and copper (II)  complexes 
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4.3.4.  Polymerization of ethylene using copper complexes 

4.3.4.1. Polymerization of ethylene using α-diimine copper complexes (2a-2c, 

3a, 3b, 6) 
4.3.4.1.1. Polymerization of ethylene at 1 bar ethylene pressure 
Polymerization of ethylene was performed at 1 bar ethylene using complexes 2a-2c, 3a-3b 

and 6 with MAO as cocatalyst and toluene as diluent.  Colour of all the complexes in 

solution changed from yellow to orange-red upon mixing with MAO in presence of 

ethylene.  Several experimental conditions were explored.  Catalyst concentration was 

varied from 8 to 32 μmol, Al/Cu ratio was varied from 500-2000 and temperature varied 

from 25 to 80°C.  Under none of these conditions there was any appreciable uptake of 

ethylene.  Consequently polymerization studies were attempted at higher pressures. 

 

4.3.4.1.2. Polymerization of ethylene at 3 and 5 bar ethylene pressures   
Polymerization of ethylene was performed with complexes 2a-2c and 6 at 3 and 5 bar 

ethylene pressures (Table 4.2).   Complex 2a and 2b exhibited polymerization activity at 5 

bar ethylene pressure.  Catalyst activity was higher for 2a than 2b.  Only traces of polymer 

were formed with 2c while with 6 no reaction was observed.  Polymerization using 2a at 3 

bar ethylene pressure led to a decrease in catalyst activity.  

Table 4.2 Polymerization of ethylene using the complexes 2a-2c and 6/MAO a 

Entry Complex PC2H4 

(bar) 

Yield 

(g) 

Activity 

g PE mmol-1Cu.h-1 

Mw Mw/ 

Mn 

Tm 

(°C) 

1 2a 3 0.08 5.0 231000 1.9 130 

2 2a 5 0.20 12.5 209 000 1.9 131 

3 2b 5 0.06 4.5 259 000 2.4 133 

5 2c 5 traces -- - -- -- 

6 6 5 No reaction - - - - 
a Cu, 16μmol; toluene, 30 mL; Tp: 60°C, time = 60 min. 

 

The analogous α-diimine nickel complexes are reported to be active for polymerization of 

ethylene24.  In order to confirm that the observed activity of the copper (II) complexes is 

not due to trace nickel impurities, nickel content in the copper chloride used for the 
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preparation of the complexes was determined using inductively coupled plasma (ICP) 

analysis.  The nickel content in copper(II) chloride was found to be 0.4 ppm.   This 

corresponds to a nickel content of 1.4x10-5 μmol in the catalyst concentration used for 

polymerization (16 μmol).  This level of nickel should contribute to a polymerization 

activity of 10-4 g PE mmol-1Ni h-1 which is significantly less than the activity observed for 

copper complexes 2a-2c. Hence, it can be concluded that the observed activity of 

copper(II) complexes was not because of trace nickel impurities in copper. 

 

Further studies were performed using 2a as it was the most active among all the complexes. 

 

Effect of temperature 

Polymerization using catalyst 2a/MAO was carried out at 40, 60 and 80° and results are 

summarized in Table 4.3.  Maximum catalyst activity was observed at 40°C and decreased 

thereafter.  Polymer molecular weight decreased with increase in temperature.   

 

Poly(ethylene)s obtained with 2a/MAO show melting peaks at 131-133°C (Figure 4.8) and 

only a single peak at 29.9 ppm in 13C NMR (Figure 4.9).  Molecular weight distribution 

curves of the polymers are shown in Figure 4.10.  In all cases molecular weight 

distribution was close to 2.0. 

 

Polymerization behavior of the catalyst 2a/MAO was compared with that of complexes 14 

a-14b/MAO reported previously by Gibson et al16.  Catalyst activity of 2a/MAO was 

comparable to 14a/MAO (Table 4.3).  Catalyst 14b/MAO  resulted in only traces of 

polymer even at 5 bar ethylene pressure.  Similar observations were made in the case of 

catalyst 6/MAO in the course of the present study (Table 4.2, entry 6).  Gibson et al 

attributed the higher activity of 14a to the stabilization of active species by the ortho-

phenyl substituents.  However, 2a bearing an ortho- isopropyl substituent but having an 

aromatic chelating ligand framework was active for polymerization of ethylene. This 

implies that nature of the chelating ligand also plays a major role in stabilizing the active 

species. 
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Table 4.3 Effect of temperature on catalyst activity and polymer properties using 

2a/MAO a 

Entry Complex Al/Cu Temp 

( oC) 

Yield 

(g) 

Activity 

g PE mmol-1Cu.h-1 

Mw Mw/Mn Tm 

( oC) 

1 2a 1000 40 0.50 32 458,000 2.2 132 

2 2a 1000 60 0.20 12.5 209,000 1.9 131 

3 2a 1000 80 0.19 11 204,000 2.0 133 

4 14a b 500 room 

temp. 

0.40 22.5 n.rc n.r n.r 

5 14b b 500 70 Traces n.r n.r  n.r n.r 
a Cu, 16 μmol; toluene, 30 mL; Al/Cu : 1000; PC2H4: 5 bar; time : 60 min. 
b data from reference 16 
cnot reported 
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Figure 4.8 DSC thermogram of poly(ethylene)s obtained with 2a/MAO (entry 3, Table 

4.3) 
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Figure 4.9 13C NMR spectrum of poly(ethylene)s prepared using 2a/MAO at 40°C 

(entry 1, Table 4.3) 
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Figure 4.10 GPC of poly(ethylene)s obtained using 2a/MAO  (a) entry1 (b)entry2  

(3)entry 3; Table 4.3 

Effect of Al/Cu ratio 

Catalyst activity was found to increase with increase in Al/Cu ratio.  Molecular weight 

distributions were not significantly influenced by Al/Cu ratio (Table 4.4).   

Table 4.4 Effect of Al/Cu ratio on catalyst activity and polymer properties using 

2a/MAO a 

Entry MAO/Cu Yield 

(g) 

Activity 

gPEmmol-1Cu.h-1 

Mw Mw/Mn Tm 

( oC) 

1 500 0.08 5 247,000 2.0 130 

2 1000 0.20 12.5 209,000 1.9 131 

3 1500 0.42 27 285,000 2.1 133 

 a Cu, 16 μmol; toluene, 30 mL; Tp: 60°C; PC2H4: 5 bar; time: 60 min 

 

Effect of nature of diluent 

Polymerization was carried out in toluene as well as in 1,2-dichlorobenzene using 2a/MAO 

(Table 4.5).  Higher catalyst activity was observed in 1,2-dichlorobenzene compared to 
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toluene.  Molecular weights of the polymers were found to be higher in 1,2-

dichlorobenzene.   

Table 4.5 Effect of diluent on catalyst activity and polymer properties a 
 

Solvent Yield 
(g) 

Activity 
g PE mmol-1Cu h-1 

Mw Mw/Mn Tm 
(°C) 

Toluene 0.05 3.2 265000 2.3 130 
1,2-Dichlorobenzene 0.20 12.5 303000 2.3 132 
                a Solvent (30mL); MAO; Cu :16μmol; Tp:60°C; PC2H4:5bar; time: 1 h 

Effect of oxidation state of the metal 

In order to study the effect of oxidation state of the metal on polymerization behaviour, 

copper (I) complexes 3a and 3b were also tested for polymerization of ethylene.  However 

no polymerization was observed indicating that copper in +1 oxidation state is not active in 

initiating polymerization of ethylene.   

 

Comparison of copper and nickel diimine catalysts 

A comparative study of polymerization of ethylene using (α-diimine) copper(II) complex 

(2b) and nickel (II) complex (4) was made. 

 

Table 4.6 Comparison of (α-diimine) copper and nickel catalysts a 

Entry Complex Activity 

g PEmmol -1 metal h-1 

Mw Mw/Mn Tm (°C) 

1 2b 4.5 259000 2.4 133 

2 4  110 (6440) b 86300 

(279000) 

11 (1.8) 125(110) 

    a Toluene(30 mL); Cat:16μmol; MAO; Al/M :1000; Tp:60°C; PC2H4: 5 bar; time: 1h 
    b values in parentheses as per as per reference 21 (at 15 bar; 60°C; time: 10 min) 

 

Activity of copper complex 2a was found to be significantly lower than that of the 

corresponding nickel complex 4 (Table 4.6).  While nickel complex results in branched 

poly(ethylene)s with broad molecular weight distributions, 2a produces linear 

poly(ethylene)s with narrow molecular weight distributions (Figure 4.11) 

 
1
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Figure 4.11.GPC of poly(ethylene)s prepared using (α-diimine) copper and nickel 

complexes/MAO (1) entry1 (2) entry 2; Table 4.6 

 

Copolymerization of ethylene with hexene-1 

 Copolymerization of ethylene with hexene-1 was carried out using 2a/MAO (Table 4.7)..  

There was no significant change in catalyst activity in presence of hexene-1 comonomer.  

However, there was a decrease in polymer molecular weight and melting point.  

Comonomer content was calculated from the ratio of integral of peak at 23.26 

(characteristic of butyl branch) to the total integral. 

 

Table 4.7 Copolymerization of ethylene and hexene-1 using 2a/MAO a 

Entry [hexene-1] 
mol/L 

Yield 
(g) 

Activity 
g polymer 

mmol -1Cu. h-1 

Comonomer
content 
(mol%) 

Mw Mw/Mn
 Tm 

(°C) 

1 0 0.5 32 - 458,000 2.2 132 

2 0.27 0.45 28 0.28 260, 000 2.6 126 

 

aToluene(30 mL); MAO; Al/Cu:1000; Tp:40°C; PC2H4:5 bar; time:1 h 
 

 

 

2
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Figure 4.12 Quantitative 13C NMR spectrum of ethylene/hexene-1 copolymer 

prepared using 2a/MAO (entry 2, Table 4.7) 

 

4.3.4.2. Polymerization of ethylene using bis(oxazoline) (10a-10d) and 
bis(benzimidazole) (13a-13c) copper(II) complexes  
Bis(oxazoline) copper(II) complexes (10a-10d) and bis(benzimidazole) copper(II) 

complexes (13a-13c ) were used for the polymerization of ethylene in conjunction with 

MAO as cocatalyst.  These complexes were not active for polymerization upto 5 bar 

ethylene pressure.  Polymerization at pressures higher than 5 bar was not attempted. 
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Following are the salient observations which characterize the behavior of (α-diimine) 

copper (II) complexes in the polymerization of ethylene: 

 

 (α-Diimine) copper(II) complexes 2a-2c show a distorted square planar structure, 

with the bulky ortho-substituents offering substantial steric shielding to the metal 

atom.  This structure is also evident in solution by UV-visible and EPR 

spectroscopy. 

 (α-Diimine) copper(II) complex 2c has a molecule of dichloromethane associated 

with the crystalline structure. 

 Complexes 2a-2c when activated using MAO show moderate activity for 

polymerization of ethylene at 5 bar ethylene pressures. The order of catalyst activity 

followed the order 2a>2b>2c. 

 Complex 6 was inactive for polymerization of ethylene both at 1 bar and 5 bar 

ethylene pressures 

 Copper (II) bis(oxazoline) complexes (10a-10d) and copper (II) bis(benzimidazole) 

complexes (13a-13c) were also inactive for polymerization of ethylene at 1 and 5 

bar ethylene pressures. 

 (α-diimine) copper (I) complexes 3a-3b failed to polymerize ethylene under 

conditions where the corresponding copper (II) complexes were active. 

 Polymers resulting from (α-diimine)  copper (II) complexes were linear 

poly(ethylene)s and exhibited high molecular weights, molecular weight 

distributions close to 2.0 and Tm : 130-133°C.  Under similar conditions the 

analogous nickel(II) complexes produced poly(ethylene)s which exhibit lower 

molecular weights, a branched polymer structure and lower melting points. 

 

The observation that copper complexes 2a-2c are able to polymerize ethylene only at 

higher pressures and with low activity is indicative of either low concentration of active 

centres and/or low rate of insertion of ethylene at the active centre. Experimental results 

appear to support both.  Cationic copper(II) species (15) are likely to be less coordinatively 

unsaturated and less electrophilic (d9 system) compared to other late transition metal 

complexes, resulting in lower rates of monomer coordination/insertion.  Low active centre 
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concentration may also be responsible for the unusually high molecular weights of 

poly(ethylene)s obtained with α-diimine copper(II) complexes. 

 

The nature of halogen on copper also determines catalyst activity with 2a>2b.  This is 

contra-intuitive since generally M-Br bond is easy to alkylate than M-Cl bond. 

 

Nature of ligand and substitution in the aryl ring also appear important.  Gibson et al had 

earlier shown that with certain α-diimine ligands, ortho-diphenyl substitution was more 

effective than 2,6-diisopropyl substitution.16   Use of an acenapthene based α-diimine 

ligand results in complexes (2a-2b) where, 2,6-diisopropyl substituent is effective as a 

catalyst in conjunction with MAO.  Thus, both the nature of the ligand as well as the 

substitution in the aryl ring are important in determining catalyst activity. 

 

Substitution of the aryl group with a single t-butyl group (2c) results in loss of activity in 

polymerization.  It is likely that the ortho-t-butyl substituent, in its preferred conformation 

(away from the acenaphthyl ring),  effectively blocks the active centre from coordinating 

with ethylene. 

 

Bis (oxazoline) copper complexes 10a-10d and bis(benzimidazole) complexes (13a-13c) 

were not active for polymerization if ethylene upto 5 bar pressure.  The inactivity of 10a -

10d may be attributed to the presence of an oxygen atom adjacent to the imine moiety that 

can donate electrons to the metal through resonance and decrease the electron deficiency at 

the metal center.  However, complexes 13a-13c have been reported to be active for the 

polymerization of ethylene at 50 bar pressure5.  Apparently, even in these cases, active 

centres are formed only in low concentration. 

 
4.3.4.3. Nature of active species in the polymerization of ethylene using 
copper(II) complexes 

Precise nature of the oxidation states responsible for polymerization of ethylene using (α-

diimine) copper (II) complexes is a matter of speculation.  Stribany suggested based on 

Near Edge X-ray Absorption Fine Structure Spectroscopy (NEXAFS) and EPR studies that 
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only diamagnetic Cu(I) and Cu(III) species were present during the polymerization of 

ethylene using bis(benzimidazole)copper complexes/MAO 13.  In the present study,  cyclic 

voltametry was used to estimate the redox potentials of complexes 2a-2c.  Figure 4.13 

attempts a correlation between the redox potential of the metal complexes 2a-2c and their 

polymerization activity.   Amongst the complexes studied 2a possesses the least positive 

redox potential and also exhibits highest activity. This can be related to the nature of ortho-

substituents which affect the electronic environment around the metal center.   Lower redox 

potential implies that complex 2a is more resistant to reduction or more easily oxidized 

relative to complexes 2b and 2c.  Thus, the ability to reduce Cu(II) to Cu(I) is not the 

determining factor for activity in polymerization.  The fact that Cu(I) complexes 3a and 3b 

were not active for the polymerization of ethylene supports this argument.  Oxidation of 

Cu(II) to Cu(III) is also less likely.  Consequently, the active species is proposed to be a 

copper(II) center with μ-Cl or μ-Me bridges (Figure 4.14). Similar μ-Me bridged Fe(II) 

species are implicated as active sites in bis(imino)pyridine iron catalysts by Bryliakov et al 
25, 26. 
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Figure 4.13 Correlation between redox potential of the complexes 2a-2c and 
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Figure 4.14 Probable active species in the polymerization of ethylene with 2a/MAO 

 
4.4. Conclusions 

Several copper complexes based on α-diimine, bis(oxazoline) and bis(benzimidazole) 

ligands were synthesized and studied as ethylene polymerization catalysts.  α-Diimine 

copper(II) complexes 2a-2c were characterized by single crystal XRD, IR, UV, EPR and 

cyclic voltametry.  Complexes 2a-2c show a distorted square planar structure, with the 

bulky ortho-substituents offering substantial steric shielding to the metal atom.  Complexes 

2a-2b exhibited moderate activity for polymerization of ethylene when activated with 

MAO at 5 bar ethylene pressure, while complex 2c was inactive.  Both 2a and 2b resulted 

in linear high molecular weight poly(ethylene)s with narrow molecular weight distributions 

indicative of single site nature of the active center.  Complex 6 bearing an aliphatic diimine 

ligand framework was inactive for polymerization of ethylene at 5 bar pressure indicating 

that nature of the chelating ligand plays a significant role in the stabilization of the active 

species.  Copper(I) complexes 3a and 3b were not active in polymerizing ethylene.  The 

active species is proposed to be a copper(II) species with μ-Cl or μ-Me bridges.  2a/MAO 

also copolymerized ethylene with hexene-1 resulting in about 0.28 mol% comonomer 

incorporation.  Bis(oxazoline) complexes 10a-10d and bis(benzimidazole) complexes (13a-

13c) were not active in ethylene polymerization even at 5 bar pressure. 
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CHAPTER 5 
 

POLYMERIZATION OF ETHYLENE USING ansa-η5-
MONOFLUORENYL COMPLEXES OF GROUP IV METALS 
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5.1. Introduction 
There is growing interest in early transition metal complexes with bidentate ligands that 

combine two anionic functions such as cyclopentadienyl, indenyl or fluorenyl with built-in 

alkoxide, amide or similar groups as catalysts for oligomerization or polymerization of 

olefins. Such ligands have led to the development of new “single site” group 4 metallocene 

complexes which provide control over stereoregularity, molecular weight, 

thermal/rheological characteristics, ability to incorporate bulky and polar comonomers and 

microstructure1-4.  In particular, complexes of bifunctional monocyclopentadienyl ligands 

having an appended hetero atom donor have attracted considerable attention, as 

exemplified by “constrained geometry” catalysts. However, there are only very few reports 

on olefin polymerization catalyzed by oxygen containing complexes such as Cp’M(OR)X2.  

These types of complexes are of interest because of ease of synthesis and their similarity to 

the half-metallocene analogues. 

 

Rieger5 reported the synthesis and characterization of zirconium complexes based on trans-

2-[9-(H)-fluorenyl] cyclopentanol and trans-2-[9-(H)-fluorenyl] cyclohexanol.  Although it 

was reported that these complexes along with MAO or TMA exhibited catalytic activity for 

polymerization of ethylene, no experimental data were reported. 

 

A novel cyclopentadienyl phenolate titanium catalyst system active in the polymerization 

of olefins was reported by Marks and coworkers6. This complex when activated with 

[Ph3C]+[B(C6F5)4]- exhibited high activity for polymerization of ethylene, propylene and 

styrene producing high molecular weight(> 106) poly(ethylene)s with high Tm (142°C) as 

well as atactic PP and PS.  Poly (ethylene)s produced had a broad molecular weight 

distribution of greater than 10.0 while poly(propylene)s showed MWD of 1.85.  The reason 

for broad molecular weight distribution of poly(ethylene)s was attributed to rapid 

decomposition of the cationic species at room temperature or slow initiation with respect to 

fast propagation and significant inhomogeneity during the course of the catalytic reaction.  

Observed narrow molecular weight distribution in the case of PP may be due to the 

structurally open nature of the cationic metal coordination sphere and apparently greater 

stabilization of the active sites in presence of propylene. 
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Gielens et al7 reported a titanium hydrocarbyl complex with a linked Cp-alkoxide ancillary 

ligand which exhibited an activity of 263 g PP mmol-1Ti.h-1 for polymerization of 

propylene.  Poly(propylene)s formed were atactic with a noticeable amount of 2,1-

misinsertions.  The polymer had a Mw of 41,000 and molecular weight distribution of 2.1 

indicative of a single active species.  

       

Objective of the present study was to synthesize Group 4 metal complexes (Ti, Zr, Hf) of 

trans-2-[9-(H) fluorenyl] cyclohexanol and study their behavior towards polymerization of 

ethylene.  The idea behind selecting these complexes was to explore the contribution of a 

metal-oxygen bond towards improving thermal stability of the complexes which in turn 

may make them suitable for high temperature catalysis. Moreover, the open nature of the 

complexes may allow easier incorporation of α-olefins into the growing polymer chain.  

Towards these objectives several complexes were synthesized and the effect of various 

reaction conditions such as nature of metal, cocatalysts, cocatalyst concentration, 

polymerization temperature and ethylene pressure on catalyst activity and the resulting 

polymer properties was explored.  Polymerization behavior of these complexes was 

compared with similar catalyst systems reported in the literature. 

 

5.2. Experimental 
5.2.1. Materials  
This is described in chapter 3, Section 3.2 and 3.3 

5.2.2. Synthesis of complexes 3a-3c 

5.2.2.1. Synthesis of ansa-(η5-fluorenyl cyclohexanolato) 

bis(tetrahydrofuran)  titanium(IV)dichloride(3a) 
5.2.2.1.1. Synthesis of trans-2-[9-(H)-fluorenyl] cyclohexanol (2) 
An oven-dried 250 mL Schlenk flask was cooled under vacuum and charged with argon.  

Fluorene (2 g, 12 mmol) was taken in it and dissolved in dry diethyl ether.  An ethereal 

solution of n-BuLi (5 mL, 12.5 mmol of 2.5 M solution in hexane) was added to this 

solution at 0°C over a period of 45 min.  It was stirred for 1 h and epoxycyclohexane (1.2 

mL, 12 mmol) was added dropwise to it at 0°C over a period of 1 h. The mixture was 
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stirred at 25°C for 12 h.  The product was hydrolyzed with aqueous ammonium chloride 

solution.  Ether layer was separated, dried over anhydrous sodium sulphate and 

concentrated to obtain 2 as a pale yellow solid. The compound was further purified by 

column chromatography.  Yield: 2.70 g (85 %) 

Analysis for C19H20O : 

Calcd.,  % C  86.34  H 7.63   

Found,  %  C 86.25  H 7.52   
1H NMR (CDCl3, 400 MHz): δ ppm 7.2-7.9(m, 8 H), 4.55(d, 1 H), 3.95(m, 1 H), 0.57-

2.2(m, 10 H) 
13C NMR (CDCl3, 100 MHz): δ ppm 24.47, 24.84, 25.32, 36.49, 47.30, 49.65, 72.22, 

119.35, 119.68, 123.76, 125.48, 126.40, 126.59, 126.77, 141.40, 141.66, 145.08, 147.06 

 

5.2.2.1.2. Synthesis of TiCl4 (thf)2 

An oven-dried 250 mL Schlenk flask was cooled under vacuum and charged with argon.  

Dichloromethane (50 mL) was transferred to it through a cannula and TiCl4 (2.9 mL, 26.4 

mmol) was added through a syringe.  THF (8.5 mL, 105.6 mmol) was added dropwise.  An 

yellow solution was obtained which was stirred for 1 h.  Pentane (50 mL) was added and 

the solution chilled to -25°C for 1 h.  A bright yellow crystalline solid was obtained which 

was filtered through a sintered filter, washed twice with dry pentane and dried under 

vacuum. 

 

 5.2.2.1.3. Synthesis of 3a 

In an oven-dried 250 mL Schlenk flask , cooled under vacuum and charged with argon was 

taken 2 (0.264 g, 1 mmol) and dissolved in THF.  n-BuLi (0.8 mL, 2 mmol) was added to it 

at 0°C slowly and stirred for 30 min.  The flask was then cooled to -78°C and TiCl4(thf)2 

(0.334 g, 1 mmol) dissolved in THF was added drop wise.  The reaction mixture was 

stirred at room temperature for 12 h.  THF was evaporated, dichloromethane was added 

and the solution filtered through a celite bed to remove LiCl.  Dichloromethane solution on 

evaporation gave a reddish brown solid, which was washed with hexane and dried in 

vacuum.  Elemental analysis showed the presence of 2 THF molecules in the complex.  

Yield: 0.40 g (76 %) 
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Analysis for C19H18OTiCl2.2C4H8O   

Calcd.,   % C  61.81   H 6.48   

Found,   % C  61.87   H  6.74  

 

5.2.2.2. Synthesis of ansa-(η5-fluorenyl cyclohexanolato) bis(tetrahydro 

furan)  zirconium(IV)dichloride (3b) 
5.2.2.2.1. Synthesis of ZrCl4 (thf)2 
An oven-dried 250 mL Schlenk flask was cooled under vacuum and charged with argon.  

ZrCl4 (2.33 g, 10 mmol) was taken in the flask and suspended in dichloromethane (30 mL).  

THF (1.6  mL, 20 mmol) was added dropwise.  The reaction mixture was stirred at room 

temperature for 4 h.  A colorless turbid solution was obtained.    The solution is filtered 

through a sintered filter, pentane (50 mL) was added and the solution chilled to  

-25°C for 2 h.  A white crystalline solid was obtained which was filtered through a sintered 

filter, washed twice with dry pentane and dried under vacuum. 

 

5.2.2.2.2. Synthesis of 3b 
In an oven-dried 250 mL Schlenk flask , cooled under vacuum and charged with argon was 

taken compound 2(0.264 g, 1 mmol) and dissolved in THF.  n-BuLi (0.8 mL, 2 mmol) was 

added to it at 0°C slowly and stirred for 30 min.  The flask was cooled to  

-78°C and ZrCl4 (thf)2 (0.377 g, 1 mmol) dissolved in THF was added dropwise.  The 

reaction mixture was refluxed for 6 h.  THF was evaporated, dichloromethane was added 

and the solution filtered through a celite bed to remove LiCl.  Dichloromethane solution on 

evaporation gave a yellow solid, which was washed with hexane and dried in vacuum.  

Elemental analysis of the complex showed the presence of 2 THF molecules coordinated to 

the metal center.  Yield: 0.38 g (67 %) 

Analysis for C19H18OZrCl2.2 C4H8O: 

Calcd.,   % C  57.02   H 5.98   

Found,   % C  56.76   H  6.06  
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5.2.2.3. Synthesis of ansa-(η5-fluorenyl cyclohexanolato) bis 

(tetrahydrofuran) hafnium (IV)dichloride (3c) 
5.2.2.3.1. Synthesis of HfCl4(thf)2 

An oven-dried 250 mL Schlenk flask was cooled under vacuum and charged with argon.  

HfCl4 (5.0 g, 15.6 mmol) was taken in the flask and suspended in dry dichloromethane (50 

mL).  Dry THF (10 mL, 62.4 mmol) was added dropwise.  The reaction mixture was stirred 

at room temperature for 2 h.  A colorless turbid solution was obtained.    The solution was 

filtered through a sintered filter, dry pentane (50 mL) was added and the solution chilled to 

-35°C for 2 h.  A white crystalline solid was obtained which was filtered through a sintered 

filter, washed twice with dry pentane and dried under vacuum. 

 

5.2.2.3.2. Synthesis of 3c 
An oven dried 250 mL Schlenk flask was dried under vacuum and filled with argon.  

Compound 2 (1.0 g, 3.78 mmol) was added into the flask and dissolved in THF.  The flask 

was cooled to -78°C and n-BuLi (4.7 mL, 7.56 mmol of 1.6 M solution in hexane) was 

added dropwise.  A red-colored solution was observed which was stirred for 30 min.  To 

this solution, HfCl4 (thf)2 (1.74 g, 3.78 mmol) dissolved in THF was added dropwise at -

78°C.  After the addition is complete, the reaction mixture was allowed to attain room 

temperature and then refluxed under argon for 6 h.  The solvent was then removed under 

vacuum, the residue dissolved in dry dichloromethane and filtered through a celite bed to 

remove the LiCl.  The dichloromethane solution upon evaporation yielded a yellow solid. 

Elemental analysis of the complex showed the presence of two coordinated THF 

molecules.  Yield:  1.7 g (70 %) 

Analysis for C19H18OHfCl2. 2 C4H8O   

Calcd.,     % C  49.64   H  5.18  

Found,     % C  49.43   H  5.28  

 

5.3. Results and Discussion 
5.3.1. Synthesis of trans-2-[9-(H)-fluorenyl cyclohexanol and its metal 

complexes 
Synthetic scheme for trans-2-[9-(H)-fluorenyl cyclohexanol and its metal complexes is 
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shown in Scheme 5.1.  Fluorene upon treatment with n-BuLi in diethyl ether at -

20°C gave fluorenyl lithium which in turn caused the opening of epoxide ring in 

epoxycyclohexane. 

(a)n-BuLi, Et2O, -20oC
(b) O, Et2O; -20oC -30oC
(c) aq.NH4Cl

OH
1

2

(a) n-BuLi, THF, -78oC
(b) MCl4(thf)2, THF, -78oC
      reflux, 6h

O

M
Cl

Cl
THF

THF

3

3a  M = Ti
3b  M = Zr
3c  M  = Hf  

Scheme 5.1 Synthesis of trans-2-[9-H)-fluorenyl cyclohexanol and the metal 

complexes 

 

Unambigous assignment of all protons and carbons of 2-[9-H)-fluorenyl 

cyclohexanol (2) was achieved by a combination of 1H, 13C 1D and 2D NMR 

techniques. COSY, 1H-13C HSQC and 1H-13C HMBC spectra were analyzed to 

identify the protons in the cyclohexyl and aromatic rings. 1H and 13C NMR spectra 

of 2 are shown in Figure 5.1-5.2 and 13C DEPT spectrum shown in Figure 5.3. 
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2 

 
Figure 5.1 1H NMR spectrum (in CDCl3, 400 MHz) of 2 

The 1H assignments are given in Table 5.1.  Further, the 1H-1H scalar coupling and 

NOESY data were used for the determination of the stereochemistry.  

Table 5.1  1H NMR assignment for 2 

δ 

(pp

m) 

Assignment δ 

(pp

m) 

Assignment δ 

(pp

m) 

Assignment

0.58 H3 2.14 H2 7.60 Hh 

0.98 H4 3.98 H1 7.75 Hd, He 

1.04 H5 4.55 H11   

1.17 H7 7.28 Hg   

1.39 H6, H9 7.32 Hb   

1.69 H8 7.37 Hc, Hf   

2.08 H10 7.51 Ha   
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Figure 5.2 13C NMR spectrum (in CDCl3, 100 MHz) of 2 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.3 13C-DEPT spectrum (in CDCl3, 100 MHz) of 2 
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A COSY spectrum shows the coupling interactions between the same type of nuclei in a 

compound in the form of a two-dimensional contour plot.  The contours on the 45° 

diagonal line of the plot correspond to an overhead view of the peaks in the 1D NMR 

spectrum and those which lie away from the diagonal represent coupling interactions 

between the protons.  The top end of the diagonal represents the upfield region and the 

lower end represents the downfield region.  In order to find out the coupling between 

protons, two lines are drawn at 90° from each other starting at the contour cross peak and 

ending at the diagonal line.  The two points on the diagonal where the two lines cross it 

correspond to the chemical shifts of the two coupled nuclei.  For example, in Figure 5.4 the 

diagonal line passes through contours numbered 1,2,3,4 etc.  There are cross peaks 

represented as A, B etc.  Now if a line is drawn straight down from cross peak A, it meets 

the diagonal line at point 2.  If another line is drawn from the same peak A horizontally, it 

meets the diagonal at point 3.  This indicates that proton at point 2 (3.98 ppm) is coupled to 

the proton at point 3 (2.14 ppm).   Similarly coupling between other protons can be found 

out from the COSY spectrum. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.4 COSY spectrum of 2 
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Coupling constants of protons of H1 and H2 are given in Table 5.2. 

 

Table 5.2 Coupling constants of protons H1 and H2 

H1 (3.98 ppm) J H1-H2   -  10.5 Hz 

J H1-H9    -   10.5 Hz 

J H1-H10  -   3.3 Hz 

H2  (2.14 ppm) J H2-H1    -  10.5Hz 

J H2-H3    -   12.5 Hz 

J H2-H4    -   3.3 Hz 

J H2-H11  -   3.3 Hz 

 

           Coupling pattern of proton H1 showed two strong axial-axial couplings (10.5Hz) and a weak 

axial-equitorial coupling (3.3Hz) with adjacent protons and appears as a doublet of a triplet. 

This pattern is possible only when H1 and H2 are in the axial positions and the hydroxyl and 

fluorenyl groups are at the equatorial positions. The axial position of H1 (2.14ppm) also can 

be inferred from the coupling pattern observed.   

 

Trans-geometry of 2 was also confirmed by NOESY spectrum (Figure 5.5) wherein a 

strong NOE was observed between the aromatic proton Ha and cyclohexyl proton H2 and 

between Hh and H1 (Figure 5.6). This is also supported by the fact that a strong NOE is 

absent between protons H1 and H2. 
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Figure 5.5 NOESY spectrum of 2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.6 NOESY spectrum of 2 showing strong NOE between aromatic and 

cyclohexyl ring protons 
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Complexes 3a-3c were found to contain two molecules of THF coordinated to the metal 

center as reported by Rieger5.  NMR spectroscopy (Figure 5.7) and elemental analysis 

also confirmed this observation. The presence of coordinated donor molecules in the 

complexes is determined by steric and electronic factors around the metal center.  It is 

known that fluorenyl based complexes are more prone to donor molecule coordination 

than the cyclopentadienyl and indenyl based systems as the metal center is more 

electrophilic due to the delocalization of the π electrons over two aromatic rings.  

Presence of fluorenyl ligand and more open nature of the complexes may be responsible 

for the presence of THF molecules in the coordination sphere of these complexes. 

O

Cl

Cl
M

O

O

 
3b 

 
 

Figure 5.7 1H NMR spectrum (in C6D6, 500 MHz) of zirconium complex 3b 
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Several attempts to prepare single crystals of complexes were not successful; hence they 

were used as powder for ethylene polymerization studies. 

 

5.3.2. Polymerization of ethylene using complexes 3a-3c 
5.3.2.1. Polymerization of ethylene at 1 bar ethylene pressure 
The red colored solution of complex 3a-3c upon addition to toluene solution of MAO 

saturated with ethylene resulted in an yellow colored solution. No polymer formation was 

observed at 25°C and 1 bar ethylene pressure.  When the polymerization temperature was 

increased to 60°C, only traces of polymer was formed.   

5.3.2.2. Polymerization of ethylene at 5 bar pressure 
5.3.2.2.1. Effect of nature of the metal  
Effect of metal on catalyst activity and polymer properties were investigated at two 

different temperatures.  Results are summarized in Table 5.3.   

Table 5.3 Effect of metal on catalyst activity and polymer properties using 3a-

3c/MAO a 

Entry Complex Complex 

(μmol) 

Tp 

(°C)

Yield

(g) 

Activity 

g PE  

mmol-1M.h-1

[η]b 

dL/g

Mw 

(x104) 

Mw/Mn Tm 

(°C

1 3a 19.0 25 0.20 10 5.2 n.dc n.dc 142

2 3b 17.6 25 1.0 57 5.1 n.d n.d 134

3 3c 15.5 25 0.04 2.6 2.8 n.d n.d 133

4 3a 19.0 80 0.30 16 2.5 n.d n.d 140

5 3b 17.6 80 3.7 210 0.9 12.2 25.5 122

6 3c 15.5 80 0.07 4.5 2.0 n.d n.d 134
a Toluene(30 mL); MAO; Al/M: 2000; PC2H4: 5 bar; time: 1 h 
b measured in decahydronaphthalene at 135°C 
c n.d : not determined 

Zirconium complex 3b was found to be significantly more active than titanium (3a) and 

hafnium analogues (3c).  Catalyst activities were higher for all three complexes at 80°C.  

Intrinsic viscosities were higher for titanium and hafnium complexes than zirconium 

complex.  Titanium complex 3a resulted in poly(ethylene)s with exceptionally high 



 124

crystalline melting points (140-142°C) (Figure 5.8)  Attempts to analyze the polymers by 

GPC were not successful in view of the high viscosities of their solutions.  Hence the 

molecular weights and molecular weight distributions of only a few lower molecular 

weight samples are reported. 
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Figure 5.8 DSC thermogram of poly(ethylene)s obtained by 3a and 3b/MAO (a) entry 

1 (b) entry 2, Table 5.3 

5.3.2.2.2. Effect of MAO concentration on catalyst activity and polymer 
properties 
Catalyst activity was found to be independent of MAO concentration in the range of 500-

2000 at 25°C (Table 5.4).  At 80°C marginal increase in activity was observed with 

increase in MAO concentration.  Polymer molecular weights decreased with increase in 

MAO concentration.   

Table 5.4 Polymerization of ethylene using 3b/MAO: Effect of Al/Zr ratio a 

Entry Al/Zr Tp (°C) Yield(g) Activity 

g PE mmol-1Zr.h-1 

[η]b  

dL/g 

Tm(°C) 

1 500 25 0.9 51 6.55 132 

2 1000 25 0.96 55 6.30 132 

3 2000 25 1.0 57 5.13 130 

4 500 80 2.5 142 1.25 127 

5 1000 80 2.8 159 1.35 122 

6 2000 80 3.7 210 0.93 122 
a Toluene(30 mL); Zr: 17.6 μmol; MAO; PC2H4: 5 bar; time: 1 h 
bmeasured in decahydronaphthalene at 135°C  
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5.3.2.2.3. Effect of cocatalyst on polymerization of ethylene using complex 3b 
Activators such as triethyl aluminium and diethylaluminium chloride were also studied for 

ethylene polymerization using 3b and were found to be inefficient.  

 

5.3.2.2.4. Effect of added TMA  
Polymerization of ethylene using 3b/MAO was studied in presence of TMA. The results 

are summarized in Table 5.5.  It is seen from the data that TMA alone is not an efficient 

activator for the catalyst.  However, there was a significant increase in the catalyst activity 

when the catalyst was pretreated with TMA for 30 min before introducing into the reactor.   

Table 5.5 Ethylene polymerization using 3b: Effect of TMA a 

Entry MAO/Zr 

 

TMA/Zr 

 

Yield(g) Activity 

g PEmmol-1Zr.h-1 

[η]  

dL/g 

Tm(°C)

1 1000 0 0.95 55 6.30 134 

2 0 1000 traces - - - 

3b 1000 250 1.1 63 6.18 135 

4c 1000 250 1.7 97 4.93 133 
a Toluene(30 mL); Zr: 17.6 μmol; PC2H4: 5 bar; Tp:25°C; time: 1 h 
b  3b was treated with TMA for 10 min inside the reactor before addition of MAO 
c 3b was pretreated with TMA for 30 min before introducing into the reactor 

5.3.2.2.5. Effect of temperature  
Polymerization of ethylene was conducted using 3b/MAO in the temperature range 25-

100°C.  The results of the polymerization are tabulated in Table 5.6.  Catalyst system 

3b/MAO exhibited high activities even at 100°C.  Poly(ethylene)s obtained above 60°C 

were sticky. Therefore, following method was used for recovery of the polymer and its 

purification.  The solid obtained after filtration, upon washing several times with boiling 

acetone, yielded a solid polymer (designated as Fraction A).  The acetone solution upon 

evaporation resulted in a waxy material (designated as Fraction B).  Toluene-methanol 

layer (after precipitation and filtering of the solid) was neutralized with aqueous sodium 

bicarbonate solution, organic layer separated and concentrated to obtain liquid oligomers 

(designated as Fraction C).  Thus, a mixture of insoluble solid polymer and soluble liquid 

oligomers was obtained using 3b/MAO at temperatures above 60°C. 
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Table 5.6 Effect of temperature on polymerization of ethylene using 3b/MAO a 

 

 

Entry 

 

 

Tp 

(°C) 

Total 

yield 

(g) 

Acetone 

insoluble 

fraction 

(FractionA) 

(g) 

Acetone 

soluble 

fraction  

(Fraction B) 

(g) 

Toluene 

soluble 

fraction 

(Fraction C) 

(g) 

 

Activity 

g PEmmol-1Zr.h-1 

1 25 1.0 1.0 nil nil 57 

2 40 0.96 0.96 nil nil 55 

3 60 3.9 1.9 1.1 0.9 222 

4 80 3.7 1.8 1.1 0.8 210 

5 100 2.8 1.7 0.5 0.6 159 
a Toluene (30 mL); Zr: 17.6 μmol; MAO; Al/Zr: 2000; PC2H4 : 5 bar; time : 1 h 

5.3.2.3. Characterization of polymer and oligomer fractions  
All the three fractions were separately characterized for their structure and melting 

behaviour. 

5.3.2.3.1. Characterization of Fraction A 
Intrinsic viscosities and melting points of Fraction A obtained using 3b/MAO is shown in 

Table 5.7.   A gradual decrease in molecular weights and melting points was observed 

upon increasing the polymerization temperature (Figure 5.9).  GPC of poly(ethylene)s 

appeared similar for fraction A produced at 80 and 100°C (Figure 5.10).  Very broad 

bimodal molecular weight distributions were observed.  

Table 5.7 Characterization of Fraction A obtained with 3b/MAO 

Entry Tp (°C) [η] dL/g Mw (x104) Mw/Mn Tm (°C) 

1 25 5.1 n.d n.d 132 

2 40 4.7 n.d n.d 130 

3 60 1.04 n.d n.d 125 

4 80 0.93 12.2 25.5 121 

5 100 0.59 7.7 17.5 123 

 



 127

 

Figure 5.9 DSC thermograms of Fraction A produced with catalyst 3b/MAO at 

different temperatures (a) entry 1 (b) entry 2 (c) entry 3 (d) entry 4 (e) entry 5 in  

Table 5.7. 

 

Figure 5.10 GPC of Fraction A produced by 3b/MAO (a) entry 4 (b) entry 5, Table 
5.5. 
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5.3.2.3.2. Characterization of Fraction A by 13C NMR spectroscopy 
Solid polymers (Fraction A) obtained using the catalyst 3b/MAO in the temperature range 

25-100°C were characterized by 13C NMR spectroscopy (Figure 5.11 – 5.15).  

Nomenclature according to Usami and Takayama 8 for isolated branches was used in this 

work (Figure 5.16). 
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Figure 5.11 Quantitative13C NMR spectrum (in C2D2Cl4) of Fraction A obtained from 

3b/MAO at 25°C 
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Figure 5.12 Quantitative 13C NMR spectrum (in C2D2Cl4) of Fraction A obtained from 

3b/MAO at 40°C 
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Figure 5.13 Quantitative13C NMR spectrum (in C2D2Cl4) of Fraction A obtained from 

3b/MAO at 60°C 
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Figure 5.14 Quantitative 13C NMR spectrum (C6H4Cl2/C6D6)) of Fraction A obtained 

from 3b/MAO at 80°C 
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Figure 5.15 Quantitative 13C NMR spectrum (in C2D2Cl4) of Fraction A obtained from 

3b/MAO at 100°C 
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Figure 5.16 Nomenclature for branched poly(ethylene)s (according to ref.8) 

Table 5.8 13C Chemical Shifts and Assignments for branched poly(ethylene)s 
 

Chemical shift exptl(ppm) in Peak  
No. 1,1,2,2-tetrachloroethane-d2 1,2-dichlorobenzene/benzene-d6 

Assignment 

1 14.07 13.90 1Bn + 1s 
2 20.04 19.87 1B1 
3 22.80 22.74 2Bn + 2s 
4 26.82  Unassigned 
5 27.25 27.27 βBn 
6 27.36 27.42 βB1 
7 29.90 29.90 δδCH2 (main chain) 
8 30.40  γB1 
9 32.13 32.07 3Bn +3s 
10 33.22 33.19 brB1 
11 33.92  CH2-CH=CH2 
12 34.57 34.54 αBn, nBn 
13 37.47 37.48 αB1 
14 38.19 38.19 brBn, brB1 
15 38.90  unassigned 
16 114.4 114.4 CH=CH2 
17 139.5 139.5 CH=CH2 
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13C NMR spectra of Fraction A obtained at 25, 40 and 60°C showed peaks only at 14.07, 

22.80, 32.13 and 29.90 ppm corresponding to 1s, 2s, 3s and main chain carbons 

respectively.  There are no peaks due to branched carbon atom at 38.19 ppm.  Absence of 

peaks at 114.4 and 139.5 ppm corresponding to unsaturation indicates that the polymer 

chains contain predominantly saturated end groups.   

 

Poly(ethylene)s prepared at 80 and 100°C exhibit peak at 38.19 ppm indicating the 

presence of branching.  Moreover peaks at 14.07, 22.80, 32.13, 29.50, 34.57, 27.25, 30.48 

are characteristic of long chain branching (more than six carbons).   

 
13C NMR spectrum of Fraction A obtained at 100°C showed, in addition to the long chain 

branches, signals at 20.04, 30.40, and 37.47 ppm.   These peaks may be assigned to the 

presence of methyl pendants in the polymer.  

 

Amount of long chain branching was calculated with respect to the signal at 34.57 ppm 

since the peak at 14.07 ppm (corresponding to methyl resonance) includes contribution also 

from saturated chain ends.  Signal at 20.04 ppm is due to exclusively to a methyl branch 

and hence amount of methyl branches was calculated with respect to this signal. 

 

Amount of branching in these poly(ethylene) samples was calculated by the following 

method: 

No. of methyl branches, NM = Integral value of the peak at 20.04 ppm 

No. of long chain branches, NL = Integral value of the peak at 34.57 ppm 

Percentage of methyl branches with respect to total branching = NM/(NM + NL) x 100 

Percentage of long chain branches with respect to total branching = NL/ (NM + NL) x 100 

 

Degree of branching was calculated by dividing the integral value of area for a single 

branch point by the total integral value of area for all the peaks and multiplying by 1000. 

The results are summarized in Table 5.9. 
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Table 5.9 Nature of branching and branching distribution of Fraction A obtained 

using 3b/MAO 

Branching with respect to total Temp. Total branching/1000 C 

Methyl (%) Long chain (%) 

25 0 0 0 

40 0 0 0 

60 0 0 0 

80 1.4 0 100 

100 2.6 60 40 

 

5.3.2.3.3 Characterization of Fractions B and C by 1H and 13C NMR 
spectroscopy 
 
1H and 13C NMR of Fractions B and C showed the presence of linear α-olefins along with 

long chain alkanes (Figure 5.17 and 5.18, Table 5.10). 
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Figure 5.17 1H NMR spectrum (in CDCl3, 200 MHz) of Fraction B obtained by 

3b/MAO at 100°C 
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Figure 5.18 13C NMR spectrum (in CDCl3, 50 MHz) of Fraction B obtained by 

3b/MAO at 100°C 

 

Table 5.10   1H NMR chemical shifts and their assignments  

for Fractions B and C 

Peak No. Chemical shift (ppm) Assignments 

1 0.89 -CH3 

2 1.27-1.37 -(CH2-)n 

3 2.04 -CH2-CH=CH2 

4 4.91-5.06 -CH2=CH 

5 5.70-5.78 -CH2=CH- 

 

Relative percentage of alkanes with respect to α-olefins was calculated by using the 

following relationship9: 

Intensity corresponding to one proton of α-olefin, I H α-olefin = (I3/2 + I4/2 + I5)/3 

Intensity corresponding to one proton of alkane, I H alkane = (I1 – 3 I H α-olefin)/6 

Where I corresponds to the intensity of the peak and the subscript refers to the peak number 

in  Table 5.10. 

% of alkane = I H alkane/( I H alkane + I H α-olefin) x 100 
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Number average molecular weight (Mn) determination from 1H NMR 

The integral corresponding to total protons is given by 

I Total H = I2 + 8 I H α-olefin + 6 I H alkane 

I2 is the integral that corresponds to the total methylene protons of the α-olefin and the 

alkane. 

Total number of protons in the oligomer = I Total H/ (I H α-olefin +  I H alkane) 

Mn can be determined from the product of the number of CH2 present and the mass of CH2 

(14 g).  The number of methylene units can be obtained by dividing the total number of 

protons by 2. 

 

Mn of oligomer = (I Total H/ I H α-olefin +  I H alkane)/2  × 14 

 

In summary, Fractions B and C are low molecular weight oligomers (DP ∼10), 

comprising a mixture of n-alkanes and α-olefins.  As the temperature increases, the content 

of α-olefins in the mixture also increases (Table 5.11).  There are no peaks corresponding 

to branched carbon in the 13C NMR spectrum indicating that the oligomers are linear in 

nature.  Presence of peaks at 4.91-5.04 ppm and 5.81-5.84 ppm in 1H NMR spectra also 

confirms the presence of vinyl end groups in these oligomers. 

Table 5.11 Characterization of Fractions B and C 

 
% alkanes Mn Tp (° C) 

Fraction B Fraction C Fraction B Fraction C 

60 76 78 320 300 

80 69 61 310 250 

100 50 57 280 200 

 

5.3.2.4. Copolymerization of ethylene with higher α-olefins 

Ethylene was copolymerized with hexene-1 and octene-1 using 3b/MAO.  A decrease in 

catalyst activity was observed in presence of added comonomers (Table 5.12).  13C NMR 

spectrum of ethylene/hexene-1 copolymer (Figure 5.19) shows all the peaks found in the 

homopolymer (Figure 5.12) and an additional peak at 23.32 ppm that is characteristic of 
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2B4 carbon of butyl branch.  Hexene-1 incorporation in the copolymer was calculated to be 

0.67 mol%. 

Table 5.12 Polymerization of ethylene with higher α-olefins using 3b/MAO a 

Entry α-olefin [α-olefin] 

mol/L 

Yield (g) Activity 

g polymer mmol-1Zr.h-1 

Tm 

(°C) 

1 - - 3.7 210 121 

2 Hexene-1 1.60 1.6 91 120 

3 Octene-1 1.13 1.8 102 119 
a Toluene (30 mL); Zr: 17.6 μmol; Al/Zr:2000; PC2H4: 5 bar; Tp: 80°C; time: 1h 
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Figure 5.19 13C NMR spectrum (in C2D2Cl4) of ethylene/hexene-1 copolymer 

 
13C NMR spectrum of ethylene/octene-1 copolymer (Figure 5.20) does not provide 

unequivocal evidence of a hexyl branch since it is difficult to distinguish these from the 

long chain branches found in the corresponding homopolymer. 

 



 137

40 35 30 25 20 15 10

14
.1

0

22
.8

3

27
.2

729
.5

2
29

.9
2

30
.4

2

32
.1

6

34
.5

9

37
.5

2
38

.2
2

38
.9

3

 
Figure 5.20 13C NMR spectrum (in C2D2Cl4) of ethylene/octene-1 copolymer 

 

In summary, following observations are significant in the context of the present study 

 

 3a-3c when activated with MAO were found to be inactive for polymerization of 

ethylene at 25°C and 1 bar pressure. 

 At 5 bar ethylene pressure, 3a-3c exhibited moderate polymerization activity which 

decreased in the order 3b> 3a>3c 

 3a/MAO produced poly(ethylene)s with exceptionally high melting points (142°C) 

whereas for 3b, melting points were in the range 121-134°C. 

 Catalyst activity of 3b/MAO was found to increase in presence of added TMA.  

When TMA-pretreated 3b was used for polymerization, even higher activity was 

observed. 

 Complex 3b/MAO polymerized ethylene to linear poly(ethylene)s at 25 and 40°C 

and no soluble oligomers were produced at these temperatures. 

 At temperatures above 60°C, 3b/MAO resulted in a mixture of insoluble solid 

polymer (Fraction A) and soluble oligomers (Fractions B and C). 
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 13C NMR spectra of Fraction A obtained at 25, 40 and 60°C showed only peaks 

corresponding to the saturated chain ends and the main chain carbon.  Peaks 

corresponding to branched carbons were absent at these temperatures.  Presence of 

peaks due to long chain branches (>6 carbons) was observed in the case of Fraction 

A produced at 80 and 100°C.   

 Fraction A obtained at 100°C showed peaks at 20.04, 30.40 and 37.47 ppm in 

addition to the peaks due to long chain branches.  These peaks correspond to methyl 

branches in the polymer  

 NMR spectra of Fractions B and C indicate them to be a mixture of linear α-

olefins and long chain alkanes  

 In all cases Fractions B and C were rich in long chain alkanes (50-78 %).  Linear 

nature of the oligomers was confirmed by the absence of peak at 38.19 ppm due to 

branched carbon in 13C NMR spectrum. 

 Peaks at 4.91-5.06 ppm and 5.70-5.78 ppm in 1H NMR spectrum indicate the 

presence of vinyl end groups in the oligomers. 

 Broad molecular weight distributions were observed for Fraction A at temperatures 

above 80°C 

 Copolymerization of ethylene with hexene-1 using 3b/MAO showed all the peaks 

of the homopolymer and an additional peak at 23.32 ppm characteristic of butyl 

branch.    

 

Lower catalyst activity of hafnium complex 3c when compared to 3a and 3b can be 

attributed to stronger Hf-C bond which slows down monomer insertion and chain 

propagation.  Poor thermal stability of titanium species may be responsible for the observed 

lower activity of 3a when compared to 3a at higher temperatures.11 

 

Titanium complex 3a produced poly(ethylene)s with exceptionally high melting 

point(142°C).   Such high melting points (142.5°C) are also reported for poly(ethylene)s 

obtained from titanium complexes based on tetramethyl cyclopentadienyl phenolate ligand 
6.  Certain half sandwich amido fluorenyl zirconium complexes10 also result in 

poly(ethylene)s with melting point of greater than 140°C.   Crystalline nanofibers of linear 
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poly(ethylene)s with melting point of 140°C have been reported by extrusion 

polymerization using titanocene complex supported on mesoporous silica and MAO12. 

 

Increase in the catalyst activity of 3b/MAO in presence of TMA can be attributed to the 

fact that TMA removes the coordinated THF molecules from the metal center via the 

formation of a TMA-THF complex.  A similar type of complex formation has been 

reported in the literature13. 

 

Formation of oligomers at temperatures higher than 60°C using 3b/MAO implies enhanced 

rate of chain transfer reactions.  These oligomers consist of a mixture of linear α-olefins 

and long chain alkanes that result from β-H transfer and chain transfer to aluminium 

respectively.  The oligomers were rich in long chain alkanes (50-78 %) which implies that 

chain transfer to aluminium is dominant.  As the temperature increased from 60 to 100°C, 

α-olefin content in the oligomers increased from 22 to 50 %.  The rate of β-H transfer 

becomes competitive with chain transfer to aluminium at higher temperatures. 

Iron(II)bis(imino)pyridyl complex9 /MAO is also reported to oligomerize ethylene to a 

mixture of linear α-olefins and long chain alkanes. 

 

Insoluble solid polymer (Fraction A) produced using 3b/MAO at 80 and 100°C showed 

peaks corresponding to long chain branches (> 6 carbon atoms).  This may be due to the 

fact that more open nature of 3b allows easier reincorporation of α-olefins (formed by β-H 

transfer) into the growing polymer chains.  Such a mechanism for long chain branching has 

been reported for constrained geometry catalysts14.  Certain bis(phenolate) titanium 

complexes are also reported to polymerize ethylene to branched poly(ethylene)s consisting 

of ethyl, butyl and long chain branches15.   

 
13C NMR spectrum of poly(ethylene)s produced at 100°C showed peaks due to long chain 

branching, and  additional peaks due to isolated methyl branches.  These methyl branches 

may result from β-H elimination followed by 2,1-insertion of the α-olefin into the [Zr]-H 

species (Scheme 5.2).  Appearance of these signals only at higher temperatures implies that 
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the rate of 2,1-insertion increases with increase in polymerization temperature.  Similar 

observation has been reported for a monocyclopentadienyl tribenzyloxy titanium complex 

that produced long chain branched poly(ethylene)s at lower temperatures but resulted in 

exclusively methyl branched polymer at 60°C16. 

 
β-H 

 
 

Scheme 5.2 Mechanism for the formation of methyl branches 

 

Broad molecular weight distributions for poly(ethylene)s produced by 3b/MAO may be 

due to chain transfer to aluminum as evident from the presence of saturated chain ends in 

the polymer. 

 

5.4 Conclusions 

ansa- η5-monofluorenyl Group 4 metal complexes (3a-3c) exhibited moderate activity for 

the polymerization of ethylene at 5 bar pressure.   Zirconium complex 3b showed better 

activity than the titanium (3a) and hafnium (3c) analogues.  The complexes were active 

even at elevated temperature as high as 100°C that may be due to the thermal stability 

imparted by the metal-oxygen bond.   Complex 3b/MAO produced linear poly(ethylene)s 

with saturated chain ends at temperatures of 25-60°C.  However at 80 and 100°C, a mixture 

of insoluble solid polymer and soluble liquid oligomers was obtained.    The solid polymer 

consists of exclusively long chain branches (> 6 carbons)at 80°C whereas at 100°C, methyl 

branches were observed in addition to the long chain branches.  The methyl branches may 

result from β-H elimination followed by 2,1-insertion of the α-olefin into the [Zr]-H 

species .  The soluble oligomer was found to be a mixture of linear α-olefins and long 

chain alkanes.  Long chain branches may be formed as a result of β-H transfer reaction 

followed by reincorporation of the resulting macromonomers into the growing polymer 
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chains due to the open nature of the complex.  Presence of long chain alkanes in the soluble 

fractions can be attributed to chain transfer to aluminium.  Molecular weight distributions 

of the poly(ethylene)s were broad presumably due to chian transfer to aluminium .  In 

conclusion, complex 3b/MAO results in a mixture of long chain branched poly(ethylene)s, 

linear α-olefins and long chain alkanes. 
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CHAPTER 6 
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6.1. Introduction 
 

Amido functionalized half-sandwich complexes have evoked increasing interest in 

academic and industrial research since they were first reported by Bercaw et al1.  Catalyst 

activity and polymer properties are strongly dependent on molecular structure of the 

catalyst.  Sterically less demanding nature of amido functionalized half-sandwich 

complexes makes them excellent candidates for copolymerization of ethylene with other α-

olefins2-3.  There are many reports on amido functionalized cyclopentadienyl and indenyl 

based complexes as catalyst precursors for olefin polymerization4-11.  However reports on 

fluorenyl based complexes are relatively rare.  Okuda et al12 reported the synthesis and 

characterization of zirconium complex based on (t-butylamino) dimethyl (fluorenyl) silane.   

However the ability of this complex to catalyze olefin polymerization was not reported.  

Alt et al13 investigated ethylene polymerization behavior of various amido functionalized 

ansa-fluorenylidene half sandwich complexes of zirconium.  All these complexes contain 

alkyl substituents on the amido nitrogen.  However, there are no reports of fluorenyl amido 

complexes bearing aromatic subsituents on the nitrogen.   

 

This chapter discusses the synthesis, characterization and polymerization of ethylene using 

titanium and zirconium complexes based on [(2, 6-diisopropylphenylamido) (fluorenyl) 

diphenylsilane] and [(2, 6-dimethylphenylamido) (fluorenyl) diphenylsilane].  It was 

anticipated that the presence of an aromatic substituent on the amido nitrogen will modify 

the electronic and steric environment at the metal center.  Thus, –I effect of aromatic group 

should make the metal centre more electron deficient, whereas, resonance effect should 

contribute towards enhanced electron density at the metal centre.  Moreover, presence of 

bulky ortho-substituents may also subtly modify the steric environment around the metal 

center.  Since the overall catalytic activities of these complexes are determined by a 

balance of steric and electronic factors, they may show interesting polymerization behavior. 
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6.2. Experimental 
6.2.1. Materials  
This is described in chapter 3, Section 3.2 and 3.3. 
 
6.2.2. Synthesis of complexes 3a-3d 
6.2.2.1 Synthesis of [(2,6-diisopropylphenylamido) (fluorenyl) diphenylsilane] 
titanium(IV) dichloride (3a) 
6.2.2.1.1. Synthesis of [(2,6-diisopropylphenylamido) (fluorenyl) 
diphenylsilane] (2a) 
Synthesis of 9-fluorenyl diphenyl chlorosilane 

A 250 mL oven-dried Schlenk flask was cooled under vacuum and filled with argon.  

Fluorene (2.0 g, 12 mmol) was transferred to the flask and dissolved in dry diethyl ether 

(20 mL).  The flask was then cooled to -20°C and a solution n-BuLi (4.8 mL of 2.5 M 

solution in hexane) in ether was added drop wise to it with stirring over a period of 45 min.  

The mixture was stirred at 30°C for 6 h.  An orange-colored solution of fluorenyl lithium 

was obtained. 

 

A 250 mL oven-dried Schlenk flask was cooled under vacuum and filled with argon.  

Dichlorodiphenyl silane (2.5 mL, 12 mmol) was added into  the flask and dissolved in dry 

diethyl ether.  The flask was cooled to -30°C and a solution of fluorenyl lithium (prepared 

above) in ether was added into it drop wise with stirring over a period of 45 min.  The 

reaction mixture was stirred at 30°C for 12 h.  The solvent was evaporated, 

dichloromethane added and the solution filtered to remove lithium chloride.  

Dichloromethane was evaporated to obtain an yellow solid.   
1H NMR(CDCl3, 500 MHz): δ ppm 4.02 (s,1H), 7.16-7.93 (m, 18 H)   

 
Synthesis of (2, 6-diisiopropylphenylamido) (9-fluorenyl) diphenylsilane  
 
An oven-dried 250 mL Schlenk flask was cooled under vacuum and charged with argon.  

Dry distilled 2, 6-diisopropylaniline (3 mL, 15.9 mmol, 1 eqv)) was transferred to the flask 

and dissolved in dry hexane and diethyl ether (1:1).  The flask was cooled to -78°C and a 

solution of n-BuLi (6.4 mL, 15.9 mmol of 2.5 M solution in hexane) in diethyl ether was 
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added dropwise.  The reaction mixture was stirred at -20°C for 30 min.  A white solid was 

obtained.  An ether solution of (9-fluorenyl)diphenylchlorosilane (6.09 g, 15.9 mmol, 1 

eqv) was added dropwise over a period of 45 min.  The reaction mixture was stirred at 

30°C for 10 h.  Solvents were removed under vacuum, and the residue was dissolved in 

dichloromethane and the solution was filtered through a celite bed to remove LiCl.  

Dichloromethane was removed under vacuum to obtain 2a as an yellow solid.  The solid 

was washed several times with n-hexane to yield a pale yellow solid.  The solid was 

recrystallized from dichloromethane to afford pale yellow crystals.  Yield: 6.3 g (75%) 

Analysis for C37H37NSi   

Calcd.,   % C 84.89   H 7.07   N 2.67   

Found,     % C 84.39   H 7.11   N 2.56    
1H NMR (CDCl3, 200 MHz): δ ppm 7.85(d, 2 H), 7.49(d, 4 H), 7.30-7.44(m, 8 H), 7.1(t, 2 

H), 6.84(s, 2 H), 6.79(s, 3 H), 4.36(s, 1 H), 2.70(septet, 2 H), 0.71(d, 12 H)   
13C NMR (CDCl3, 50 MHz): δ ppm 143.86, 141.07, 138.72, 135.78, 132.76, 129.82, 

127.27, 125.92, 125.78, 124.90, 122.80, 122.10, 119.82, 43.81, 28.33, 23.33 

 
6.2.2.1.2. Synthesis of 3a 
 
An oven-dried 250 mL Schlenk flask was dried under vacuum and filled with argon.  2a 

(0.5 g, 0.96 mmol) was added to the flask and dissolved in dry THF.  The flask was cooled 

to -78°C and n-BuLi (1.4 mL of 1.4 M solution in hexane, 1.92 mmol) was added 

dropwise.  After the addition was complete, the reaction mixture was stirred at 30°C for 6 

h.  The flask was again cooled to -78°C and TiCl4 (thf)2 (0.32 g, 0.96 mmol) dissolved in 

THF was added dropwise.  The reaction mixture was stirred at 30°C for 12 h.  Solvents 

were removed under vacuum.  The residue was dissolved in dichloromethane and filtered 

through a celite bed to remove LiCl.  Dichloromethane was removed under vacuum to yield 

an orange-colored solid, which was washed with n-hexane and dried under vacuum.  Yield: 

0.45 g (74 %) 

Analysis for C37H35 NSiTiCl2   

Calcd.,  % C 69.46    H 5.48   N 2.19  

Found,   % C 68.89    H 5.89   N 2.06  
1H NMR (C6D6, 500 MHz): 6.82-7.80 (m, 21 H), 2.91(m, 2 H), 1.21 (12 H) 
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6.2.2.2. Synthesis of [(2,6-diisopropylphenylamido) (fluorenyl) diphenylsilane] 
zirconium (IV) dichloride (3b) 
 
An oven-dried 250 mL Schlenk flask was dried under vacuum and filled with argon.  2a 

(1.2 g, 2.29 mmol) was added into the flask and dissolved in dry diethylether.  The flask 

was cooled to -78°C and n-BuLi (1.9 mL of 2.5 M solution in hexane, 4.58 mmol) was 

added dropwise.  After the addition was complete, the reaction mixture was stirred at 30°C 

for 6 h.  The flask was cooled to -78°C and ZrCl4 (thf)2 (0.863 g, 2.29 mmol) dissolved in 

THF was added dropwise.  The reaction mixture was stirred at 30°C for 12 h.  Solvents 

were removed under vacuum.  The residue was dissolved in dichloromethane and filtered 

through a celite bed to remove LiCl.  Dichloromethane was removed under vacuum to yield 

an orange-colored solid, which was washed with hexane and dried under vacuum.  Yield: 

1.3 g (83 %) 

Analysis for C37H35NSiZrCl2   

Calcd.,  % C 64.98    H  5.12   N  2.05  

 Found., % C 65.39   H  5.49   N  1.87  
1H NMR (C6D6, 500 MHz): δ ppm 6.82-7.80 (m, 21 H), 2.91(m, 2 H), 1.21 (d, 12 H) 

 

6.2.2.3. Synthesis of [(2,6-dimethylphenylamido) (9-fluorenyl) diphenylsilane] 
titanium (IV) dichloride (3c) 
 
6.2.2.3.1 Synthesis of [(2,6-dimethylamido) (fluorenyl) diphenylsilane] (2b) 
 
An oven-dried 250 mL Schlenk flask was cooled under vacuum and charged with argon.  

Dry distilled 2,6-dimethylaniline (1.6 mL, 13.1 mmol, 1 eqv)) was transferred to the flask 

and dissolved in dry hexane and diethyl ether(1:1).  The flask was cooled to -78°C and a 

solution of n-BuLi (5.2 mL, 13.1 mmol of 2.5 M solution in hexane) in diethyl ether was 

added dropwise.  The reaction mixture was stirred at -20°C for 30 min.  A white solid was 

obtained.  To this was added dropwise at -78°C a solution of (9-fluorenyl) 

diphenylchlorosilane (5.0 g, 13.1 mmol, 1 eqv) in diethyl ether over a period of 45 min.  

The reaction mixture was stirred at 30°C for 10 h.  Solvents were removed under vacuum, 

dichloromethane was added and the solution filtered through a celite bed to remove LiCl.  

Dichloromethane was removed under vacuum to obtain an yellow solid which was washed 



 148

several times with n-hexane to yield 2b as a pale yellow solid.  The solid was recrystallized 

from dichloromethane to afford pale yellow crystals.  Yield:  4.0 g (65%) 

Analysis for C33H29NSi   

Calcd.,  % C  84.75  H 6.21  N 3.00   

Found,  % C 84.48  H 6.15  N 2.87  
1H NMR (CDCl3, 200 MHz): δ ppm 1.66 (s, 6 H); 4.36 (s, 1 H); 6.55-7.81 (m, 21 H)   
13C NMR (CDCl3, 50 MHz)  δ ppm 20.08, 43.74, 119.82, 120.54, 125.01, 125.79, 127.54, 

128.38, 128.92, 129.89, 133.82, 135.49, 141.05, 142.25, 143.76 

 
6.2.2.3.2. Synthesis of 3c 
 
An oven-dried 250 mL Schlenk flask was dried under vacuum and filled with argon.  2b 

(0.40 g, 0.86 mmol) was transferred into the flask and dissolved in dry diethylether.  The 

flask was cooled to -78°C and n-BuLi (0.7 mL of 2.5 M solution in hexane, 1.72 mmol) 

was added dropwise.  After the addition was complete, the reaction mixture was stirred at 

30°C for 6 h.  The flask was cooled to -78°C and TiCl4 (thf)2 (0.286 g, 0.86 mmol) 

dissolved in THF was added dropwise.  The reaction mixture was stirred at 30°C for 12 h.  

Solvents were removed under vacuum, the residue dissolved in dichloromethane and 

filtered through a celite bed to remove LiCl.  Dichloromethane was removed under vacuum 

to yield an orange-colored solid, which was washed with hexane and dried under vacuum.  

Yield: 0.36 g (70 %)   

Analysis for C33H27NSiTiCl2   

Calcd., % C 67.90   H  4.63   N  2.40   

Found, % C 67.39   H  4.89   N  2.06   
1H NMR (C6D6, 500 MHz) δ ppm 1.8 (6 H), 6.7-7.8 (21H, Ar) 

 

6.2.2.4. Synthesis of [(2,6-dimethylphenylamido) (fluorenyl) diphenylsilane] 
zirconium(IV) dichloride (3d) 
 
An oven-dried 250 mL Schlenk flask was dried under vacuum and filled with argon.  

Compound 2b (1.0 g, 2.14 mmol) was transferred into the flask and dissolved in dry 

diethylether.  The flask was cooled to -78°C and n-BuLi (1.7 mL of 2.5 M solution in 

hexane, 4.28 mmol) was added dropwise.  After the addition was complete, the reaction 
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mixture was stirred at 30°C for 6 h.  The flask was cooled to -78°C and ZrCl4 (thf)2 (0.807 

g, 2.14 mmol) dissolved in THF was added dropwise.  The reaction mixture was stirred at 

30°C for 12 h.  Solvents were removed under vacuum, the residue dissolved in 

dichloromethane and filtered through a celite bed to remove LiCl.  Dichloromethane was 

removed under vacuum to yield an orange-colored solid, which was washed with hexane 

and dried under vacuum.  Yield: 1.0 g (75%) 

Analysis for C33H27NSiZrCl2   

Calcd.,   % C 63.13   H  4.30   N  2.23   

Found,   % C 62.88   H  4.55   N  1.87  

 1H NMR (C6D6, 500 MHz) δ ppm 1.8 (6 H), 6.7-7.8 (21H, Ar) 

 
6.3. Results and Discussion 
 
6.3.1. Synthesis and characterization of ligands and complexes 
 
Synthetic methods for preparation of the ligands and complexes is shown in Scheme 6.1. 
 
Compounds 2a and 2b were prepared by a two step procedure.  In the first step, the dialkyl 

aniline was lithiated at -78°C to avoid abstraction of both the protons of the primary amine.  

The lithium salt was then reacted with 9-fluorenyl diphenyl chlorosilane, which in turn, 

was prepared by reaction of fluorenyl lithium with  dichlorodiphenylsilane.  2a and 2b 

were obtained as pale yellow solids in fairly good yields.  Single crystals of 2a and 2b 

suitable for X-ray diffraction studies were grown by slow evaporation of dichloromethane 

solution.   
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3d  R = Me,  M = Zr  

 
 

 

Scheme 6.1 Synthesis of ligands(2a-2b) and metal complexes 3a-3d 

 

 

Compounds 2a and 2b were characterized by elemental analysis, 1H and 13C NMR 

spectroscopy.  NMR spectra, shown in Figures 6.1-6.4, are in agreement with the proposed 

structure. 
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Figure 6.1 1H NMR spectrum (CDCl3, 200 MHz) of 2a 
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Figure 6.2 13C NMR spectrum (CDCl3, 50 MHz) of 2a 
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Figure 6.3 1H NMR spectrum (CDCl3, 200 MHz)  of 2b 
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Figure 6.4 13C NMR spectrum (CDCl3, 50 MHz)  of 2b 
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Molecular structures of 2a and 2b are shown in Figure 6.5 and 6.6 (X-ray crystal data and 

structure refinement are given in Appendix B).  The diisopropyl substituted compound 2a 

crystallized in the monoclinic space group c2/c, whereas, the dimethyl substituted 

compound 2b crystallized in the orthorhombic space group Pbca.  Selected bond lengths 

and bond angles are listed in Table 6.1. 

 
 
 
 
 
 
 
 

 
 

Figure 6.5 Molecular structure and numbering scheme for 2a 
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Figure 6.6 Molecular structure and numbering scheme for  2b 
 

Table 6.1 Selected bond lengths and bond angles for 2a and 2b 
 

Bond lengths and bond 

angles 

2a 2b 

Si-N (Å) 1.714 1.718 

Si-C(14) (Å) 1.887 1.861 

Si-C(9) (Å) 1.908 1.906 

N-H (Å) 0.81 0.86 

C-N-Si (°) 130.66 128.10 

C-N-H (°) 110.10 115.90 

Si-N-H (°) 113.60 115.90 

ΣN (°) 355.36 359.9 

 

The sum of the bond angles around nitrogen (ΣN) is deviating from the expected value of 

360°C in the case of 2a.  This may be due to the pyramidalization of nitrogen atom in 2a 

whereas in 2b the nitrogen atom is in the trigonal planar geometry.  
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Complexes 3a-3d were synthesized by double lithiation of the respective ligands 2a and 2b 

with n-BuLi followed by reaction with MCl4(thf)2.  Formation of complexes was confirmed 

by 1H NMR spectroscopy, wherein, peak c in the spectrum of 2a disappears in the spectrum 

of 3a and 3b (Figure 6.1 and 6.7).   Similarly peak b in the NMR spectrum of 2b 

disappears after complexation in 3c and 3d (Figure 6.3 and 6.8).   
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Figure 6.7 1H NMR spectrum (C6D6, 500 MHz) of 3b 

3b 
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Figure 6.8 1H NMR spectrum (C6D6, 500 MHz) of 3d 
 
 
6.3.2. Polymerization of ethylene using complexes 3a-3d 
 
Complexes 3a-3d were investigated for polymerization of ethylene using MAO as the 

activator.  The catalysts were not active at 1 bar ethylene pressure.  Even at an ethylene 

pressure of 5 bar they exhibited only moderate activity.  Polymers were characterized by 

DSC and intrinsic viscosity measurement.  Attempts to analyze the polymers by GPC were 

not successful in view of the high viscosities of their solutions.  Polymer solutions formed 

microgel and filtration of the solution was found to be difficult through a 0.45 micron size 

filter. 

Zirconium complexes exhibited higher polymerization activity compared to the 

corresponding titanium complexes (Table 6.2).  Zirconium complex 3d with ortho-

dimethyl substituents on the N-aryl ligand showed higher activity than 3b with ortho-

3d 
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diisopropyl substitution.  Molecular weight of the obtained polymers was found to be fairly 

independent of the metal atom as well as the amido nitrogen substituent.   

 
Table 6.2 Polymerization of ethylene using complexes 3a-3d: Effect of metal and 

amido nitrogen substituent a 
 
Entry Catalyst Yield (g) Activity  

g PE mmol-1 M.h-1 
[η] dL/g Tm (°C) 

1 3a 0.20 13 5.68 132 
2 3b 1.0 69 5.25 135 
3 3c 0.15 8.7 5.34 135 
4 3d 1.5 94 5.13 138 

a Toluene (30 mL), Cat: 15 μmol; Al/M:1000; Tp:30°C; PC2H4: 5 bar; time: 1 h              
 
Polymerization of ethylene was conducted using complex 3b/MAO by varying the MAO 

concentration from 500-2000.  Results are summarized in Table 6.3.   Catalyst activity 

increased upon increasing the Al/Zr ratio from 500 to 1000.  Intrinsic viscosity of the 

polymers decreased at higher MAO concentrations.  Molecular weights (Mv) of the 

poly(ethylene)s obtained are estimated to exceed half a million. 

 
Table 6.3 Polymerization of ethylene using complex 3b/MAO : Effect of Al/Zr ratio a 

 
Entry Al/Zr Yield(g) Activity  

g PE mmol-1 Zr.h-1 
[η] dL/g Tm 

(°C) 
1 500 0.57 39 9.41 136 
2 1000 1.0 69 6.35 138 
3 2000 1.05 72 5.25 135 

a Toluene (30 mL), Cat: 15 μmol; Tp: 30°C; PC2H4: 5 bar; time: 1 h               
 
 
Polymerization of ethylene was performed using the complex 3b/MAO in the temperature 

range 30-100°C.  The catalyst exhibited maximum activity at 30°C and decreased 

thereafter (Table 6.4) .  Polymer molecular weights decreased with increase in temperature.  

Poly(ethylene)s obtained exhibited melting peaks in the range 130-138°C. 
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Table 6.4. Polymerization of ethylene using complex 3b/MAO : Effect of 
polymerization temperature a 

 
Entry Temp. Yield (g) Activity  

g PE mmol-1 Zr.h-1 
[η] dL/g Tm (°C) 

1 30 1.00 69 9.41 138 
2 60 0.66 45 2.37 136 
3 80 0.68 47 2.12 134 
4 100 0.75 51 1.78 130 

 a Toluene (30 mL), Cat: 15 μmol; Al/Zr:1000; PC2H4: 5 bar; time: 1 h              
 
It is interesting to compare the catalytic activity of 3b with half-sandwich amido fluorenyl 

zirconium complexes bearing N-alkyl substituents (4a-4c) reported by Alt  

et al13 ( Table 6.5).  Catalyst activity of 3b was lower than that of N-alkyl substituted 

complexes 4a-4c.  Molecular weight of poly(ethylene)s produced by 3b was also lower 

than those of 4a-4c at 60°C.   

 

SiMe

Me N

R

Zr
Cl

Cl

4a  R = n-Bu
4b  R = cyclopenty
4c   R = t-Bu  

 
Table 6.5 Comparison of 3b with N-alkyl substituted complexes 

 
Entry Complex Temp 

(°C) 
PC2H4 
bar 

Activity 
g PE mmol-1Zr h-1 

Mw Tm (°C) 

1 3b 60 5 45 131,000a 136 
2 4a 60 10 456 1,051,000 131 
3 4b 60 10 182 1,023,000 137.3 
4 4c 60 10 900 550,000 104.8, 123.4 

a viscosity average molecular weight  
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The following observations from this study are pertinent: 
 

• Complexes 3a-3d when activated with MAO were inactive for polymerization of 

ethylene at 1 bar pressure, but exhibited moderate activity at 5 bar pressure, 

resulting in linear poly(ethylene)s. 

 

• Catalyst activity was found to increase in the order 3d>3b>3a>3c.  Zirconium 

complexes showed higher activities compared to the corresponding titanium 

complexes.  Zirconium complex 3d bearing ortho-methyl substituents exhibited 

marginally higher activity than 3b with ortho-isopropyl substituents. 

 

• Molecular weight of the polymers was found to be independent of metal and the 

nature of aromatic substituent present on the amido nitrogen. 

 
• Catalyst activities of 3a-3d were lower than similar half sandwich fluorenyl amido 

complexes (4a-4c) with N-alkyl substituents.   

 
Lower activities of complexes 3a-3d compared to N-alkyl substituted complexes (4a-4c) 

may be due to steric and electronic effects of the aromatic substituents.  However, since 

free rotation is possible around the N-C bond, the aromatic group can assume a 

conformation that imparts less steric hindrance around the active center. Thus, steric factors 

are likely to be less important in determining catalyst activity.  Resonance effect of the 

aromatic group can donate electrons towards the metal centre, thereby making it electron-

rich.  As the formation of a highly reactive species requires the presence of an 

electronically unsaturated metal centre, this may lead to a reduced catalyst activity. 

 
 Lower activities of titanium complexes than zirconium analogues may be attributed to the 

lower stability of the titanium species compared to zirconium.   
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6.4. Conclusions 
 
Half sandwich titanium and zirconium complexes of fluorenyl amido ligands bearing 

aromatic substituents on the amido nitrogen were prepared.  Polymerization of ethylene 

was carried out using the complexes along with MAO as activator.  Complexes 3a-3d 

exhibited moderate activity and resulted in high molecular weight linear poly (ethylene)s. 

Catalyst activities of these complexes were lower than the N-alkyl substituted complexes 

4a-4c, presumably due to resonance effect of the aromatic group present on the amido 

nitrogen. 
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CHAPTER 7 
 

SUMMARY AND CONCLUSIONS 
 

 
There have been significant advances during the past decade in the area of non-metallocene 

olefin polymerization catalysts, based on both early and late transition metals.  A variety of 

new ligands and complexes has been designed and studied that result in poly(olefin)s with 

diverse structures and properties.  Late transition metal catalysts enable synthesis of 

polymers with varying molecular weights and microstructures depending on the nature of 

ligands and conditions of polymerization.  Living or quasi-living polymerization has been 

achieved using some of these catalyst systems, thus opening up new opportunities to 

prepare block and graft copolymers.  Development of single component catalyst systems 

has provided opportunities for aqueous emulsion polymerization of ethylene.   Several 

bincuclear late transition metal catalysts have been more recently explored for olefin 

polymerization.  There have also been considerable efforts to develop new families of 

catalysts based on non-metallocene early transition metals for the preparation of new 

polyolefinic materials. 

 

This thesis describes the synthesis and characterization of selected non-metallocene early 

and late transition metal complexes and their usefulness as catalysts for polymerization of 

ethylene.  

 

Several copper complexes based on α-diimine, bis(oxazoline)s and bis(benzimidazole)s 

were synthesized and characterized by elemental analysis, single crystal XRD, IR, UV, 

EPR and cyclic voltametry.  Copper(II) complexes bearing α-diimine ligands were found 

have a distorted square planar geometry about the metal center.  Polymerization of ethylene 

were conducted using the (α-diimine) copper(II) complexes along with MAO as the 

activator.  Complexes bearing rigid acenaphthene moiety exhibited moderate catalytic 

activities at 5 bar ethylene pressure, whereas, the complex with an aliphatic ligand 

framework was inactive even at 5 bar.  This indicates that the presence of an aromatic 

moiety  plays a key role in the formation and stabilization of the active species.  Linear, 

high molecular weight poly(ethylene)s with narrow molecular weight distributions were 
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produced using these catalysts.  Copper(I) complexes were not active in polymerization 

ethylene which implying that the active species is not a Cu(I) center.  Based on several 

evidences the active center was proposed to be a copper(II) species with μ-Cl or μ-Me 

bridges.  Bis(oxazoline) and bis(benzimidazole) copper(II) complexes were inactive 

towards polymerization of ethylene at 5 bar pressure. 

 

Trans-2-[9-(H)-fluorenyl cyclohexanol was synthesized and geometry confirmed by 1D 

and 2D NMR spectroscopy.  Group 4 metal (Ti, Zr, Hf) complexes of this ligand were 

synthesized and studied for the polymerization of ethylene along with MAO as cocatalyst.  

Catalyst activity was found to increase in the order Zr>Ti>Hf.  The catalysts were active at 

high temperatures (100°C).  Poly(ethylene)s produced by the zirconium complex in the 

temperature range 25-60° consisted of only saturated chain ends and no branching.  

However, at temperatures above 80°C mixtures of insoluble solid polymer and soluble 

liquid oligomers were produced.  The soluble oligomers consisted of a mixture of α-olefins 

and long chain alkanes, resulting from β-H transfer and chain transfer to aluminium, 

respectively.  The solid polymer was found to be long chain branched poly(ethylene)s.   It 

is proposed that the observed long chain branching is a  result of the reincorporation of 

some of the α-olefins into the growing polymer chains.   

 

Half-sandwich complexes of Group 4metals with ligands bearing aromatic substituents on 

the amido moiety were synthesized and studied for the polymerization of ethylene.  The 

complexes exhibited moderate activities for polymerization of ethylene when activated 

with MAO and resulted in high molecular weight linear poly(ethylene)s.  Catalyst activities 

were much lower than the analogous N-alkyl substituted catalysts.   
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APPENDIX A 
 

Crystal data and structure refinement for [(N,N’-diisopropylbenzene)-2,3-naphthyl-(1,4-

diaza butadiene)]  dichlorocopper(II) (2a) 

 

   Identification code                  2a 
 
      Empirical formula :                   C36 H40 Cl2 Cu N2  
   
      Formula weight :                       635.14  
   
      Temperature :                          193(2) K  
   
      Wavelength :                          0.71073 A  
   
      Crystal system, space group :                      Orthorhombic,  P2(1)2(1)2(1)  
   
      Unit cell dimensions:               a = 10.9750(14) A   alpha = 90 deg.  
                                                      b = 12.5036(16) A    beta = 90 deg.  
                                                         c = 23.938(3) A   gamma = 90 deg.  
   
      Volume :                               3285.0(7) A^3  
   
      Z, Calculated density :                4,  1.284 Mg/m^3  
   
      Absorption coefficient :              0.854 mm^-1  
   
      F(000) :                               1332  
   
      Crystal size :                         0.05 x 0.15 x 0.25 mm  
   
      Theta range for data collection :     1.70 to 26.45 deg.  
   
      Limiting indices                     -13<=h<=13, -15<=k<=15, -29<=l<=29  
   
      Reflections collected / unique       29094 / 6741 [R(int) = 0.1036]  
   
      Completeness to theta =     26.45     99.4 %  
   
      Absorption correction :               None  
   
      Refinement method :                   Full-matrix least-squares on F^2  
   
      Data / restraints / parameters :       6741 / 0 / 370  
   



 II

      Goodness-of-fit on F^2 :               0.989  
   
      Final R indices [I>2sigma(I)] :      R1 = 0.0547, wR2 = 0.0912  
   
      R indices (all data) :                 R1 = 0.0947, wR2 = 0.1017  
   
      Absolute structure parameter :        -0.001(16)  
   
      Largest diff. peak and hole :          0.605 and -0.383 e.A^-3  
  



 III

        
  
Bond lengths [A] and angles [deg] for 2a          
   
            Cu(1)-N(2)                    2.021(3)  
            Cu(1)-N(1)                    2.082(3)  
            Cu(1)-Cl(2)                   2.1854(12)  
            Cu(1)-Cl(1)                   2.1936(12)  
            N(1)-C(1)                      1.289(5)  
            N(1)-C(13)                    1.449(5)  
            N(2)-C(2)                      1.293(5)  
            N(2)-C(25)                    1.445(5)  
            C(1)-C(5)                      1.452(5)  
            C(1)-C(2)                      1.514(5)  
            C(2)-C(3)                      1.461(6)  
            C(3)-C(12)                    1.379(5)  
            C(3)-C(4)                      1.417(5)  
            C(4)-C(9)                      1.403(6)  
            C(4)-C(5)                      1.426(5)  
            C(5)-C(6)                      1.380(5)  
            C(6)-C(7)                      1.423(6)  
            C(7)-C(8)                      1.370(6)  
            C(8)-C(9)                      1.425(5)  
            C(9)-C(10)                    1.421(6)  
            C(10)-C(11)                  1.365(6)  
            C(11)-C(12)                  1.417(6)  
            C(13)-C(18)                  1.398(5)  
            C(13)-C(14)                  1.416(5)  
            C(14)-C(15)                  1.390(6)  
            C(14)-C(22)                  1.520(5)  
            C(15)-C(16)                   1.385(6)  
            C(16)-C(17)                   1.390(6)  
            C(17)-C(18)                   1.395(5)  
            C(18)-C(19)                   1.517(6)  
            C(19)-C(21)                   1.522(7)  
            C(19)-C(20)                   1.539(7)  
            C(22)-C(23)                   1.526(6)  
            C(22)-C(24)                   1.535(6)  
            C(25)-C(30)                   1.400(6)  
            C(25)-C(26)                   1.407(6)  
            C(26)-C(27)                   1.389(6)  
            C(26)-C(34)                   1.546(6)  
            C(27)-C(28)                   1.388(6)  
            C(28)-C(29)                   1.381(6)  
            C(29)-C(30)                   1.400(6)  
            C(30)-C(31)                   1.507(6)  



 IV

            C(31)-C(33)                   1.525(7)  
            C(31)-C(32)                   1.531(6)  
            C(34)-C(35)                   1.511(6)  
            C(34)-C(36)                   1.522(6)  
   
               
           N(2)-Cu(1)-N(1)               81.74(13)  
            N(2)-Cu(1)-Cl(2)            143.00(10)  
            N(1)-Cu(1)-Cl(2)              98.43(9)  
            N(2)-Cu(1)-Cl(1)              97.01(10)  
            N(1)-Cu(1)-Cl(1)             147.78(10)  
            Cl(2)-Cu(1)-Cl(1)             101.30(5)  
            C(1)-N(1)-C(13)               118.8(3)  
            C(1)-N(1)-Cu(1)               110.8(3)  
            C(13)-N(1)-Cu(1)             129.9(2)  
            C(2)-N(2)-C(25)               119.8(3)  
            C(2)-N(2)-Cu(1)               112.5(3)  
            C(25)-N(2)-Cu(1)             127.7(3)  
            N(1)-C(1)-C(5)                 135.6(4)  
            N(1)-C(1)-C(2)                 117.1(4)  
            C(5)-C(1)-C(2)                 107.1(3)  
            N(2)-C(2)-C(3)                 135.5(4)  
            N(2)-C(2)-C(1)                 116.8(4)  
            C(3)-C(2)-C(1)                 107.5(3)  
            C(12)-C(3)-C(4)               119.6(4)  
            C(12)-C(3)-C(2)               134.9(4)  
            C(4)-C(3)-C(2)                 105.4(4)  
            C(9)-C(4)-C(3)                 122.6(4)  
            C(9)-C(4)-C(5)                 123.4(4)  
            C(3)-C(4)-C(5)                 113.9(4)  
            C(6)-C(5)-C(4)                 119.0(4)  
            C(6)-C(5)-C(1)                 135.1(4)  
            C(4)-C(5)-C(1)                 105.8(3)  
            C(5)-C(6)-C(7)                 117.8(4)  
            C(8)-C(7)-C(6)                 123.2(4)  
            C(7)-C(8)-C(9)                 120.3(4)  
            C(4)-C(9)-C(10)               116.0(3)  
            C(4)-C(9)-C(8)                 116.2(4)  
            C(10)-C(9)-C(8)               127.7(4)  
            C(11)-C(10)-C(9)             121.6(4)  
            C(10)-C(11)-C(12)           121.7(4)  
            C(3)-C(12)-C(11)             118.5(4)  
            C(18)-C(13)-C(14)           122.6(4)  
            C(18)-C(13)-N(1)             121.0(3)  
            C(14)-C(13)-N(1)             116.4(3)  
            C(15)-C(14)-C(13)           117.0(4)  



 V

            C(15)-C(14)-C(22)           121.7(4)  
            C(13)-C(14)-C(22)           121.2(3)  
            C(16)-C(15)-C(14)           121.6(4)  
            C(15)-C(16)-C(17)           120.0(4)  
            C(16)-C(17)-C(18)           121.0(4)  
            C(17)-C(18)-C(13)           117.7(4)  
            C(17)-C(18)-C(19)           119.2(4)  
            C(13)-C(18)-C(19)           123.1(4)  
            C(18)-C(19)-C(21)           111.7(4)  
            C(18)-C(19)-C(20)           110.5(4)  
            C(21)-C(19)-C(20)           110.3(4)  
            C(14)-C(22)-C(23)           110.3(4)  
            C(14)-C(22)-C(24)           113.6(4)  
            C(23)-C(22)-C(24)           109.4(4)  
            C(30)-C(25)-C(26)           122.7(4)  
            C(30)-C(25)-N(2)             119.6(4)  
            C(26)-C(25)-N(2)             117.7(4)  
            C(27)-C(26)-C(25)           117.6(4)  
            C(27)-C(26)-C(34)           121.1(4)  
            C(25)-C(26)-C(34)           121.2(4)  
            C(28)-C(27)-C(26)           120.5(4)  
            C(29)-C(28)-C(27)           121.1(4)  
            C(28)-C(29)-C(30)           120.5(4)  
            C(25)-C(30)-C(29)           117.3(4)  
            C(25)-C(30)-C(31)           121.4(4)  
            C(29)-C(30)-C(31)           121.2(4)  
            C(30)-C(31)-C(33)           111.7(4)  
            C(30)-C(31)-C(32)           111.8(4)  
            C(33)-C(31)-C(32)           110.5(4)  
            C(35)-C(34)-C(36)           110.3(4)  
            C(35)-C(34)-C(26)           111.9(4)  
            C(36)-C(34)-C(26)           111.5(4)  
            
   
   Symmetry transformations used to generate equivalent atoms 
 
 
 
 
 
 
 
 
 
 
   



 VI

 
  
           Torsion angles [deg] for complex 2a.  
           
   
          N(2)-Cu(1)-N(1)-C(1)                       -7.0(3)  
    Cl(2)-Cu(1)-N(1)-C(1)                     135.6(3)  
    Cl(1)-Cu(1)-N(1)-C(1)                     -97.1(3)  
    N(2)-Cu(1)-N(1)-C(13)                     164.7(3)  
    Cl(2)-Cu(1)-N(1)-C(13)                    -52.7(3)  
    Cl(1)-Cu(1)-N(1)-C(13)                     74.7(4)  
    N(1)-Cu(1)-N(2)-C(2)                        9.6(3)  
    Cl(2)-Cu(1)-N(2)-C(2)                     -83.5(3)  
    Cl(1)-Cu(1)-N(2)-C(2)                     157.1(3)  
    N(1)-Cu(1)-N(2)-C(25)                    -169.8(4)  
    Cl(2)-Cu(1)-N(2)-C(25)                     97.1(3)  
    Cl(1)-Cu(1)-N(2)-C(25)                    -22.3(3)  
    C(13)-N(1)-C(1)-C(5)                        4.8(7)  
          Cu(1)-N(1)-C(1)-C(5)                      177.5(4)  
    C(13)-N(1)-C(1)-C(2)                     -169.1(3)  
    Cu(1)-N(1)-C(1)-C(2)                        3.7(4)  
    C(25)-N(2)-C(2)-C(3)                       -4.1(7)  
    Cu(1)-N(2)-C(2)-C(3)                      176.4(4)  
    C(25)-N(2)-C(2)-C(1)                      169.0(3)  
    Cu(1)-N(2)-C(2)-C(1)                      -10.4(4)  
    N(1)-C(1)-C(2)-N(2)                         4.6(6)  
    C(5)-C(1)-C(2)-N(2)                      -171.0(3)  
    N(1)-C(1)-C(2)-C(3)                       179.5(4)  
    C(5)-C(1)-C(2)-C(3)                         4.0(4)  
    N(2)-C(2)-C(3)-C(12)                       -6.2(8)  
    C(1)-C(2)-C(3)-C(12)                     -179.8(4)  
    N(2)-C(2)-C(3)-C(4)                       170.9(4)  
    C(1)-C(2)-C(3)-C(4)                        -2.7(4)  
    C(12)-C(3)-C(4)-C(9)                       -0.9(6)  
    C(2)-C(3)-C(4)-C(9)                      -178.5(4)  
    C(12)-C(3)-C(4)-C(5)                      178.1(4)  
    C(2)-C(3)-C(4)-C(5)                         0.4(5)  
          C(9)-C(4)-C(5)-C(6)                         2.2(6)  
    C(3)-C(4)-C(5)-C(6)                      -176.7(4)  
          C(9)-C(4)-C(5)-C(1)                       -178.9(4)  
    C(3)-C(4)-C(5)-C(1)                          2.1(5)  
    N(1)-C(1)-C(5)-C(6)                          0.6(9)  
    C(2)-C(1)-C(5)-C(6)                        174.9(4)  
    N(1)-C(1)-C(5)-C(4)                       -177.9(5)  
    C(2)-C(1)-C(5)-C(4)                         -3.6(4)  
    C(4)-C(5)-C(6)-C(7)                         -1.3(6)  
    C(1)-C(5)-C(6)-C(7)                       -179.7(4)  



 VII

    C(5)-C(6)-C(7)-C(8)                         -0.1(6)  
    C(6)-C(7)-C(8)-C(9)                          0.7(6)  
    C(3)-C(4)-C(9)-C(10)                        -0.9(6)  
    C(5)-C(4)-C(9)-C(10)                      -179.8(4)  
    C(3)-C(4)-C(9)-C(8)                        177.3(4)  
    C(5)-C(4)-C(9)-C(8)                         -1.6(6)  
    C(7)-C(8)-C(9)-C(4)                          0.1(6)  
    C(7)-C(8)-C(9)-C(10)                       178.0(4)  
    C(4)-C(9)-C(10)-C(11)                        1.6(6)  
    C(8)-C(9)-C(10)-C(11)                     -176.3(4)  
    C(9)-C(10)-C(11)-C(12)                      -0.6(7)  
          C(4)-C(3)-C(12)-C(11)                        1.9(6)  
    C(2)-C(3)-C(12)-C(11)                      178.7(4)  
    C(10)-C(11)-C(12)-C(3)                      -1.2(6)  
    C(1)-N(1)-C(13)-C(18)                      -95.3(5)  
    Cu(1)-N(1)-C(13)-C(18)                      93.5(4)  
    C(1)-N(1)-C(13)-C(14)                       85.2(5)  
    Cu(1)-N(1)-C(13)-C(14)                     -86.0(5)  
    C(18)-C(13)-C(14)-C(15)                      1.5(7)  
    N(1)-C(13)-C(14)-C(15)                    -178.9(4)  
    C(18)-C(13)-C(14)-C(22)                   -175.7(4)  
    N(1)-C(13)-C(14)-C(22)                       3.8(6)  
    C(13)-C(14)-C(15)-C(16)                      0.1(7)  
    C(22)-C(14)-C(15)-C(16)                    177.4(4)  
    C(14)-C(15)-C(16)-C(17)                     -0.3(7)  
    C(15)-C(16)-C(17)-C(18)                     -1.1(7)  
    C(16)-C(17)-C(18)-C(13)                      2.6(7)  
    C(16)-C(17)-C(18)-C(19)                   -178.7(5)  
          C(14)-C(13)-C(18)-C(17)                     -2.9(7)  
    N(1)-C(13)-C(18)-C(17)                     177.6(4)  
    C(14)-C(13)-C(18)-C(19)                    178.5(4)  
    N(1)-C(13)-C(18)-C(19)                      -1.0(7)  
    C(17)-C(18)-C(19)-C(21)                    -69.9(6)  
    C(13)-C(18)-C(19)-C(21)                    108.7(5)  
    C(17)-C(18)-C(19)-C(20)                     53.3(6)  
    C(13)-C(18)-C(19)-C(20)                   -128.1(5)  
    C(15)-C(14)-C(22)-C(23)                     80.1(6)  
    C(15)-C(14)-C(22)-C(24)                     26.2(7)  
          C(13)-C(14)-C(22)-C(24)                   -156.6(5)  
          C(2)-N(2)-C(25)-C(30)                        99.1(5)  
    Cu(1)-N(2)-C(25)-C(30)                      -81.6(5)  
    C(2)-N(2)-C(25)-C(26)                       -83.7(5)  
    Cu(1)-N(2)-C(25)-C(26)                       95.7(4)  
    C(30)-C(25)-C(26)-C(27)                      -5.6(6)  
    N(2)-C(25)-C(26)-C(27)                      177.2(4)  
    C(30)-C(25)-C(26)-C(34)                     172.5(4)  
    N(2)-C(25)-C(26)-C(34)                       -4.7(5)  



 VIII

    C(25)-C(26)-C(27)-C(28)                       1.6(6)  
    C(34)-C(26)-C(27)-C(28)                    -176.5(4)  
    C(26)-C(27)-C(28)-C(29)                       2.2(7)  
    C(27)-C(28)-C(29)-C(30)                      -2.2(7)  
    C(26)-C(25)-C(30)-C(29)                       5.7(6)  
    N(2)-C(25)-C(30)-C(29)                     -177.2(4)  
    C(26)-C(25)-C(30)-C(31)                    -175.1(4)  
          N(2)-C(25)-C(30)-C(31)                        2.0(6)  
    C(28)-C(29)-C(30)-C(25)                      -1.7(7)  
    C(28)-C(29)-C(30)-C(31)                     179.0(4)  
    C(25)-C(30)-C(31)-C(33)                    -102.8(5)  
    C(29)-C(30)-C(31)-C(33)                      76.4(5)  
    C(25)-C(30)-C(31)-C(32)                     132.8(4)  
    C(29)-C(30)-C(31)-C(32)                     -48.0(6)  
    C(27)-C(26)-C(34)-C(35)                     -78.6(5)  
    C(25)-C(26)-C(34)-C(35)                     103.3(5)  
    C(27)-C(26)-C(34)-C(36)                      45.4(6)  
    C(25)-C(26)-C(34)-C(36)                    -132.6(4)  
           
   
 
Symmetry transformations used to generate equivalent atoms 
 
 



 IX

Crystal data and structure refinement for [(N,N’-diisopropylbenzene)-2,3-naphthyl-(1,4-

diazabutadiene)] dibromocopper(II) (2b)  
   
Identification code               2b 
   
Empirical formula                 C36 H40 Br2 Cu N2  
   
Formula weight                    724.06  
   
Temperature                       293(2) K  
   
Wavelength                        0.71073 Å  
   
Crystal system, space group       Orthorhombic,P212121  
   
Unit cell dimensions              a = 11.3108(13) Å  
          alpha = 90 deg 

    b = 12.7331(15) Å     
    beta = 90 deg.  

                                  c = 23.847(3) Å    
                                  gamma = 90 deg.  
   
Volume                            3434.4(7) Å 3  
   
Z, Calculated density             4, 1.400 Mg/m3  
   
Absorption coefficient            2.988 mm-1  
   
F(000)                            1476  
   
Crystal size                      0.67 x 0.20 x 0.05  
       
Theta range for data collection   1.81 to 25.00 deg.  
   
Limiting indices                   -13<=h<=13,  
       -15<=k<=15 

          -28<=l<=28 
 

Reflections collected / unique    32634 / 6050  
         [R(int= 0.0997]  

 
Completeness to theta = 25.00     99.9 %  
   
Max. and min. transmission        0.8553 and 0.2387  
   
Refinement method                 Full-matrix least squares 
          on F2  



 X

   
Data / restraints / parameters 6050 / 0 / 378  
   
Goodness-of-fit on F^2            1.006  
   
Final R indices [I>2sigma(I)]     R1 = 0.0603, wR2 = 0.1206  
   
R indices (all data)              R1 = 0.1072, wR2 = 0.1371  
   
Absolute structure parameter      0.012(16)  
   
 Largest diff. peak and hole       0.750 and -0.466 e. Å-3  
 



 XI

  
Bond lengths [Å] and angles [deg] for complex 2b 

   
            Cu(1)-N(2)                    2.042(5)  
            Cu(1)-N(1)                    2.072(5)  
            Cu(1)-Br(2)                   2.3169(12)  
            Cu(1)-Br(1)                   2.3178(12)  
            C(1)-N(2)                     1.269(8)  
            C(1)-C(2)                     1.493(9)  
            C(1)-C(5)                     1.502(9)  
            N(1)-C(2)                     1.294(8)  
            N(1)-C(13)                    1.444(8)  
            C(8)-C(7)                     1.364(11)  
            C(8)-C(9)                     1.431(10)  
            N(2)-C(25)                    1.433(9)  
            C(5)-C(6)                     1.355(9)  
            C(5)-C(4)                     1.402(9)  
            C(14)-C(13)                   1.393(10)  
            C(14)-C(15)                   1.399(10)  
            C(14)-C(22)                   1.486(12)  
            C(29)-C(28)                   1.375(13)  
            C(29)-C(30)                   1.393(11)  
            C(18)-C(13)                   1.390(10)  
            C(18)-C(17)                   1.395(10)  
            C(18)-C(19)                   1.505(10)  
            C(2)-C(3)                     1.451(9)  
            C(10)-C(11)                   1.354(11)  
            C(10)-C(9)                    1.397(10)  
            C(7)-C(6)                     1.425(10)  
            C(4)-C(9)                     1.389(9)  
            C(4)-C(3)                     1.430(9)  
            C(31)-C(32)                   1.506(13)  
            C(31)-C(30)                   1.514(12)  
            C(31)-C(33)                   1.539(13)  
            C(26)-C(25)                   1.383(10)  
            C(26)-C(27)                   1.412(11)  
            C(26)-C(34)                   1.488(11)  
            C(28)-C(27)                   1.373(13)  
            C(12)-C(3)                    1.362(10)  
            C(12)-C(11)                   1.444(10)  
            C(30)-C(25)                   1.381(11)  
            C(22)-C(24)                   1.497(14)  
            C(22)-C(23)                   1.521(14)  
            C(15)-C(16)                   1.349(12)  
            C(19)-C(21)                   1.473(14)  
            C(19)-C(20)                   1.490(14)  
            C(35)-C(34)                   1.520(11)  



 XII

            C(16)-C(17)                   1.388(12)  
            C(36)-C(34)                   1.533(13)  
   
              N(2)-Cu(1)-N(1)              81.9(2)  
            N(2)-Cu(1)-Br(2)            142.08(19)  
            N(1)-Cu(1)-Br(2)             98.90(15)  
            N(2)-Cu(1)-Br(1)             98.10(16)  
            N(1)-Cu(1)-Br(1)            147.40(17)  
            Br(2)-Cu(1)-Br(1)           100.52(5)  
            N(2)-C(1)-C(2)              120.0(6)  
            N(2)-C(1)-C(5)              133.4(6)  
            C(2)-C(1)-C(5)              106.5(5)  
            C(2)-N(1)-C(13)             118.9(5)  
            C(2)-N(1)-Cu(1)             110.9(4)  
            C(13)-N(1)-Cu(1)            129.6(4)  
            C(7)-C(8)-C(9)              120.3(7)  
            C(1)-N(2)-C(25)             121.1(5)  
            C(1)-N(2)-Cu(1)             110.4(4)  
            C(25)-N(2)-Cu(1)            128.4(4)  
            C(6)-C(5)-C(4)              120.6(6)  
            C(6)-C(5)-C(1)              134.1(6)  
            C(4)-C(5)-C(1)              105.1(6)  
            C(13)-C(14)-C(15)           116.7(7)  
            C(13)-C(14)-C(22)           124.9(7)  
            C(15)-C(14)-C(22)           118.4(7)  
            C(28)-C(29)-C(30)           121.6(9)  
            C(13)-C(18)-C(17)           117.2(8)  
            C(13)-C(18)-C(19)           122.6(7)  
            C(17)-C(18)-C(19)           120.1(8)  
              N(1)-C(2)-C(3)              135.5(6)  
            N(1)-C(2)-C(1)              116.0(6)  
            C(3)-C(2)-C(1)              108.2(5)  
            C(11)-C(10)-C(9)            121.2(7)  
            C(8)-C(7)-C(6)              122.5(7)  
            C(9)-C(4)-C(5)              123.2(6)  
            C(9)-C(4)-C(3)              122.7(6)  
            C(5)-C(4)-C(3)              114.2(6)  
            C(32)-C(31)-C(30)           113.6(8)  
            C(32)-C(31)-C(33)           108.9(8)  
            C(30)-C(31)-C(33)           111.5(9)  
            C(25)-C(26)-C(27)           117.3(8)  
            C(25)-C(26)-C(34)           123.0(6)  
            C(27)-C(26)-C(34)           119.6(8)  
            C(5)-C(6)-C(7)              117.4(7)  
            C(18)-C(13)-C(14)           123.0(7)  
            C(18)-C(13)-N(1)            116.6(6)  
            C(14)-C(13)-N(1)            120.4(7)  



 XIII

            C(27)-C(28)-C(29)           120.3(8)  
            C(3)-C(12)-C(11)            117.6(7)  
            C(25)-C(30)-C(29)           116.9(8)  
              C(25)-C(30)-C(31)           123.3(7)  
            C(29)-C(30)-C(31)           119.8(8)  
            C(4)-C(9)-C(10)             117.0(7)  
            C(4)-C(9)-C(8)              115.8(6)  
            C(10)-C(9)-C(8)             127.1(7)  
            C(12)-C(3)-C(4)             119.3(7)  
            C(12)-C(3)-C(2)             135.0(7)  
            C(4)-C(3)-C(2)              105.7(6)  
            C(30)-C(25)-C(26)           123.5(7)  
            C(30)-C(25)-N(2)            118.4(7)  
            C(26)-C(25)-N(2)            118.1(7)  
            C(14)-C(22)-C(24)           114.0(9)  
            C(14)-C(22)-C(23)           113.0(9)  
            C(24)-C(22)-C(23)           109.1(9)  
            C(16)-C(15)-C(14)           122.0(9)  
            C(10)-C(11)-C(12)           122.1(7)  
            C(21)-C(19)-C(20)           110.2(11)  
            C(21)-C(19)-C(18)           111.5(9)  
            C(20)-C(19)-C(18)           113.9(8)  
            C(15)-C(16)-C(17)           120.2(8)  
            C(26)-C(34)-C(35)           114.1(7)  
            C(26)-C(34)-C(36)           112.0(7)  
            C(35)-C(34)-C(36)           109.5(8)  
            C(28)-C(27)-C(26)           120.2(9)  
            C(16)-C(17)-C(18)           120.7(9)  
        
   
             
 Symmetry transformations used to generate equivalent atoms 
 



 XIV

  
Torsion angles [deg] for complex 2b 
  
   
N(2)-Cu(1)-N(1)-C(2)                          -6.2(5) Br(2)-
Cu(1)-N(1)-C(2)                        135.5(5)  
Br(1)-Cu(1)-N(1)-C(2)                         98.5(5)  
N(2)-Cu(1)-N(1)-C(13)                        165.2(6)  
Br(2)-Cu(1)-N(1)-C(13)                        53.1(6)  
Br(1)-Cu(1)-N(1)-C(13)                        72.9(7)  
C(2)-C(1)-N(2)-C(25)                         168.9(7)  
C(5)-C(1)-N(2)-C(25)                          7.3(13)  
C(2)-C(1)-N(2)-Cu(1)                           8.8(8)  
C(5)-C(1)-N(2)-Cu(1)                         175.0(7)  
N(1)-Cu(1)-N(2)-C(1)                           8.0(5)  
Br(2)-Cu(1)-N(2)-C(1)                         86.0(6)  
Br(1)-Cu(1)-N(2)-C(1)                        155.1(5)  
N(1)-Cu(1)-N(2)-C(25)                        169.5(7)  
Br(2)-Cu(1)-N(2)-C(25)                        96.4(7)  
Br(1)-Cu(1)-N(2)-C(25)                        22.5(7)  
N(2)-C(1)-C(5)-C(6)                           4.7(16)  
C(2)-C(1)-C(5)-C(6)                          178.7(9)  
N(2)-C(1)-C(5)-C(4)                          171.1(8)  
C(2)-C(1)-C(5)-C(4)                            5.4(8) C(13)-
N(1)-C(2)-C(3)                           3.2(13)  
Cu(1)-N(1)-C(2)-C(3)                         175.6(7)  
C(13)-N(1)-C(2)-C(1)                        -169.0(6)  
Cu(1)-N(1)-C(2)-C(1)                           3.4(8)  
N(2)-C(1)-C(2)-N(1)                            3.8(10)  
C(5)-C(1)-C(2)-N(1)                         -179.1(7)  
N(2)-C(1)-C(2)-C(3)                         -170.4(7)  
C(5)-C(1)-C(2)-C(3)                            6.7(8)  
C(9)-C(8)-C(7)-C(6)                          -2.0(14)  
C(6)-C(5)-C(4)-C(9)                           0.0(12)  
C(1)-C(5)-C(4)-C(9)                          176.5(7)  
C(6)-C(5)-C(4)-C(3)                          178.9(8)  
C(1)-C(5)-C(4)-C(3)                            2.3(9)  
C(4)-C(5)-C(6)-C(7)                            1.5(12)  
C(1)-C(5)-C(6)-C(7)                           176.8(8)  
C(8)-C(7)-C(6)-C(5)                          -0.5(14)  
C(17)-C(18)-C(13)-C(14)                        2.8(11)  
C(19)-C(18)-C(13)-C(14)                      -175.6(8)  
C(17)-C(18)-C(13)-N(1)                       -177.7(6)  
C(19)-C(18)-C(13)-N(1)                         3.8(11)  
C(15)-C(14)-C(13)-C(18)                       -3.6(12)  



 XV

C(22)-C(14)-C(13)-C(18)                       176.3(8)  
C(15)-C(14)-C(13)-N(1)                        176.9(7) C(22)-
C(14)-C(13)-N(1)                        -3.1(12)  
C(2)-N(1)-C(13)-C(18)                          91.8(8)  
Cu(1)-N(1)-C(13)-C(18)                         79.0(8)  
C(2)-N(1)-C(13)-C(14)                         -88.7(9)  
Cu(1)-N(1)-C(13)-C(14)                        100.5(7)  
C(30)-C(29)-C(28)-C(27)                        0.6(14)  
C(28)-C(29)-C(30)-C(25)                        0.8(12)  
C(28)-C(29)-C(30)-C(31)                      -177.1(8)  
C(32)-C(31)-C(30)-C(25)                      -125.9(8)  
C(33)-C(31)-C(30)-C(25)                       110.6(9)  
C(32)-C(31)-C(30)-C(29)                        51.9(11)  
C(33)-C(31)-C(30)-C(29)                       -71.7(10)  
C(5)-C(4)-C(9)-C(10)                          178.1(7)  
C(3)-C(4)-C(9)-C(10)                           -0.7(11)  
C(5)-C(4)-C(9)-C(8)                            -2.3(11)  
C(3)-C(4)-C(9)-C(8)                           178.9(8)     
C(11)-C(10)-C(9)-C(4)                          -2.4(12)  
C(11)-C(10)-C(9)-C(8)                          178.2(8)  
C(7)-C(8)-C(9)-C(4)                             3.3(12)  
C(7)-C(8)-C(9)-C(10)                         -177.2(8)  
C(11)-C(12)-C(3)-C(4)                          -2.3(11)  
C(11)-C(12)-C(3)-C(2)                         -179.2(9)  
C(9)-C(4)-C(3)-C(12)                            3.0(11)  
C(5)-C(4)-C(3)-C(12)                          -175.8(7)  
C(9)-C(4)-C(3)-C(2)                           -179.3(7)  
C(5)-C(4)-C(3)-C(2)                              1.8(9)  
N(1)-C(2)-C(3)-C(12)                            -0.7(16)  
C(1)-C(2)-C(3)-C(12)                           171.9(9)  
N(1)-C(2)-C(3)-C(4)                           -177.9(9)  
C(1)-C(2)-C(3)-C(4)                             -5.3(8)  
C(29)-C(30)-C(25)-C(26)                        -4.2(10)  
C(31)-C(30)-C(25)-C(26)                        173.6(7)  
C(29)-C(30)-C(25)-N(2)                         177.9(6)  
C(31)-C(30)-C(25)-N(2)                         -4.3(10)  
C(27)-C(26)-C(25)-C(30)                         6.0(10)  
C(34)-C(26)-C(25)-C(30)                       -176.4(7)  
C(27)-C(26)-C(25)-N(2)                        -176.2(6)  
C(34)-C(26)-C(25)-N(2)                          1.5(10)  
C(1)-N(2)-C(25)-C(30)                          -79.0(9)  
Cu(1)-N(2)-C(25)-C(30)                          98.4(7)  
C(1)-N(2)-C(25)-C(26)                          103.1(8)  
Cu(1)-N(2)-C(25)-C(26)                         -79.6(8)  
C(13)-C(14)-C(22)-C(24)                       -124.8(10)  
C(15)-C(14)-C(22)-C(24)                         55.2(12)  
C(13)-C(14)-C(22)-C(23)                        109.9(10)  



 XVI

C(15)-C(14)-C(22)-C(23)                        -70.2(11)  
C(13)-C(14)-C(15)-C(16)                          2.2(13)  
C(22)-C(14)-C(15)-C(16)                        -177.7(9)  
C(9)-C(10)-C(11)-C(12)                          3.1(14)  
C(3)-C(12)-C(11)-C(10)                         -0.6(13)  
C(13)-C(18)-C(19)-C(21)                        92.5(12)  
C(17)-C(18)-C(19)-C(21)                       -85.9(11)  
C(13)-C(18)-C(19)-C(20)                      -142.0(11)  
C(17)-C(18)-C(19)-C(20)                        39.6(15)  
C(14)-C(15)-C(16)-C(17)                        -0.1(15)  
C(25)-C(26)-C(34)-C(35)                        134.8(8)  
C(27)-C(26)-C(34)-C(35)                       -47.6(10)  
C(25)-C(26)-C(34)-C(36)                       -100.1(9)  
C(27)-C(26)-C(34)-C(36)                         77.5(9)  
C(29)-C(28)-C(27)-C(26)                         1.2(13)  
C(25)-C(26)-C(27)-C(28)                        -4.3(11)  
C(34)-C(26)-C(27)-C(28)                        177.9(8)  
C(15)-C(16)-C(17)-C(18)                        -0.8(15)  
C(13)-C(18)-C(17)-C(16)                        -0.5(13)   
C(19)-C(18)-C(17)-C(16)                        178.0(9)  
          
 
Symmetry transformations used to generate equivalent atoms 
 



 XVII

 
Crystal data and structure refinement for [(N,N’-2-tert-butylbenzene)-2,3-naphthyl-(1,4-
diazabutadiene)] dichloro copper(II) (2c) 
 
  Identification code                   2c 
   
 Empirical formula                               C33 H34 Cl4 Cu N2  
   
 Formula weight                        663.96  
   
 Temperature                           293(2) K  
   
 Wavelength                            0.71073 A  
   
 Crystal system, space group          Monoclinic,  P21/n  
   
  Unit cell dimensions                 a = 12.033(4) A  α= 90 deg.  
                                            b = 22.361(8) A  β = 103.664(6) deg.  
                                                                                    c = 12.481(4) A   γ = 90 deg.  
   
  Volume                                3263.3(19) A^3  
   
  Z, Calculated density                4,  1.351 Mg/m^3  
   
  Absorption coefficient               1.021 mm^-1  
   
  F(000)                                1372  
   
  Crystal size                          0.68 x 0.44 x 0.28 mm  
   
  Theta range for data collection      1.82 to 28.58 deg.  
   
 Limiting indices                            -15<=h<=15 

     -29<=k<=17  
     -16<=l<=13  

   
  Reflections collected / unique       17573 / 7153 [R(int) = 0.0290]  
   
  Completeness to theta = 28.58        85.8 %  
   
  Absorption correction                Multiscan  
   
 Max. and min. transmission           0.7630 and 0.5448  
   
   Refinement method                    Full-matrix least-squares on  
             F^2 
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  Data / restraints / parameters       7153 / 0 / 367  
   
  Goodness-of-fit on F^2               1.071  
   
  Final R indices [I>2sigma(I)]        R1 = 0.0551, wR2 = 0.1662  
   
  R indices (all data)                  R1 = 0.0695, wR2 = 0.1790  
   
  Largest diff. peak and hole          0.944 and -0.926 e.A^-3  
 



 XIX

  
           Bond lengths [A] and angles [deg] for complex 2c  
           ___________________________________________________________  
             Cu(1)-N(1)                      2.059(2)  
            Cu(1)-N(2)                       2.088(2)  
            Cu(1)-Cl(1)                     2.2202(10)  
            Cu(1)-Cl(2)                      2.2463(10)  
            Cl(3)-C(33)                      1.703(6)  
            Cl(4)-C(33)                     1.716(6)  
            N(1)-C(2)                        1.285(3)  
            N(1)-C(13)                       1.448(3)  
            N(2)-C(1)                       1.291(4)  
            N(2)-C(23)                       1.448(3)  
            C(1)-C(5)                        1.475(4)  
            C(1)-C(2)                       1.506(4)  
            C(2)-C(3)                       1.485(4)  
            C(3)-C(12)                       1.371(5)  
            C(3)-C(4)                        1.413(5)  
            C(4)-C(9)                        1.421(4)  
            C(4)-C(5)                         1.429(5)  
            C(5)-C(6)                        1.379(4)  
            C(6)-C(7)                        1.431(5)  
            C(7)-C(8)                        1.377(7)  
            C(8)-C(9)                       1.422(7)  
            C(9)-C(10)                       1.405(7)  
            C(10)-C(11)                           1.369(7)  
            C(11)-C(12)                      1.430(5)  
            C(13)-C(14)                      1.402(5)  
            C(13)-C(18)                      1.413(4)  
            C(14)-C(15)                      1.380(4)  
            C(15)-C(16)                      1.378(5)  
            C(16)-C(17)                      1.374(5)  
            C(17)-C(18)                      1.416(4)  
            C(18)-C(19)                      1.540(4)  
      C(19)-C(22)                      1.533(5)  
            C(19)-C(21)                      1.554(5)  
            C(19)-C(20)                     1.558(5)  
            C(23)-C(24)                              1.396(4)  
            C(23)-C(28)                      1.409(4)  
            C(24)-C(25)                      1.385(4)  
            C(25)-C(26)                     1.383(5)  
            C(26)-C(27)                      1.390(5)  
            C(27)-C(28)                      1.408(4)  
            C(28)-C(29)                      1.541(5)  
            C(29)-C(30)                      1.510(7)  
            C(29)-C(31)                      1.514(8)  
            C(29)-C(32)                      1.514(6)  



 XX

   
      N(1)-Cu(1)-N(2)                80.98(9)  
            N(1)-Cu(1)-Cl(1)               94.06(6)  
            N(2)-Cu(1)-Cl(1)              151.28(7)  
            N(1)-Cu(1)-Cl(2)              161.66(8)  
            N(2)-Cu(1)-Cl(2)               95.27(7)  
            Cl(1)-Cu(1)-Cl(2)              97.50(3)  
            C(2)-N(1)-C(13)               119.9(2)  
            C(2)-N(1)-Cu(1)               111.85(18)  
            C(13)-N(1)-Cu(1)              126.66(17)  
            C(1)-N(2)-C(23)               120.6(2)  
            C(1)-N(2)-Cu(1)               110.76(17)  
            C(23)-N(2)-Cu(1)              127.10(17)  
            N(2)-C(1)-C(5)                135.5(3)  
      N(2)-C(1)-C(2)                117.5(2)  
            C(5)-C(1)-C(2)                106.9(2)  
            N(1)-C(2)-C(3)                134.7(3)  
            N(1)-C(2)-C(1)                117.3(2)  
            C(3)-C(2)-C(1)                107.9(2)  
            C(12)-C(3)-C(4)               120.1(3)  
            C(12)-C(3)-C(2)               135.0(3)  
            C(4)-C(3)-C(2)                104.9(3)  
            C(3)-C(4)-C(9)                122.3(3)  
            C(3)-C(4)-C(5)                114.7(3)  
            C(9)-C(4)-C(5)                122.9(3)  
            C(6)-C(5)-C(4)                119.9(3)  
            C(6)-C(5)-C(1)                134.6(3)  
            C(4)-C(5)-C(1)                105.5(3)  
            C(5)-C(6)-C(7)                117.7(4)  
            C(8)-C(7)-C(6)                122.5(4)  
      C(7)-C(8)-C(9)                121.5(3)  
            C(10)-C(9)-C(4)               116.0(4)  
            C(10)-C(9)-C(8)               128.5(4)  
            C(4)-C(9)-C(8)                115.5(4)  
            C(11)-C(10)-C(9)              121.9(3)  
            C(10)-C(11)-C(12)             121.6(4)  
            C(3)-C(12)-C(11)              118.1(4)  
            C(14)-C(13)-C(18)             121.9(3)  
            C(14)-C(13)-N(1)              113.9(2)  
            C(18)-C(13)-N(1)              124.2(3)  
            C(15)-C(14)-C(13)             121.0(3)  
            C(16)-C(15)-C(14)             118.8(3)  
            C(17)-C(16)-C(15)             120.2(3)  
            C(16)-C(17)-C(18)             124.0(3)  
            C(13)-C(18)-C(17)             114.1(3)  
            C(13)-C(18)-C(19)             129.0(3)  
            C(17)-C(18)-C(19)             116.9(3)  
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            C(22)-C(19)-C(18)             115.8(3)  
            C(22)-C(19)-C(21)             107.3(3)  
            C(18)-C(19)-C(21)             108.5(3)  
      C(22)-C(19)-C(20)             107.3(3)  
            C(18)-C(19)-C(20)             109.1(3)  
            C(21)-C(19)-C(20)             108.6(3)  
            C(24)-C(23)-C(28)             122.1(3)  
            C(24)-C(23)-N(2)              114.5(2)  
            C(28)-C(23)-N(2)              123.3(3)  
            C(25)-C(24)-C(23)             120.7(3)  
            C(26)-C(25)-C(24)             118.9(3)  
            C(25)-C(26)-C(27)             120.0(3)  
            C(26)-C(27)-C(28)             123.2(3)  
            C(27)-C(28)-C(23)             115.0(3)  
            C(27)-C(28)-C(29)             120.3(3)  
            C(23)-C(28)-C(29)             124.8(3)  
            C(30)-C(29)-C(31)             110.1(6)  
            C(30)-C(29)-C(32)             106.0(5)  
            C(31)-C(29)-C(32)             108.4(6)  
            C(30)-C(29)-C(28)             111.1(4)  
            C(31)-C(29)-C(28)             108.7(4)  
            C(32)-C(29)-C(28)             112.5(4)  
            Cl(3)-C(33)-Cl(4)             115.2(3)  
            
   
           Symmetry transformations used to generate equivalent atoms 
 
Hydrogen bonds for complex 2c [A and deg.].  
 
             
 Donor --- H....Acceptor  D - H      H...A    D...A  D - H...A     
 
C(14) -- H(14) .. Cl(2)  0.9300     2.7575     3.6081   152.51 
 
C(33) -- H(33A).. Cl(1)  0.9700     2.8151     3.6414   143.56 
 
C(33) -- H(33A).. Cl(2)  0.9700     2.8135     3.6094   139.83'      
  
:: No Classic Hydrogen Bonds Found 
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         Torsion angles [deg] for complex 2c  
         
   
     N(2)-Cu(1)-N(1)-C(2)                                    11.1(2)  
          Cl(1)-Cu(1)-N(1)-C(2)                                162.7(2)  
          Cl(2)-Cu(1)-N(1)-C(2)                                -68.3(3)  
          N(2)-Cu(1)-N(1)-C(13)                                176.8(2)  
          Cl(1)-Cu(1)-N(1)-C(13)                               -31.7(2)  
          Cl(2)-Cu(1)-N(1)-C(13)                                97.4(3)  
          N(1)-Cu(1)-N(2)-C(1)                                   9.82(19)  
          Cl(1)-Cu(1)-N(2)-C(1)                                 -91.7(2)  
          Cl(2)-Cu(1)-N(2)-C(1)                               152.09(19)  
          N(1)-Cu(1)-N(2)-C(23)                               -175.5(2)  
          Cl(1)-Cu(1)-N(2)-C(23)                               102.6(2)  
          Cl(2)-Cu(1)-N(2)-C(23)                               -13.6(2)  
          C(23)-N(2)-C(1)-C(5)                                  -9.0(5)  
          Cu(1)-N(2)-C(1)-C(5)                                -175.8(3)  
          C(23)-N(2)-C(1)-C(2)                                 174.0(2)  
          Cu(1)-N(2)-C(1)-C(2)                                   7.3(3)  
          C(13)-N(1)-C(2)-C(3)                                   4.8(5)  
          Cu(1)-N(1)-C(2)-C(3)                                 171.5(3)  
          C(13)-N(1)-C(2)-C(1)                                -177.4(2)  
          Cu(1)-N(1)-C(2)-C(1)                                 -10.7(3)  
          N(2)-C(1)-C(2)-N(1)                                    2.3(4)  
          C(5)-C(1)-C(2)-N(1)                                 -175.5(3)  
          N(2)-C(1)-C(2)-C(3)                                 -179.4(3)  
          C(5)-C(1)-C(2)-C(3)                                    2.8(3)  
          N(1)-C(2)-C(3)-C(12)                                  -3.9(6)  
          C(1)-C(2)-C(3)-C(12)                                 178.2(4)  
          N(1)-C(2)-C(3)-C(4)                                  175.9(3)  
          C(1)-C(2)-C(3)-C(4)                                   -2.0(3)  
          C(12)-C(3)-C(4)-C(9)                                   2.1(5)  
     C(2)-C(3)-C(4)-C(9)                                 -177.8(3)  
          C(12)-C(3)-C(4)-C(5)                                -179.7(3)  
          C(2)-C(3)-C(4)-C(5)                                    0.5(4)  
          C(3)-C(4)-C(5)-C(6)                                 -176.9(3)  
          C(9)-C(4)-C(5)-C(6)                                    1.3(5)  
          C(3)-C(4)-C(5)-C(1)                                    1.3(4)  
          C(9)-C(4)-C(5)-C(1)                                  179.5(3)  
          N(2)-C(1)-C(5)-C(6)                                   -1.9(6)  
          C(2)-C(1)-C(5)-C(6)                                  175.3(4)  
          N(2)-C(1)-C(5)-C(4)                                 -179.7(3)  
          C(2)-C(1)-C(5)-C(4)                                   -2.5(3)  
          C(4)-C(5)-C(6)-C(7)                                   -0.6(5)  
          C(1)-C(5)-C(6)-C(7)                                 -178.2(3)  
          C(5)-C(6)-C(7)-C(8)                                   -0.2(6)  
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          C(6)-C(7)-C(8)-C(9)                                      0.3(7)  
          C(3)-C(4)-C(9)-C(10)                                   -1.8(5)  
          C(5)-C(4)-C(9)-C(10)                                    -179.9(3)  
     C(3)-C(4)-C(9)-C(8)                                  177.0(3)  
          C(5)-C(4)-C(9)-C(8)                                   -1.1(5)  
          C(7)-C(8)-C(9)-C(10)                                 178.9(4)  
          C(7)-C(8)-C(9)-C(4)                                    0.3(6)  
          C(4)-C(9)-C(10)-C(11)                                  0.0(6)  
          C(8)-C(9)-C(10)-C(11)                               -178.6(4)  
          C(9)-C(10)-C(11)-C(12)                                 1.5(7)  
          C(4)-C(3)-C(12)-C(11)                                 -0.5(5)  
          C(2)-C(3)-C(12)-C(11)                                179.3(4)  
          C(10)-C(11)-C(12)-C(3)                               -1.3(6)  
          C(2)-N(1)-C(13)-C(14)                                87.3(3)  
          Cu(1)-N(1)-C(13)-C(14)                              -77.4(3)  
          C(2)-N(1)-C(13)-C(18)                               -94.4(3)  
          Cu(1)-N(1)-C(13)-C(18)                              101.0(3)  
          C(18)-C(13)-C(14)-C(15)                               2.2(5)  
          N(1)-C(13)-C(14)-C(15)                             -179.4(3)  
          C(13)-C(14)-C(15)-C(16)                              -2.4(6)  
          C(14)-C(15)-C(16)-C(17)                               1.2(6)  
          C(15)-C(16)-C(17)-C(18)                               0.3(6)  
          C(14)-C(13)-C(18)-C(17)                              -0.7(4)  
          N(1)-C(13)-C(18)-C(17)                             -178.9(3)  
          C(14)-C(13)-C(18)-C(19)                            -179.6(3)  
          N(1)-C(13)-C(18)-C(19)                                2.2(5)  
          C(16)-C(17)-C(18)-C(13)                              -0.5(5)  
          C(16)-C(17)-C(18)-C(19)                             178.5(3)  
          C(13)-C(18)-C(19)-C(22)                              -3.2(5)  
          C(17)-C(18)-C(19)-C(22)                             177.9(3)  
          C(13)-C(18)-C(19)-C(21)                            -124.0(3)  
          C(17)-C(18)-C(19)-C(21)                              57.2(4)  
          C(13)-C(18)-C(19)-C(20)                             117.9(4)  
          C(17)-C(18)-C(19)-C(20)                             -60.9(4)  
          C(1)-N(2)-C(23)-C(24)                               -75.0(3)  
          Cu(1)-N(2)-C(23)-C(24)                               89.4(3)  
     C(1)-N(2)-C(23)-C(28)                               108.7(3)  
          Cu(1)-N(2)-C(23)-C(28)                              -86.9(3)  
          C(28)-C(23)-C(24)-C(25)                              -0.4(4)  
          N(2)-C(23)-C(24)-C(25)                             -176.6(3)  
          C(23)-C(24)-C(25)-C(26)                               1.4(5)  
          C(24)-C(25)-C(26)-C(27)                              -1.6(5)  
          C(25)-C(26)-C(27)-C(28)                               0.6(5)  
          C(26)-C(27)-C(28)-C(23)                               0.4(4)  
          C(26)-C(27)-C(28)-C(29)                            -179.7(3)  
          C(24)-C(23)-C(28)-C(27)                              -0.6(4)  
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          N(2)-C(23)-C(28)-C(27)                              175.4(2)  
          C(24)-C(23)-C(28)-C(29)                             179.6(3)  
          N(2)-C(23)-C(28)-C(29)                               -4.5(4)  
     C(27)-C(28)-C(29)-C(30)                             127.2(5)  
          C(23)-C(28)-C(29)-C(30)                             -53.0(6)  
          C(27)-C(28)-C(29)-C(31)                            -111.6(6)  
          C(23)-C(28)-C(29)-C(31)                              68.3(6)  
          C(27)-C(28)-C(29)-C(32)                               8.5(6)  
          C(23)-C(28)-C(29)-C(32)                            -171.7(5)  
     
   
           
 Symmetry transformations used to generate equivalent atoms 
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APPENDIX B 
 
 
 
Crystal data and structure refinement for [(2,6-diisopropylphenylamido) (fluorenyl) 
diphenylsilane] (2a) 
   
   
      Identification code                 2a 
   
      Empirical formula                   C37 H37 N Si  
   
      Formula weight                     523.77  
   
      Temperature                         293(2) K  
   
      Wavelength                         0.71073 A  
   
      Crystal system, space group          Monoclinic, c2/c 
   
      Unit cell dimensions                a = 27.053(11) A   alpha = 90 deg.  
                                          b = 11.099(5) A    beta = 98.150(7) deg.  
                                           c = 20.194(8) A   gamma = 90 deg.  
   
      Volume                               6002(4) A^3  
   
      Z, Calculated density               8,  1.159 Mg/m^3  
   
      Absorption coefficient              0.104 mm^-1  
   
      F(000)                               2240  
   
      Crystal size                         0.48 x 0.38 x 0.10 mm  
   
      Theta range for data collection     1.52 to 25.00 deg.  
   
      Limiting indices                    -30<=h<=32, -9<=k<=13, -24<=l<=23  
   
      Reflections collected / unique      14597 / 5300 [R(int) = 0.0250]  
   
      Completeness to theta =    25.00     99.9 %  
   
      Max. and min. transmission          0.9897 and 0.9523  
   
      Refinement method                   Full-matrix least-squares on F^2  
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      Data / restraints / parameters      5300 / 0 / 500  
   
      Goodness-of-fit on F^2              1.026  
   
      Final R indices [I>2sigma(I)]       R1 = 0.0411, wR2 = 0.1044  
   
      R indices (all data)               R1 = 0.0587, wR2 = 0.1131  
   
      Largest diff. peak and hole        0.280 and -0.195 e.A^-3  
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           Bond lengths [A] and angles [deg] for 2a  
            
   
            Si(1)-N(1)                      1.7144(15)  
            Si(1)-C(20)                     1.8639(18)  
            Si(1)-C(14)                     1.8877(18)  
            Si(1)-C(9)                      1.9085(19)  
            N(1)-C(26)                      1.429(2)  
            C(1)-C(2)                       1.385(3)  
            C(1)-C(13)                      1.387(3)  
            C(2)-C(3)                       1.379(4)  
            C(3)-C(4)                       1.368(4)  
            C(4)-C(12)                      1.391(3)  
            C(5)-C(6)                       1.366(4)  
            C(5)-C(11)                      1.399(3)  
            C(6)-C(7)                       1.375(4)  
            C(7)-C(8)                       1.390(3)  
            C(8)-C(10)                      1.380(3)  
            C(9)-C(10)                      1.512(3)  
            C(9)-C(13)                      1.512(3)  
            C(10)-C(11)                     1.400(3)  
            C(11)-C(12)                     1.460(3)  
            C(12)-C(13)                     1.408(3)  
            C(14)-C(19)                     1.387(3)  
            C(14)-C(15)                     1.392(3)  
            C(15)-C(16)                     1.387(3)  
            C(16)-C(17)                    1.366(4)  
            C(17)-C(18)                    1.362(4)  
            C(18)-C(19)                     1.394(3)  
            C(20)-C(25)                     1.395(2)  
            C(20)-C(21)                     1.402(2)  
            C(21)-C(22)                     1.377(3)  
            C(22)-C(23)                     1.377(3)  
            C(23)-C(24)                     1.367(3)  
            C(24)-C(25)                     1.384(3)  
            C(26)-C(31)                     1.402(2)  
            C(26)-C(27)                     1.416(2)  
            C(27)-C(28)                     1.387(3)  
            C(27)-C(35)                     1.515(3)  
            C(28)-C(29)                     1.369(3)  
            C(29)-C(30)                     1.378(3)  
            C(30)-C(31)                     1.385(3)  
            C(31)-C(32)                     1.524(2)  
            C(32)-C(34)                     1.520(3)  
            C(32)-C(33)                     1.522(3)  
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            C(35)-C(36)                     1.507(3)  
            C(35)-C(37)                     1.522(3)  
   
            N(1)-Si(1)-C(20)              109.45(8)  
            N(1)-Si(1)-C(14)              112.57(8)  
            C(20)-Si(1)-C(14)             109.48(7)  
            N(1)-Si(1)-C(9)               108.51(8)  
            C(20)-Si(1)-C(9)              113.64(8)  
            C(14)-Si(1)-C(9)              103.13(8)  
            C(26)-N(1)-Si(1)              130.64(12)  
            C(2)-C(1)-C(13)               118.7(2)  
            C(3)-C(2)-C(1)                121.0(3)  
            C(4)-C(3)-C(2)                121.0(2)  
            C(3)-C(4)-C(12)               119.1(2)  
            C(6)-C(5)-C(11)               118.9(2)  
            C(5)-C(6)-C(7)                120.9(2)  
            C(6)-C(7)-C(8)                120.9(3)  
            C(10)-C(8)-C(7)               119.3(2)  
            C(10)-C(9)-C(13)              102.25(15)  
            C(10)-C(9)-Si(1)              117.43(13)  
            C(13)-C(9)-Si(1)              110.57(12)  
            C(8)-C(10)-C(11)              119.46(18)  
            C(8)-C(10)-C(9)               129.91(18)  
            C(11)-C(10)-C(9)              110.63(17)  
            C(5)-C(11)-C(10)              120.5(2)  
            C(5)-C(11)-C(12)              131.2(2)  
            C(10)-C(11)-C(12)             108.25(17)  
            C(4)-C(12)-C(13)              120.0(2)  
            C(4)-C(12)-C(11)              131.1(2)  
            C(13)-C(12)-C(11)             108.87(17)  
            C(1)-C(13)-C(12)              120.06(19)  
            C(1)-C(13)-C(9)               130.12(18)  
            C(12)-C(13)-C(9)              109.80(17)  
            C(19)-C(14)-C(15)             116.67(18)  
            C(19)-C(14)-Si(1)             123.12(15)  
            C(15)-C(14)-Si(1)             120.16(14)  
            C(16)-C(15)-C(14)             121.6(2)  
            C(17)-C(16)-C(15)             120.2(2)  
            C(18)-C(17)-C(16)             119.8(2)  
            C(17)-C(18)-C(19)             120.1(2)  
            C(14)-C(19)-C(18)             121.5(2)  
            C(25)-C(20)-C(21)             117.00(16)  
            C(25)-C(20)-Si(1)             121.32(13)  
            C(21)-C(20)-Si(1)             121.63(13)  
            C(22)-C(21)-C(20)             120.80(18)  
            C(23)-C(22)-C(21)             120.6(2)  
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            C(24)-C(23)-C(22)             120.0(2)  
            C(23)-C(24)-C(25)             119.69(19)  
            C(24)-C(25)-C(20)             121.87(18)  
            C(31)-C(26)-C(27)             120.63(15)  
            C(31)-C(26)-N(1)              120.13(15)  
            C(27)-C(26)-N(1)              119.24(15)  
            C(28)-C(27)-C(26)             118.23(16)  
            C(28)-C(27)-C(35)             119.45(16)  
            C(26)-C(27)-C(35)             122.32(16)  
            C(29)-C(28)-C(27)             121.58(18)  
            C(28)-C(29)-C(30)             119.54(19)  
            C(29)-C(30)-C(31)             121.95(19)  
            C(30)-C(31)-C(26)             118.06(16)  
            C(30)-C(31)-C(32)             119.10(16)  
            C(26)-C(31)-C(32)             122.76(16)  
            C(34)-C(32)-C(33)             111.6(2)  
            C(34)-C(32)-C(31)             113.33(17)  
            C(33)-C(32)-C(31)             110.57(17)  
            C(36)-C(35)-C(27)             111.11(19)  
            C(36)-C(35)-C(37)             109.9(2)  
            C(27)-C(35)-C(37)             113.76(18)  
          
   
           Symmetry transformations used to generate equivalent atoms:  
             
   
         Torsion angles [deg] for 2a 
        
   
          C(20)-Si(1)-N(1)-C(26)                                  1.26(17)  
          C(14)-Si(1)-N(1)-C(26)                              123.25(15)  
          C(9)-Si(1)-N(1)-C(26)                              -123.26(16)  
          C(13)-C(1)-C(2)-C(3)                                      -0.7(3)  
          C(1)-C(2)-C(3)-C(4)                                          1.8(4)  
          C(2)-C(3)-C(4)-C(12)                                      -0.7(4)  
          C(11)-C(5)-C(6)-C(7)                                      -0.2(4)  
          C(5)-C(6)-C(7)-C(8)                                          0.9(4)  
          C(6)-C(7)-C(8)-C(10)                                       -0.9(4)  
          N(1)-Si(1)-C(9)-C(10)                                  68.62(15)  
          C(20)-Si(1)-C(9)-C(10)                               -53.38(16)  
          C(14)-Si(1)-C(9)-C(10)                             -171.80(13)  
          N(1)-Si(1)-C(9)-C(13)                                 -48.13(14)  
          C(20)-Si(1)-C(9)-C(13)                              -170.13(12)  
          C(14)-Si(1)-C(9)-C(13)                                  71.45(14)  
          C(7)-C(8)-C(10)-C(11)                                        0.3(3)  
          C(7)-C(8)-C(10)-C(9)                                   179.48(19)  
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          C(13)-C(9)-C(10)-C(8)                              -176.66(19)  
          Si(1)-C(9)-C(10)-C(8)                                62.2(2)  
          C(13)-C(9)-C(10)-C(11)                                2.57(19)  
          Si(1)-C(9)-C(10)-C(11)                             -118.61(15)  
          C(6)-C(5)-C(11)-C(10)                                -0.4(3)  
          C(6)-C(5)-C(11)-C(12)                              -179.1(2)  
          C(8)-C(10)-C(11)-C(5)                                 0.4(3)  
          C(9)-C(10)-C(11)-C(5)                              -178.95(18)  
          C(8)-C(10)-C(11)-C(12)                              179.29(17)  
          C(9)-C(10)-C(11)-C(12)                                0.0(2)  
          C(3)-C(4)-C(12)-C(13)                                -1.5(3)  
          C(3)-C(4)-C(12)-C(11)                               177.9(2)  
          C(5)-C(11)-C(12)-C(4)                                -3.5(4)  
          C(10)-C(11)-C(12)-C(4)                              177.8(2)  
          C(5)-C(11)-C(12)-C(13)                              176.0(2)  
          C(10)-C(11)-C(12)-C(13)                              -2.8(2)  
          C(2)-C(1)-C(13)-C(12)                                -1.4(3)  
          C(2)-C(1)-C(13)-C(9)                                176.77(19)  
          C(4)-C(12)-C(13)-C(1)                                 2.6(3)  
          C(11)-C(12)-C(13)-C(1)                             -176.94(17)  
          C(4)-C(12)-C(13)-C(9)                              -175.97(17)  
          C(11)-C(12)-C(13)-C(9)                                4.5(2)  
          C(10)-C(9)-C(13)-C(1)                               177.36(19)  
          Si(1)-C(9)-C(13)-C(1)                               -56.8(2)  
          C(10)-C(9)-C(13)-C(12)                               -4.29(18)  
          Si(1)-C(9)-C(13)-C(12)                              121.52(14)  
          N(1)-Si(1)-C(14)-C(19)                               -6.60(18)  
          C(20)-Si(1)-C(14)-C(19)                             115.38(16)  
          C(9)-Si(1)-C(14)-C(19)                             -123.34(16)  
          N(1)-Si(1)-C(14)-C(15)                              170.51(14)  
          C(20)-Si(1)-C(14)-C(15)                             -67.51(16)  
          C(9)-Si(1)-C(14)-C(15)                               53.77(16)  
          C(19)-C(14)-C(15)-C(16)                              -1.8(3)  
          Si(1)-C(14)-C(15)-C(16)                            -179.07(16)  
          C(14)-C(15)-C(16)-C(17)                               1.2(3)  
          C(15)-C(16)-C(17)-C(18)                               0.3(4)  
          C(16)-C(17)-C(18)-C(19)                              -1.0(4)  
          C(15)-C(14)-C(19)-C(18)                               1.0(3)  
          Si(1)-C(14)-C(19)-C(18)                             178.23(16)  
          C(17)-C(18)-C(19)-C(14)                               0.4(3)  
          N(1)-Si(1)-C(20)-C(25)                              131.13(14)  
          C(14)-Si(1)-C(20)-C(25)                               7.30(16)  
          C(9)-Si(1)-C(20)-C(25)                             -107.40(15)  
          N(1)-Si(1)-C(20)-C(21)                              -46.40(16)  
          C(14)-Si(1)-C(20)-C(21)                            -170.22(14)  
          C(9)-Si(1)-C(20)-C(21)                               75.08(16)  
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          C(25)-C(20)-C(21)-C(22)                               0.5(3)  
          Si(1)-C(20)-C(21)-C(22)                             178.12(15)  
          C(20)-C(21)-C(22)-C(23)                              -0.9(3)  
          C(21)-C(22)-C(23)-C(24)                               0.8(3)  
          C(22)-C(23)-C(24)-C(25)                              -0.4(3)  
          C(23)-C(24)-C(25)-C(20)                               0.0(3)  
          C(21)-C(20)-C(25)-C(24)                              -0.1(3)  
          Si(1)-C(20)-C(25)-C(24)                            -177.71(14)  
          Si(1)-N(1)-C(26)-C(31)                              -67.7(2)  
          Si(1)-N(1)-C(26)-C(27)                              112.57(16)  
          C(31)-C(26)-C(27)-C(28)                              -0.9(2)  
          N(1)-C(26)-C(27)-C(28)                              178.84(15)  
          C(31)-C(26)-C(27)-C(35)                             179.61(15)  
          N(1)-C(26)-C(27)-C(35)                               -0.7(2)  
          C(26)-C(27)-C(28)-C(29)                               1.1(3)  
          C(35)-C(27)-C(28)-C(29)                            -179.38(18)  
          C(27)-C(28)-C(29)-C(30)                              -0.7(3)  
          C(28)-C(29)-C(30)-C(31)                               0.1(3)  
          C(29)-C(30)-C(31)-C(26)                               0.1(3)  
          C(29)-C(30)-C(31)-C(32)                            -176.70(17)  
          C(27)-C(26)-C(31)-C(30)                               0.3(2)  
          N(1)-C(26)-C(31)-C(30)                             -179.39(15)  
          C(27)-C(26)-C(31)-C(32)                             176.95(14)  
          N(1)-C(26)-C(31)-C(32)                               -2.8(2)  
          C(30)-C(31)-C(32)-C(34)                             -44.4(3)  
          C(26)-C(31)-C(32)-C(34)                             139.0(2)  
          C(30)-C(31)-C(32)-C(33)                              81.7(2)  
          C(26)-C(31)-C(32)-C(33)                             -94.9(2)  
          C(28)-C(27)-C(35)-C(36)                             -89.2(3)  
          C(26)-C(27)-C(35)-C(36)                              90.4(2)  
          C(28)-C(27)-C(35)-C(37)                              35.6(3)  
          C(26)-C(27)-C(35)-C(37)                            -144.9(2)  
         ________________________________________________________________  
   
         Symmetry transformations used to generate equivalent atoms:  
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Crystal data and structure refinement for [(2,6-dimethylamido) (fluorenyl) diphenylsilane] 
(2b) 
      Identification code                  2b 
     Empirical formula                    C33 H29 N Si    
      Formula weight                       467.66  
   
      Temperature                          293(2) K  
   
      Wavelength                           0.71073 Å  
   
      Crystal system, space group          Orthorhombic, Pbca  
   
      Unit cell dimensions                 a = 18.275(4) A   alpha = 90º.  
                                            b = 13.255(3) A    beta = 90º.  
                                            c = 21.355(5) A   gamma = 90º.  
   
      Volume                                5173.3(19)Å3  
   
      Z, Calculated density                8, 1.201 Mg/m3  
   
      Absorption coefficient               0.112 mm-1  
   
      F(000)                                1984  
   
      Crystal size                          0.59 x 0.26 x 0.13 mm  
   
      Theta range for data collection      1.91 to 25.00 deg.  
   
   Limiting indices                     -19<=h<=21 

-11<=k<=15 
 -25<=l<=24  

   
      Reflections collected / unique       24447 / 4550 [R(int) = 0.0516]  
   
      Completeness to theta = 25.00        100.0 %  
   
      Absorption correction                Semi-empirical from equivalents  
   
      Max. and min. transmission           0.9850 and 0.9368  
   
      Refinement method                    Full-matrix least-squares on F2  
   
      Data / restraints / parameters       4550 / 0 / 318  
   
      Goodness-of-fit on F2               1.031  
   
   Final R indices [I>2sigma(I)]        R1 = 0.0489, wR2 = 0.1169  
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      R indices (all data)                 R1 = 0.0848, wR2 = 0.1331  
   
      Largest diff. peak and hole          0.243 and -0.200 e. Å-3  
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     Bond lengths [Å] and angles [deg] for 2b.  
             
   
      Si(1)-N(1)                      1.718(2)  
            Si(1)-C(14)                     1.861(3)  
            Si(1)-C(20)                     1.865(2)  
            Si(1)-C(9)                      1.906(2)  
            N(1)-C(26)                      1.423(3)  
            C(1)-C(13)                      1.380(3)  
            C(1)-C(2)                       1.381(4)  
            C(2)-C(3)                       1.377(4)  
            C(3)-C(4)                       1.371(4)  
            C(4)-C(12)                      1.380(3)  
            C(5)-C(6)                       1.373(4)  
            C(5)-C(11)                      1.385(3)  
            C(6)-C(7)                       1.374(4)  
            C(7)-C(8)                       1.383(4)  
            C(8)-C(10)                      1.381(3)  
            C(9)-C(13)                      1.505(3)  
            C(9)-C(10)                      1.509(3)  
            C(10)-C(11)                     1.402(3)  
            C(11)-C(12)                     1.457(3)  
            C(12)-C(13)                     1.402(3)  
            C(14)-C(19)                     1.389(4)  
            C(14)-C(15)                     1.396(4)  
            C(15)-C(16)                     1.370(5)  
            C(16)-C(17)                     1.346(6)  
            C(17)-C(18)                     1.378(6)  
            C(18)-C(19)                     1.381(4)  
            C(20)-C(25)                     1.377(3)  
            C(20)-C(21)                     1.388(3)  
            C(21)-C(22)                     1.378(4)  
            C(22)-C(23)                     1.362(4)  
            C(23)-C(24)                     1.372(4)  
            C(24)-C(25)                     1.376(4)  
            C(26)-C(27)                     1.397(3)  
      C(26)-C(31)                     1.399(3)  
            C(27)-C(28)                     1.388(4)  
            C(27)-C(33)                     1.503(4)  
            C(28)-C(29)                     1.375(4)  
            C(29)-C(30)                     1.361(4)  
            C(30)-C(31)                     1.389(4)  
            C(31)-C(32)                     1.497(4)  
   
            N(1)-Si(1)-C(14)              110.99(12)  
            N(1)-Si(1)-C(20)              107.10(10)  
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            C(14)-Si(1)-C(20)             112.78(11)  
            N(1)-Si(1)-C(9)               109.01(10)  
      C(14)-Si(1)-C(9)              105.98(11)  
            C(20)-Si(1)-C(9)              110.98(11)  
            C(26)-N(1)-Si(1)              128.11(16)  
            C(13)-C(1)-C(2)               118.6(3)  
            C(3)-C(2)-C(1)                121.1(3)  
            C(4)-C(3)-C(2)                120.6(3)  
            C(3)-C(4)-C(12)               119.2(3)  
            C(6)-C(5)-C(11)               119.0(3)  
            C(5)-C(6)-C(7)                120.4(3)  
            C(6)-C(7)-C(8)                121.1(3)  
            C(10)-C(8)-C(7)               119.5(3)  
            C(13)-C(9)-C(10)              102.53(19)  
            C(13)-C(9)-Si(1)              110.08(15)  
            C(10)-C(9)-Si(1)              109.38(16)  
            C(8)-C(10)-C(11)              118.9(2)  
            C(8)-C(10)-C(9)               131.1(2)  
            C(11)-C(10)-C(9)              109.9(2)  
            C(5)-C(11)-C(10)              121.1(2)  
            C(5)-C(11)-C(12)              130.5(2)  
     C(10)-C(11)-C(12)             108.4(2)  
            C(4)-C(12)-C(13)              120.2(2)  
            C(4)-C(12)-C(11)              131.1(2)  
            C(13)-C(12)-C(11)             108.7(2)  
            C(1)-C(13)-C(12)              120.2(2)  
      C(1)-C(13)-C(9)               130.0(2)  
            C(12)-C(13)-C(9)              109.8(2)  
            C(19)-C(14)-C(15)             117.2(3)  
            C(19)-C(14)-Si(1)             122.6(2)  
            C(15)-C(14)-Si(1)             120.2(2)  
            C(16)-C(15)-C(14)             120.9(4)  
            C(17)-C(16)-C(15)             121.4(4)  
            C(16)-C(17)-C(18)             119.3(4)  
            C(17)-C(18)-C(19)             120.3(4)  
            C(18)-C(19)-C(14)             120.8(3)  
            C(25)-C(20)-C(21)             116.7(2)  
            C(25)-C(20)-Si(1)             122.80(19)  
            C(21)-C(20)-Si(1)             120.37(18)  
            C(22)-C(21)-C(20)             121.7(3)  
            C(23)-C(22)-C(21)             120.0(3)  
            C(22)-C(23)-C(24)             119.9(3)  
            C(23)-C(24)-C(25)             119.6(3)  
            C(24)-C(25)-C(20)             122.2(3)  
            C(27)-C(26)-C(31)             120.4(2)  
            C(27)-C(26)-N(1)              119.6(2)  
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            C(31)-C(26)-N(1)              120.0(2)  
            C(28)-C(27)-C(26)             119.0(3)  
            C(28)-C(27)-C(33)             120.0(3)  
            C(26)-C(27)-C(33)             120.9(2)  
            C(29)-C(28)-C(27)             120.7(3)  
      C(30)-C(29)-C(28)             119.9(3)  
            C(29)-C(30)-C(31)             121.8(3)  
            C(30)-C(31)-C(26)             118.1(3)  
            C(30)-C(31)-C(32)             118.8(3)  
            C(26)-C(31)-C(32)             123.1(2)  
           _____________________________________________________________  
   
   Symmetry transformations used to generate equivalent atoms:  
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Torsion angles [deg] for 2b  
           
   
     C(14)-Si(1)-N(1)-C(26)                                    -121.2(2)  
          C(20)-Si(1)-N(1)-C(26)                                  2.3(2)  
          C(9)-Si(1)-N(1)-C(26)                                              122.5(2)  
          C(13)-C(1)-C(2)-C(3)                                                   1.5(4)  
          C(1)-C(2)-C(3)-C(4)                                             -2.0(5)  
          C(2)-C(3)-C(4)-C(12)                                    0.4(5)  
          C(11)-C(5)-C(6)-C(7)                                    0.3(4)  
          C(5)-C(6)-C(7)-C(8)                                              -0.2(5)  
          C(6)-C(7)-C(8)-C(10)                                     0.2(4)  
          N(1)-Si(1)-C(9)-C(13)                                   -179.38(15)  
          C(14)-Si(1)-C(9)-C(13)                                            61.10(19)  
          C(20)-Si(1)-C(9)-C(13)                                           -61.66(18)  
          N(1)-Si(1)-C(9)-C(10)                                              68.70(18)  
          C(14)-Si(1)-C(9)-C(10)                                           -50.83(18)  
          C(20)-Si(1)-C(9)-C(10)                                         -173.58(15)  
     C(7)-C(8)-C(10)-C(11)                                                 -0.3(4)  
          C(7)-C(8)-C(10)-C(9)                                                 175.7(3)  
          C(13)-C(9)-C(10)-C(8)                                                176.0(3)  
          Si(1)-C(9)-C(10)-C(8)                                                  -67.2(3)  
          C(13)-C(9)-C(10)-C(11)                                                -7.7(2)  
          Si(1)-C(9)-C(10)-C(11)                                            109.08(19)  
     C(6)-C(5)-C(11)-C(10)                                                   -0.4(4)  
          C(6)-C(5)-C(11)-C(12)                                                 178.2(3)  
          C(8)-C(10)-C(11)-C(5)                                                     0.4(4)  
          C(9)-C(10)-C(11)-C(5)                                                -176.4(2)  
          C(8)-C(10)-C(11)-C(12)                                              -178.4(2)  
          C(9)-C(10)-C(11)-C(12)                                                    4.7(3)  
          C(3)-C(4)-C(12)-C(13)                                                      1.5(4)  
          C(3)-C(4)-C(12)-C(11)                                                 -177.9(3)  
          C(5)-C(11)-C(12)-C(4)                                                      1.3(5)  
          C(10)-C(11)-C(12)-C(4)                                                180.0(3)  
          C(5)-C(11)-C(12)-C(13)                                               -178.1(3)  
          C(10)-C(11)-C(12)-C(13)                                                  0.6(3)  
          C(2)-C(1)-C(13)-C(12)                                                      0.4(4)  
          C(2)-C(1)-C(13)-C(9)                                                   -175.6(2)  
          C(4)-C(12)-C(13)-C(1)                                                     -1.9(4)  
          C(11)-C(12)-C(13)-C(1)                                                 177.6(2)  
          C(4)-C(12)-C(13)-C(9)                                                   174.8(2)  
          C(11)-C(12)-C(13)-C(9)                                                    -5.7(3)  
          C(10)-C(9)-C(13)-C(1)                                                  -175.6(2)  
          Si(1)-C(9)-C(13)-C(1)                                                        68.1(3)  
          C(10)-C(9)-C(13)-C(12)                                                      8.1(2)  
          Si(1)-C(9)-C(13)-C(12)                                                -108.23(19)  
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          N(1)-Si(1)-C(14)-C(19)                                171.4(2)  
          C(20)-Si(1)-C(14)-C(19)                                51.2(2)  
          C(9)-Si(1)-C(14)-C(19)                                -70.4(2)  
          N(1)-Si(1)-C(14)-C(15)                                -12.3(2)  
     C(20)-Si(1)-C(14)-C(15)                              -132.4(2)  
          C(9)-Si(1)-C(14)-C(15)                                106.0(2)  
          C(19)-C(14)-C(15)-C(16)                                -1.1(4)  
          Si(1)-C(14)-C(15)-C(16)                              -177.7(2)  
          C(14)-C(15)-C(16)-C(17)                                -0.3(6)  
          C(15)-C(16)-C(17)-C(18)                                 1.6(7)  
          C(16)-C(17)-C(18)-C(19)                                -1.5(6)  
          C(17)-C(18)-C(19)-C(14)                                 0.0(5)  
          C(15)-C(14)-C(19)-C(18)                                 1.2(4)  
          Si(1)-C(14)-C(19)-C(18)                               177.7(2)  
          N(1)-Si(1)-C(20)-C(25)                               -112.3(2)  
          C(14)-Si(1)-C(20)-C(25)                                10.1(3)  
          C(9)-Si(1)-C(20)-C(25)                                128.8(2)  
          N(1)-Si(1)-C(20)-C(21)                                 63.0(2)  
          C(14)-Si(1)-C(20)-C(21)                              -174.6(2)  
          C(9)-Si(1)-C(20)-C(21)                                -55.8(2)  
          C(25)-C(20)-C(21)-C(22)                                 1.3(4)  
          Si(1)-C(20)-C(21)-C(22)                              -174.3(2)  
          C(20)-C(21)-C(22)-C(23)                                 0.5(5)  
          C(21)-C(22)-C(23)-C(24)                                -2.0(5)  
          C(22)-C(23)-C(24)-C(25)                                 1.7(5)  
          C(23)-C(24)-C(25)-C(20)                                 0.2(5)  
          C(21)-C(20)-C(25)-C(24)                                -1.6(4)  
          Si(1)-C(20)-C(25)-C(24)                               173.9(2)  
          Si(1)-N(1)-C(26)-C(27)                               -112.5(2)  
          Si(1)-N(1)-C(26)-C(31)                                 67.4(3)  
          C(31)-C(26)-C(27)-C(28)                                -0.7(4)  
          N(1)-C(26)-C(27)-C(28)                                179.1(2)  
          C(31)-C(26)-C(27)-C(33)                              -178.2(2)  
          N(1)-C(26)-C(27)-C(33)                                  1.6(4)  
          C(26)-C(27)-C(28)-C(29)                                -1.5(4)  
          C(33)-C(27)-C(28)-C(29)                               176.0(3)  
          C(27)-C(28)-C(29)-C(30)                                 1.1(5)  
          C(28)-C(29)-C(30)-C(31)                                 1.6(5)  
     C(29)-C(30)-C(31)-C(26)                                -3.7(4)  
          C(29)-C(30)-C(31)-C(32)                               175.8(3)  
          C(27)-C(26)-C(31)-C(30)                                 3.3(4)  
          N(1)-C(26)-C(31)-C(30)                               -176.6(2)  
          C(27)-C(26)-C(31)-C(32)                              -176.2(2)  
          N(1)-C(26)-C(31)-C(32)                                    3.9(4)  
  ______________________________________________________________  
   
   Symmetry transformations used to generate equivalent atoms 
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