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ABSTRACT

This study concerns the synthesis of pyrazole and substituted pyrazole nickel

complexes of the type [(3,5-R,R',pz)2NiB rz ( Pz 
: pyrazole; R = R' = cHr (1), tBu

(a)l and of the type [(3,5-R,R'pz)aNiBrz R: H, R' : CHr (2)] R: R' :H (3)l' These

complexes were synthesized by reacting (DME)NiBrz and the appropriate pyrazole

or substituted pyrazole in dichloromethane. The products were obtained in moderate

to good yields. All the complexes isolated were charac teizedby a combination of IR

spectroscopy, 
tH NNm. spectroscopy and elemental analysis' Complexes I and 2

were further characteri zedby single crystal X-ray crystallography. Complex 1 was

found to have a tetrahedral geometry and complex 2 has an octahedral geometry' In

addition to the pyrazole nickel complexes, new pyr.volyl ligands with alkane-o'ol-

dione linkers tRpzC(OXCHz),C(O)pzR); R: CHr' n: 0 (A1)' n:2 (A2)'n:3 (A3)

and R: tBu, n = 3 (A4)] were synthesized. These new ligands were charactenzed by

IR spectroscopy, 
,H NNfi, "C NNffi. spectoscopy and elemental analysis' They

were further reacted with (cHrCN)2PdCl2 in attempts to obtain a'obis(3'5-

Rzpyrazolyl)alkane-cr,rodione palladium chloride complexes' These ligands tend to

undergo hydrolysis when they are reacted wittr (CHTCN)zPdClz as confirmed by tH

NMR spectral analysis. one complex, 1,5.bis(3,5.Mezpz)pentane-1,5-dione

palladium chloride was successfully prepared under very dry solvent conditions' The

1,5-bis(3,5-Mezpz)pentane-1,Sdione palladium chloride complex was characteized

by 'HNMR spectroscoPY.
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The pyrazole nickel complexes I and 3 were used as catalysts for ethylene

polymerization after activation with methylaluminoxane (MAO) to give high-density

polyethylene ([IDPE). Complex 3 was found to have a higher activity than complex

1, since the metal centre is more accessible in 3 than 1' In these polymerization

reactions temperature, pressure and MAO concentration were varied' Activities

ranging from 40 kg PE/mot Ni h to 3000 kg PE/mol Ni h were obtained with these

catalysts depending on the conditions used. Polymers obtained were characterized by

high temperature 
rH and "C NIlm. spectoscopy, high temperature gel permeation

chromatography (GPC) and thermal analysis. Molecularweights between 0'84 x 106

_ 3.g6 x 106 g/mol and melting point range of 130 - 137 oc were observed for these

polymers. All this data suggests that the polyethylene produced in this study is linear'

Molecular weight of the polymers produced tends to decrease with increasing

temperature and increasing pressure. This is due to the high rate of B-hydride

elimination over chain propagation'

Another ethylene polymerization catalyst used in this study was l'3'5-

benzenetricarbonylpyrazolyl palladium complex (4) Activities ranging from 440 kg

PE/mol Pd h to 2497 kgPE/mot Pd h were observed for this catalyst' The effect of

MAO concenfiation and temperature on the catalyst activity was investigated' At co-

catalyst to catalyst ratio (Al:Pd) above 3000:1 catalyst activity decreases and at high

temperatures (50-70 oc) low molecular polyethylene is produced' The polymen

produced using 4 have melting points between 136 and 138 oC, which is indicative

of linear polYethYlene.
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CHAPTER 1

overview of olefi n potymeri zation catalysis and coordination

chemistry of pyrazole based ligands

1.1 General background

Catalysis has made a huge contribution to the chemical, petrochemical and oil

refining industry. catalysis is divided into three subdivisions namely: heterogeneous'

homogeneous and bio-catalysis. Homogeneous catalysis is used in a number of

industrial processes, such as hydrogenation, oxidation, oligomerization'

polymerization and hydrocyanation and many more. For most industial reactions'

highly eflective catalysts are required to accelerate these processes' For a catalyst to

be eflective, it has to combine high efficiency, high selectivity and total turnover

with high durabilitY.

Polymerization is a process whereby a monomer such as ethylene or propylene is

convertedtoalargemoleculecalledapolymeroramacromolecule.Polymer

molecules consist of a resticted number of chemically different organic monomer

residues: one for homopolymers, two in copolymers and three in terpolymers The

term polydispersity is used as a measure of polymer molecular weight disfiibution' ln

most cases polydispersity (PD) is measured as the weight average-molecular weight

M*)dividedbythenumberaveragemolecularweight(MJ(i.e.PD:M,,/Jvln).

Polydispenrty imparts certain properties to the polymer like toughness' rigidity and
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strength. The bulk of polyolefin (i.e. a product from the polymerization of olefins)

production involves catalysis, either homogeneous or heterogeneous' Polyolefins are

interesting polymers because they have diverse applications and are non toxic' For

years,polyethylene(PE)hasbeenusedinfoodpackaging'coatings'countless

molded toys, and otherhousehold items, and it is now finding its way into the market

to replace common materials such as glass, metal, paper and concrete'l Compared to

other conventional materials, polyolefins require low energy in their production'

Different transition metals are involved as catalysts in olefin polymerization' It is

now possible to tailor the coordination environment of a metal centre in a catalyst to

contro I molecular weight, molecular we ight disfiibution' co-monomer incorporation'

end gtoups and absolute stereochemistry of a polymer' catalysts development has

thus been and continues to be important to the polyolefin industry. This thesis

combines the synthesis and testing of catalysts for polyethylene production' The

followingsectionswillfocusonthestructuraldetailsandcatalystsdevelopmentin

this area of research.

1.1.1 Polyethylene structural details

polyethylenes are olefinic polymers manufrctured in the largest tonnage of all the

thermoplastic materials.r They are produced by addition polymerizationof ethylene

togivethebasicstructure{CHz-CHz)._.Polyethyleneisclassifiedaccordingto

density and the density of the polymer dictates its application' The first type of

potyethylene is called lowdensity polyethylene (LDPE), which is a polymer with a

density of 0.915-0 .935 glcm3. It is a highly branched material' This polymer is
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prepared by a free radical polymerization process at high temperatures (300-400 'C)

and exffemely high prcssures (3000 atm). The second type is high-density

polyethylene (SDPE), which has a density between 0.941-0.967 elc# ' This form of

polyethylene contains moderate branches and is prepared using both conventional

Ziegler-Natta and metallocene catalysts. Another form of HDPE, is called ultratrigh

molecular weight polyethylene (UHMWPE), has a molecular weight (M*) in the

range 3-6 million, while the normal HDPE has molecular weight less than 3 million'

The third type of polyethylene is linear low-density polyethylene (LLDPE)' wittt

density of 0.910-0.925 glcrf .Here the word'linear'refers to the absence of long

branches in the polymer chain. LLDPE is formed from the co-polymerization of

ethylene with other olefins, such as 1-butylene and 1-hexene' The different types of

polyethylene are shown schematically in Figure l '1'

Toidentifytheabovetypesofpolyethylene,certainpropertiesareinvestigated.one

of these properties is melting point, which is measured using difterential scanning

calorimetry @sc). Each type of polyethylene has a characteristic melting point

rzmge as shown in Table 1 .1 . Another analytical technique that is used to characteize

polyethyleneisNMRspectroscopy.NMRspectroscopycanbeusedtodistinguish

between branched and linear polymers. Typical "c NN',m. spectra for linear and

branched polyethylene are shown in Figure 1.2 andFigure l '3 respectively'
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LDPE

HDPE

LLDPE

Figure 1.1: Schematic representation of the various types of polyethylene

Table 1.1: The melting point ranges characteristic of each type of polyethylene

Type of polyethylene Melting point range (oC)

LDPE 106-n2

LLDPE 120-25

HDPE r30-133

UHMWPE 130-132
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1.2 Earty work on olefin polymerization catalysis

The discovery by Zieglet and Natta that tansition metal complexes can catalyze

polymerization of ethylene and other olefins is one of the great discoveries in the

history of chemistry.2 Prior to that free radical polymerization was the only process

used for olefin polymerization reactions. The shortcoming of fr'ee radical

polymerization is that hanh conditions that are needed for this process to take place'

with pressures as high as 3000 atm and temperatues of 300 to 400 "C' Another

shortcoming of free radical polymerization is that the process only gives low-density

polyethylene. In 1955 Zieglet found that a TiCl+-EtrAlCl catalyst system could

polymerize ethylene to high molecular weight polyethylene under mild conditions'2

About the same time Natta independently showed that propylene can be stereo-

selectively polymerized to stereo-regular polypropylene, using a catalyst system

closely related to that of Ziegler' 
3

A few years after the findings by Zieglerand Natta, Hogana at Philips Petroleum Co"

reported that a mixture of oxides of chromium, supported on silica polymerizes

ethylene to highdensity polyethylene. The advantage of this catalyst over the

Ziegler-Natta catalysts is that no co-catalyst is needed in the polymerization reaction'

All the olefin polymerization catalysts described above are heterogeneous' they

require a sotid support for them to function effectively' The support system that

makesTiCl+.AlEtlcatalystshighlyactiveinolefinpolymerizationisMgClz.The

catalyst is prepared by co-milling TiCh and TiCl+ with Mgclz' Another widely used

support for these catalysts is silica.s The mechanism by which olefins polymerize via
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the Ziegler-Natta process was first proposed by Cossee.' After various modifications

olefin polymerization is now generally accepted to proceed via what is known as the

Cossee and Arlman mechanism (Scheme 1.1).5 The mechanism involves chain

growth by cis-insertion ofthe olefin into a Ti-C bond'

CI

CI
- 

Ti 
-cl

e, -+(1
i ,cti

cl- Ti----cl 
--*

AIEt3+

C
Et

t

TiCI

ct/ ct/

CI

-Arclrh c(l
CICI CI

cl- Ti----- CTb

CzHq

Er------crL
ircril - / crt

--ll
CITI

Et

I

61- fi
,r/ 

|

C

+-

c/l
CI CI

ct- Ti/;"

c/ I \" ur-.Er

Scheme 1.1: Cossee-Arlman mechanism for olefin polymerization

1
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1.3 Metallocenes as olefin polymerization catalysts

The active sites in heterogeneous catalyst systems are non-uniform' The non-

uniformity of the active sites at times results in the formation of different products' It

is thus difficult to have concrete evidence of the reaction mechanism in

heterogeneous catalysis. It is believed that homogeneous catalyst systems can

provide clues on the reaction mechanisms involved in catalytic processes in general

and olefin polymerization in particular. :tI-lg57 BreslowT"andNattaTb independently

reported that homogeneous reaction mixtures of dicyclopentadienyltitanium

dichloride (cp2Tic12) and diethylaluminium chloride (Etzetctl polymerize ethylene

with moderate activity, under conditions similar to those used for Ziegler-Natta

catalysts.2,3 These homogeneous catalyst systems could not polymerize propylene

and other higher oolefins. Mechanistic studies by BreslowE and Chiene led to a

proposalthatethylenepolymenzationproceedsviaolefininsertionintotheTi.C

bond of the electron deficient species cp2TiRcl' The alkyl titanocene complex

(cpzTiRcl) is formed by ligand exchange betweentitanium complex and aluminium

compound. coordination of the Lewis acid aluminium centre in Et2Alcl to the

chloride of the titanium complex polarizes the Ti-cl bond to create an electron

deficient cp2TiR species, which readily inserts ethylene' This mechanism is in line

with the mechanism proposed by Cossee and Arlman's

overall metallocenes activated with alkylaluminium halides are unable to polymerize

propylene and higher olefins, and that initially limited their utility in this field' The

low activity of these metallocene-alkylaluminium halide based catalysts led to a new
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search for more effective co-catalysts. Reichert and Meyerroreported that addition of

water to the metallocene-alkyl aluminium system caused a surprising increase in the

rate of ethylene polymerization by the catalyst system cp2TiEtCllAlEtclz' Prior to

this water was considered to be a poison for olefin polymerization catalysts'

Subsequent studies by Long and Breslow showed that addition of water to the

inactive system CpzTiClz/\{e2Alcl gives some activity'll They suggested that a

dimeric aluminoxane with the structure ClMeAl-O-AlMe was formed' which was

believed to be a stronger Lewis acid than MezAlcl. They also concluded that dimeric

aluminoxane was a more efficient activator and was responsible for enhanced

ethylene polymerization activity.

Sinn and Kaminsky also added water to the halogen free, polymeization inactive

CpzZrMezhA,lMes system and observed high activity for ethylene polymerization'r2

The combined effort of the above researchers led to the discovery of the highly

effective activator, an oligomeric methylaluminoxane, (MAo).t' For example

metallocene catalysts (A and B) are now routinely activated with MAO and are

capable ofpotymerizing propylene and other higher olefins, in contrast to aluminium

halide activated systems.r3 Catalyst activities between 890 and 111900 kg of

polyethylenepermolofmetalloceneperhour(kg/molh)areachievedwiththese

catalysts.r3 The discovery of MAO rejuvenated Ziegler-Natta catalysis and along

with major advances achieved in controlling polymer stereochemistry and

architecture, began what is called "single site" polymerization catalysis' These

catalysts are called single site catalysts because they have a general formula L"hlR'
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whereLnisanorganicligandpartthatremainsboundandthusmodifiesthe

reactivity of the active metal center (M) during the entire chemical reaction and R is

a growing polYmer chain.

CI

Me2l

Mez

B
A

The polymers obtained from metallocene catalysts show different microstructures

and properties compared to ttrose produced by conventionalZiegler-Natta catalysts'

Due to their efficiency, versatility and flexibility, metallocene/\4AO catalysts have

made possible the production of polyolefins, homopolymers and copolymers with

ruurow molecular weight disfiibution, raised degrees of density, low amount of

extactables, high degree of tacticity and uniform co-monomer distribution'ra One of

the shortcomings of metallocene catalysts is their inability to polymerize polar

olefins, because of the oxophilic nature of early transition metals used in

metallocenes. To address this shortcoming, there has been a renewed focus on late



1l

transition metal complexes as olefin polymerization catalysts, since these metals are

less oxophilic.

1.3.1 Co-caralystslor ethylene polymerization by single site catalysts

The discovery of methylaluminoxane and the extent to which it is used as a co-

catalyst has been described above. MAO as an activator is thought to (i) replace

halides from a dihalide precursor complex with methyls, (ii) abstact a CHr- from a

transition metal complex, forming a weakly coordinating counterion' and (iii)

scavenge or scrub impurities. Even though the methylaluminoxane activated

polymerization catalysts are promising future catalysts, they suffer from two

shortcomings. Firstly, large amounts of MAO (Zt:N, 1:3000) are required to obtain

satisfrctory catalytic activity. Secondly, the exact molecular composition and

structure of MAO are not entirely clear, making it difficult to study its activation

pathway. In metallocene olefin polymerization catalysis, MAO is the mostly used

activator, but there are other co-catalysts based on perfluoroaryl boron compounds

such as B(CoFs)r and PhrCB(CoFs!-. The different types of olefin polymerization

co-catalysts has recently been reviewed by Chen and Marks'tt This review describes

suitable co+atalysts for different catalysts from metallocene based to non-

metallocene based catalysts. Hence it appears that the problem of larger amount of

co-catalyst might be solved in the industrial process soon'
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l.4Latetransitionmetalsasolefinpolymerizationcatalysts

1.4.1 Nickel complexes as olefin oligomerization and polymerization catalysts

One of the best known late transition metal catalyzed processes is the Shell High

Olefin Process (SHOP) developed by Keim,r6'r7 which uses nickel complexes as

catalysts. This process involves the oligomerization of ethylene to linear o-olefins in

the c+-czo range, which are converted to detergents, plasticizers, lubricants and a

variety of fine chemicals. The nickel complex used in the sHoP process is a P-O

anionic chelate complex that can be prepared in situ from the ligand and (coD)2Ni

(Scheme 1.2). The scale in which this process is applied is about 1 million tons per

year, and makes it one of the widety used process for the production of linear ct-

olefins.rE The distibution of molecular weights is essentially a Schulz-Flory

distribution.re

oligomerization reactions industrially are mostly carried in polar solvents such as

polyols, which are largely immiscible with the o-olefins formed'2O a sign that late

transition metals can tolerate polar solvents. In 1987 Klabunde2r showed that using a

nickel catalysts similar to those used by Keimr6'17 for olefin oligomerization' it was

possibletopreparehighmolecularweightpolymersbyremovingaphosphinewitha

phosphineSpongeorphosphinescavenger.Theremovalofaphosphineinthese

complexes opens a vacant site for ethylene to coordinate and subsequenfly insert into

a methyl atkyl bond. The effect of this is the transformation of a catalyst meant for

the production of o-olefins, to a catalyst for the production of polyolefins' a

development that showed late tansition metal complexes could catalyze the
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polymerization of olefins. The most useful phosphine scavengers used by Klabunde

were Rh(acac)(czHz) and N(coD)2. Although these catalysts are tolerant to polar

substates, they are still poisoned by water'

- COD Nio
+ Ni(COD)2

H
Ph2P

:

Phz

- COD

H
P

Scheme 1.2: Synthesis of P,O chelated nickel complexes

Another interesting G-iminocarboxamidato-nickel catalyst system has recently been

reported by Bazan and coworkers," for the production ofbranched polyethylene and

treatment of this complex with B(CoFs)g results in high catalytic activity' This

catalyst system can also be used for ethylene oligomerization23 and

copolymeri zationzawith higher olefins under certain conditions' Recently Grubbs2s

and coworkers reported neutral Ni(ID saticylaldiminato complexes (Scheme l'3)'

which are highly active catalysts for the polymerization of ethylene to high

molecular weight polymers under moderate conditions' Catalyst activities of about
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250 kg/mol Ni h are obtained using these catalysts and molecular weights of around

360 000 g/mol. They chose the salicylaldiminato ligands because they are easy to

synthesize and simple modification of both steric and/or electonic effects is

possible.

Ptr3P Ph

Nr N

H frarr-
NiC(PhXPPlbb

c6rk

a:R: FI, H
b: R: tBq X: H
c:R:PhX:H
d:R= [ X: OMe
e:R: FI, X:NOz

Scheme 13: Synthesis of Grubbs catalyst

But by far the single most important discovery for late transition metal olefin

polymerization catalysts was made by Brookhart and co-workers in 1995'26 The

Brookhart catalyst system is based on Gdiimine palladium and nickel complexes

and will be discussed wittl othernitogen ligand complexes in section l'4'2'ltis

believed that the introduction ofbulky substituents on the ketimine nitrogen and the

phenolic ring ofthe salicylaldiminato ligand could block the axial faces ofthe metal

centre, retarding the rate of associative displacement, similar to what is observed for

lPr,Pr

Ni

o/ \n,
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Brookhart26 catalysts. Other neutral nickel@) catalysts based on the

pyridinecarboxylate ligand have been reported by Cavell2T to be mildly active in both

the polymerization and co-polymerization ofethylene and carbon monoxide without

the addition of a co-catalyst. The use P,O chelated olefin polymerization catalysts is

now competing with the fast gowing nitrogen ligand based catalysts' The following

sections will deal with recent developments in the use of nitogen-based complexes

as olefin polymerization catalysts.

1.4.2 Nifrogen based latu fransition metal complexes as oleJin polymerization

catalysts

Over the past decade, olefin polymerization by complexes of late transition metals

has received increasing attention.2E Catalysts based on early transition metals like

zirconium and titaniwn dominate reported work on olefin polymerization catalysis'2e

Until recently there were few reports on late transition metals as catalysts for olefin

polymerization.2T This is due to the observation that in late tansition complexes p-

hydride elimination is frster than chain growth, so chain termination is faster leading

to dimers and oligomers. ln contrast to this, higlrly electrophilic early transition

metals2e have fast insertion rates and relatively slow B-hydride elimination rates'

When compared to early transition metal complexes, late transition metals are less

oxophilic and more tolerant to polar reagents' The tolerance of these complexes to

functionalised monomers make the co-polymerization of these monomers with

ethylene possible.3o In addition to this, polyolefins with novel microstructtres are

accessible by varying temperature, pressure and ligand structure in these complexes'
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The use of nickel and palladium complexes with sterically bulky crdiimine ligands

by Brookhart?6 and coworkers in 1995 was a major advancement in this area of

olefin polymerization catalysis. The olefin polymerization catalysts they discovered

possess three features, first the highly electophilic nicket and palladium centers

depicted by structure c, secondly the use of sterically bulky diimine ligands and

thirdly the use ofnon-coordinating counterions. Each ofthese features contibutes to

the high efficiency of these nickel and palladium catalysts.High electrophilicity in

these cationic complexes leads to rapid rates ofolefin coordination' an important step

in the polymerization reaction, before olefin insertion. The use of bulky ligands

dramatically lowers the rate of B-hydride elimination thus favouring chain growth'

The use of non-coordinating counter ions opens a vacant site for the incoming olefin

to coordinate and subsequently insert into a methyl alkyl bond' Activities of about

1 1000 kg of PE per mol of Ni per hour are obtained for these catalysts'

These nickel catalyst systems are unique because they produce highly branched

polyethylene without addition of a co-monomer and also give high molecular weight

polyethylene. The high degree of branching in the polymers obtained from these

catalysts occurs by a process called "chain walking" or simply chain isomerisation'3r

ln chain walking, branching occurs by aprocess whereby the growing site isomerizes

to an intemal position on the polymer backbone during propagation, so that the next

monomer unit comes onto the polymer backbone instead of at the end' For

coordination polymerization of ethylene and other olefins, reactions such as chain

transfer by B-hydride elimination and chain isomerism (chain walking) compete with
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chain propagation. For early transition metal catalysts, the chain-walking rate is

usually very small compared to the insertion rate, and this leads to linear chain

growth.

R

M=Ni,Pd
X=Br,Cl
R'=H,Me
R: iPr, tBu, Me

C

R

x/ \*

In their investigation Guan and coworkers3' have shown that varying ethylene

pressurc can regulate the chain-walking process, and thus the polyethylene structure

can be contolled from a linear stucture to hyperbranched structure by simply

changingtheethylenepressure.Theyobservedthatathighpressureslinear

polyethylene with short branches is obtained, while at low pressures highly branched

polyethylene is obtained.

There are other classes of nitrogen-based ligands, which form complexes that are

equally effective catalysts for olefin polymerization compared to the complexes used

by Brookhart. Both Gibson33 and Brookhart3a have reported another class of non-

metallocene catalysts highly active for olefin polymerization' These highly active
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catalysts are based on iron and cobalt complexes @) stabilized by arylimine ligands'

When activated with MAO, these complexes have been found to be extremely active

homogeneous catalysts for ethylene polymerization to linear polyethylene' Activities

in the ftmge 206-3750 kg/mol Fe h arc observed for iron catalysts' while cobalt

catalysts display activities in the range 450-1740 kg/mol Co h' The high activity of

the Brookhart and Gibson catalysts for olefin polymerization led to an explosion of

research activity to develop other late transition metal catalysts for this reaction'

Most of this research activity is centered on nickel and palladium' The rest of this

chapter is thus centered on a brief review ofnitrogen ligand complexes ofnickel and

palladium that have relevance as olefin polymerization catalysts'

R
R

R1

R3
M: Fe, Co, X: Cl

R1 :H,Me
Rz: R:: iPr, R+ = H

RZ: Rt : Me, R4: H, Me

RZ: R+: Me, Rl : H

rrr*sCl\cl

R2

R4

D
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1.4.3 Synthesis of nitrogen based nickel and palladirrm complexes

Following a reported procedure, nickel complexes are readily obtained from the

reaction of (l2dimethoxyethane)nickel(fl) bromide @ME)NiBrz and an

appropriate ligand. The characterization of these complexes was difficult because of

their low solubility in organic solvents, and their paramagnetic nature made it

impossible to obtain NMR data for these complexes. The paramagnetic nature ofthe

nickel complexes is because they have tetrahedral geometry and not square planal'

Hence the best way to characterize these nickel complexes is single crystal X-ray

crystallography. The palladium complexes, on the other hand, are readily prepared

from (coD)Pdcl2 or (MeCN)zPdClz starting materials. The structures are square

planar and thus easily charactenzed by NMR spectroscopy, though structures are

confirmed by X-ray crystallography too'

ln another report Laine and coworkers" investigated pyndyl imino-based nickel and

palladium complexes for their behavior as alkene polymerization catalysts The

nickel complexes were found to be dinuclear as depicted by structure E with nickel

atoms bridged by two bromides and the analogous palladium complexes were found

to be mononucleaf F. As catalysts, both nickel and palladium complexes showed

fairly good activity for ethylene and norbonene polymerizatron' Even though these

catalysts show activity of 4800 kg/mot Ni h, the nickel catalysts loose activity at high

temperatures. In comparison to the Brooktran2T catalysts, the activity of these

catalysts is low. Other contibutors to this area of research are Koppl and

coworkers36 who reported nickel complexes with 1-(2-pyrilyl'2'azaethene) as
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ligands (G). These complexes can be used for the catalytic polymerization of

ethylene, with MAO as a co-catalyst. The potyethylene prepared with these catalysts

has a high degree of short chain branching with up to 240 branches per 1000 carbon

atoms. All these nickel catalysts show high activity for ethylene polymerization but

in most cases catalytic activity decreases above 60 "c. Decrease in catalytic activity

of these catalyst systems is attributed to catalyst decomposition processes, which are

not clearly understood.

Br Br
CI

R
R

\/
il. ta,

Rrt
Rrt

R: Me or,Pr
R':H, iPr, Ph
Rtt: H, Me

FE



2l

R: I1 Me

G

Density functional theory (DFT) studies performed by zieglefT and othen" have

been used to understand the mechanistic details of the NiGD and Pd(Il)-catalyzed

polymerization of ethylene and propylene. Although these studies are theoretical'

they shed some light on the energetics and kinetics of late transition metal catalyzed

polymerization. In arecentreport using DFT, initial screening of late tansitionmetal

catalysts and N-containing polar monomers was performed in order to reveal

potential future directions of research into co-polymerization of olefins with amines

or nitiles.3e All the synthetic and theoretical studies described above have resulted in

fairly good understanding of the mechanism of olefin polymerization catalyzed by

late transition metal comPlexes.

The mechanistic details of nickel and palladium diimine catalyzed ethylene

polymerization have recently also been studied by Brookhart's group'e This reaction

mechanism calls for a pre+atalyst (e.g. the dihalide complex) to be activated by a
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co{atalyst, resulting in formation of a dimethyl complex (Scheme 1'4)' Once

activation has occurred, chain initialization proceeds via uptake of an olefin onto the

free site of the metal cente. This is followed by the insertion of the coordinated

olefin into the M-cH3 (M : Pd, Ni) bond (S1). Chain propagation proceeds by

coordination of free olefin and insertion into the M-R bond @: growing chain (S2)'

chain isomerization can then occur by B-hydride elimination of hydrogen from the

growing chain and rotation of the chain by 180' around the Molefin bond' followed

by reattachment of the hydrogen to the terminal carbon atom (S3)' Chain termination

occurs by ethylene-assisted p-hydride elimination from the growing chain and

transfer of the eliminated hydrogen to a coordinating olefin (S4)' It is important to

note that this mechanism is proposed for Brookhart type catalysts, and may be

applied to explain the mechanistic details of ethylene polymerization catalyzed by

related nitrogen based late tansition complexes' This mechanism will thus be used to

explain the formation of polyethylene produced in this project'

what is obvious from the mechanism in Scheme 1.4 is that high activity of a catalyst

is promoted by a highly electrophilic metal centre' This observation suggests that

new catalysts can make use of ligands that can enhance the electrophilicty of the

catalyst. To do this we chose pyrazole and pyrazolyl compounds that have the

carbonyl electon withdrawing goup as nitogen based ligands in this project' The

last part of this Chapter will focus on the coordination chemistry of pyrazole-based

complexes.
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1.5 Pyrazole based ligands and complexes

1.5.1 Synthesis of substituted pyrazole ligands

Pyrazoles frll under a goup of organic compounds called heterocyclic compounds'

A heterocyclic compound is one which possesses a cyclic structure with at least two

different kinds of atoms other than carbon in the ,i.rg.ot Elements that are commonly

found together with carbon in ring systems are nifiogen, oxygen and sulfur' Pyrazole

(Fig.l.4) is a five membered heterocycle containing two nitogen atoms bonded to

eachother,withoneofthenitrogenatomsbondedtoahydrogenatom.

4

5 J

N_N
H/t 

2

Figure 1.4: General structure of a pyrazole

pyrazole derivatives have been used commercially as pharmaceuticals' pesticides

and dyestuffi. The most general route to the synthesis of pyrazoles is the reaction of

l,3dicartonyl compounds with hydrazines.o'For example 3'5-dimethylpyrazole is

preparedfrompentane.2'44ioleandhydrazine(eq.l).Inthisprojectweprocured

3,5dimethylpyrazole from commercial sources, but we used the procedure in

equation(1)topreparc3,5-ditertbutylpyrazole'Thepreparationof3'5-

ditertbutylpyrazo|eisthusdescribedintheChapter2ofthisthesis.
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-oHMeCOCH2COtUe + H2I.{NH2 --+, Me

-Hzo
(1)

Me

Pyrazoles are also prepared by cyclisation of acetylinic hydrazones or by

electocyclisation of unsaturated diazo compoundt.+r rynazole ligands are found in

different fields of chemistry from synthetic inorganic chemistry or bioinorganic

chemistry4 to organometallic chemistry.as A unique feature of a pyrazole nucleus is

that it is thermally and hydrolytically stable.tr These two properties make pyrazoles

suitable for complexation with metals without rigourously dried synthetic protocols'

1.5.2 The coordination chemistry of pyrazole ligands

As a ligand ,pyrazolecoordinates to metals and metalloids through the 2-N @ig' l 'a)

of the ring. The complexes formed are of the type M(Hpz)JG, where M is a

transition metal, Hpz is the pyrazole ligand, X is a non-coordinating anion' n is the

coordination number of the metal and m is valence of the tansition metal; usually

2.6lnthe case where the non-coordinating anion is NOr, BF+ or CIO+, comPlexes of

Mg, Mn, Ni, Fe, Co, Znand Cd of the qpe MGIpz)oXz arc known'47 When X is a

halide (cl, Br), complexes of Ni, co and Fe with formula M(Hpz)+Xz have been

reported.a8 The Ni(FIp z)+Xz 6 = Br or cl) complexes have been studied by X-ray
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crystallography and by spectoscopic techniques.ae ln conffast to other transition

metals, copper does not form M(FIpz)oXztype complexes; it only forms complexes

of the type Cu(Hpz)nXz irrespective of the nature of X (Cl, Br, BFa, ClO4, SO4,

Nor).ttt, When pyrazole ligand is 3-methylpyrazole, complexes of the type M(H-3-

Mepz)dCIO+)z are formed with transition metals like Mn, Fe, Co and Cd'52 In the

case of 3,5-dimethylpyrazole, complexes ofthe general formula M(H-3,5-MezPz)dz

have been reported for most tansition metals.sl

The substituents on the pyrazole ring are not limited to the methyl group' other

interesting ligand systems are obtained when other nitrogen containing compounds

are used as substituents. When pyridine is used as a bulky substituent at position 3

and 5, it forms 3,5-bis(2-pyridyl)pyrazole (Hbppypz)'By changing the pyridine'

difterent forms of this compound can be isolated' Ball and Blake reported this class

of ligands in 1969, but it is only recently that these ligands have received attention's3

Pons and coworkers have studied a series ofFlbppypz complexes with divalentmetal

ions like Ni2*, Co2*, Znz* and Cluz*.$ The nickel complexes in particular show the

formation of a dinuclear complexes in which the ligand itself exhibits a planar

bridging mode.sa

Because of the different bonding modes and modifications that can be made'

pyrazole complexes have diverse applications from medicinal chemistry to catalysis'

Sakai and coworkers have investigated the pyrazole platinum complexes with

potential antitumour activity.5s This is not the only report on the use of pyrazole
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based ligands in bioinorganic chemisry, there is a lot ofreported work on the use of

pyrazole based complexes in this field.5c58 Recently Cano et al'se have reported

mesogenic Pd(tr) complexes based on 3-substituted pyrazole ligands (Fig' 1'5)' Cano

and coworken have also investigated the mesormophic properties of rhodium

complexes of pyrazole ligands with alkyloxyphenyl substituents at the positions 3

and 5 of the pyrazole .irrg.* These compounds exhibit a smectic C mesophase'

which is a form of a liquid crystal'

H CI
I-N-Pd-

H2n+l

tr,

Figure 1.5: Mesogenic pyrazole palladium complex

The oxidative coupling of 2,6-dimethylphenol results in polyphenylene ether' which

is an important engineering plastic.6r This reaction is mostly catalyzed by imine

compounds of copper, but recently Driessen et a1.62 have shown that dinuclear

coppermacrocyclicpyrazolecompoundscancatalyzethisreaction.TheMo

complexes [Mo(CO)rGIpz):] have been used as alkyne oligomerization catalysts and

have been found to catalyzethe cyclotrimerization of ethyl propiolate (EP, Etooc-

C=C-C-FI) and dimethyl acetylenedicarboxylate (DMAD'

COOCHT).63

OC1H2na1-N
I

H

n: 6-18
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The choice ofpyrazole ligands to prepare olefin polymerization catalysts is based on

the frct that pyrazoles are weaker o-donors than imine or pyridine ligands and

therefore will form complexes that have more elecfiophilic metal centles' A high

electophilic metal cente is a requirement for an olefin polymerization catalyst to be

highly active. This hypothesis has been tested with some work reported on

lanthanide complexes. Ethylene polymerization activity in the presence of MAO of

the cyclopentadienylterbium dibromides (TbBrzcpl ,L:Hpzand PPhr) reported by

De Oliviera and coworkers,s shows that catalytic activity is about 12 kg/mol Tb h at

700c when the Al:Ln ratio is 2000. The presence of Hpz or PPhs ligands caused no

steric or electronic effects on the metal centre that could modify catalytic activities'

These activities are in the range of catalytic activities ofother compounds containing

pzA,wherePz:pyruzoleandA:C1-,CH3SO''ForthesystemLnBrzCpPzA

(where Ln is Nd or Sm there are reported activities of l3'2 and l9'2 kg/mol Ln h

respectivel y.u'n'A closely related system pnAzCn@zAlIvIAo' Ln : Nd' Sm' Eu'

Tb) has activities of about 20 kg/mol Ln h'

Motivated by the versatility of pyrazole complexes that can be used for diverse

applications and renewed interest in the nitogen based olefin polymerization

catalysts, our gloup embarked on a project to synthesize substituted pyrazole

palladium complexes. These complexes were evaluated as catalysts for ethylene

polymerization (Scheme 1.5).6s The results obtained have shown that pyrazole

palladium complexes are effective catalysts in the polymerization of ethylene'

Activities of about 1234k{mol Pd h at 5 atn were obtained forthese catalysts' A



high average molecular weight of about 5.53 x 10s g/mol and low polydispersity

polymers are obtained for these catalysts' The subtituents in the pyrazole ring are

found to have some effect on the activity of these catalysts. High activities were

obtained when R : R' : CHa compared to R : R' : tBu' The reason for the

difference in activity with ttre subtituent on the pyrazole is not clear at this stage'

Pdi
CI

CT
t)
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3. R:I\rts, R :H
4. R:R:HN-\

H

Schemel.5:Synthesisofsubstitutedpyrazolepalladiumcomplexes

1.5.3 The coordination chemistry of pyrazolyl ligands

Most substituted pyrazoles can be derivatised through the l-N hydrogen to form

geminal poly(l-pyrazolyl) ligands'6e In preparing poly(l-pyrazolyl) ligands' the

substituents on the pyrazolyl trnits can be varied as well as the linkers that hold the

pyrazolyl units. Hence the overall electrophilic nature of the metal complex can be

fine-tuned by the choice of substituents, linkers or both' This leads to a variety of

ligands with unique coordinating properties. Poly(l-pyrazolyl) substituted

compounds are dominated by poly(1-pyrazolyl) boratesTo and to a lesser extent by

poly(1-pyrazolyl)alkanes"'Inthissectionpoly(1-pyrazolyl)compoundswillbe

YY
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discussed in detail. The closely related pyruzolyl ligands are

poly(pyrazolyl)benzenes and these compounds exhibit a variety of modes of

coordination to transition metals.'2 For example the ability of these compounds to

encapsulate metal ions and to form nanoscale metallosupramolecular cages have

been reported by Hartshom and Steel.Tk Poly(pyrazolyl)benzenes can be used for the

preparation of metallocycles, which are important organometallic compounds as

^ 72b
snown m eq. z.

R
CI

R R
R

(2)
() Pd(oAc)2 / AcoH

(if LiCVacetorclE2O

R: HorMe

1 . 5. 3. 1 P oly ( I -pyraz olyl) b or ate s or s c orpi onate s

This class of compounds was first reporte d in 1967 by Trofimenko and has since

found application in coordination chemistry.7o Generally geminal poly(l-

pyrazolyl)borate compounds are uninegative ligands with bonding modes ranging

from bidentate to tetradentate. Poly(l-pyrazolyl)borate ligands are known to stabilize

metals in both high and low oxidation states. Their complexes with most metals of

the periodic table have been reported. The most studied ligands are of the form

[R B(pz)+"I- where R : H, alkyl, aryl group and pz: pyrazole or substituted

pyrazoles.T'The ligands [HB@z)r]- (ID and [FIB(3,5-Mepz)d- @ are mostly used to

RR

-tuR
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prepare complexes for most transition metals.73 The chemistry ofthese ligands with

first-row metals is dominated by the formation of the ML2 complex, M: metal and

L : ligand. There are few reports on the use of these complexes as catalysts in olefin

polymerization. KressTa has reported vanadium(V) catalysts (J), stabilized by imido

and hydrotris(py:azolyl)borato ligands, for ethylene and propylene polymerization'

Moderate activity of 14 kg/mol h for ethylene polymerization have been reported for

these catalysts. Propylene has also been polymerized but only to a low molecular

weight material.

Several Ti and Zr complexes bearing hydrotris(pyrazolyl) borate ligands have been

reported by Nakazawa et al. to be highly active ethylene polymerization catalysts'7s

Another example is that of the Nb complexes reported by Jaffart76 and coworkers

that polymerizes ethylene. Catalytic activity ofthese catalysts was about 125 kglmol

Tp h. The activity of the early transition metal pyrazolyl complexes is dependent on

the size of the R substituents on the hydrido-tris(pyrazolyl)borate ligand' Activities

up to 130 kg/mol Tp h have been achieved with R: CHr, whereas lower activity is

found with R: H. The activity of these catalysts also depends on the nature of the

co-catalyst. The catalysts are active when activated with B(C6Fs)r but are inactive

when the cocatalyst is MAo. so far most of the olefin polymerization catalysts with

pyrazolyl ligands are either early transition metals (V,Ti, Zr) or lanthanides (Tb' Sm'

Nd). There are very few catalysts based on late transition metals; this was one ofthe

motivating frctors for undertaking this project.
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t . 5. 3. 2 Poly( I -PYrazol) alkane s

poly(l-pyrazolyl)alkanesTrhave not been widely explored as ligands like the poly(l-

pyrazolyt)borates. The poly(l-pyrazolyl)alkanes ligands are isosteric and

isolectonic with poly(l-pyrazolyl)borates. The only diflerence between these

compounds is that poly(1-pyrazolyl)alkanes are neutral while poly(l-pyrazolyl)

borates are uninegative. Most ofthe published work on alkane analogues are on first

row metals," *ith a few ruthenium examples,TE while coordination to metals having
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/ (Ni, pt, Pd) configuration is rare. In a report by Reedijk et al';e crystal and

molecular structure of [Ni(CHz)2(dmpz)2Clr] re studied, in which (CHz(dmpz) :

bis(3,5-dimethylpyrazolelmethane). one interesting property about this nickel

complex is that it is ferromagnetic, unlike other related compounds which are

antiferromagenetic.Eo The studies were done to probe the cause of this exceptional

magnetic property. Recently a paper that deals with the synthesis of the cationic

precursors tpd(N-N)(CHgClt)zl2* and tPdz6f-Nz1p-OHz)zl2 (where N-N :

bis(pyrazol- I -yl)methane (bpzn) or bis(3,5dimethylpyrazol-1 -yl)methane Opzm*))

was published.E' These complexes can be used as catalysts for most polymerization

reactions and other organic transformations, like hydrogenation. Jordant2 and

coworkers have reported neutral and cationic palladium complexes with bis(l-

pyrazolyl) methane ligands @h2C(pz'), pz' :3-tBupz'pz)(Scheme 1'6)' whichwhen

activated with MAo showvery low activity for ethylene polymerization. Activity of

about 1.8 kg-PE/mol. h is obtained for these catalysts, similar to the activity

observed for Pdclz/lvlAO. One possible explanation for this low activity is that the

linker Ph2c(pz')2 is released upon reaction ofthese complexes with MAO' In a quest

to find better pyrazolyl linkers, which do not dissociate upon activation' our goup

has reported a new class of linkers.s3 These linkers ate l'3-beruenedicarbonyl and

1,3,5-benzenetricarbonyl moieties and werc used to synthesize palladium plmzolyl

complexes (Scheme 1.7 and 1.g). The electron withdrawing carbonyl group increases

the electrophilic nature of the palladium centre and results in fast olefin coordination

and insertion. When compared to the unlinked pyrazole palladium complexes we

reported,theselinkedpyrazolylpalladiumcomplexeswerefoundtobemoreactive
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as ethylene polymerization catalysts. This prcves that in order to increase the activity

of oligomerization and polymerization catalysts with pyrazolyl ligands a sfrong

electophilic metal complex is imperative. The dissociation of the linker upon

activation is not observed for these catalysts, as it was the case witlt

bis(pyrazotyl)methane palladium complexes. This is based on the fact that the

activities obtained were comparable to the known highly active ethylene

polymerization catalysts. The work reported in this thesis is part of a project that is

looking at nickel and palladium pyrazolyl compounds as olefin polymerization

catalysts. The last section sets out the objectives for work reported in this thesis'

Ph,,,,. .C

Ph/

Ph,,,,. .C

Ph/

..,,,C1
d

\N -2CH3CN
\N _N CI

R

1

2
R= tBu
R=H

scheme 1.6: Activation pathway ofbis(pyrazolyl)methane palladium complexes
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Scheme 1.7: Synthesis of 1,3-benzenedicarbonylpyrazolylpalladium@) chloride
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Scheme 1.8 : Synthesis of 1,3,5 -benzenetricarbonylpyrazotylpalladium(tr) chloride
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1.6 Objectives of this studY

ln our group we have for the past four years concentrated our research efforts on the

synthesis of pyrazole and pyrazolyl palladium complexes. These studies have shown

that pyazole and pgazolyl palladium complexes are effective catalysts for ethylene

polymerization. This thesis deals firstly with the synthesis of nickel pyrazole

complexes, as an extension to the successful chemistry done with substituted

pyrazole palladium complexes.ut These nickel complexes have been reported before'

but in this thesis improved synthetic methodology for these complexes is described

in Chapter 2. Thebehavior of these complexes as ethylene polymerization catalysts

was investigated and compared to that of their palladium analogous and the results

are swnmarized in ChaPter 3.

Secondly, new alkanoyl pyrazolyl ligands and their palladium complexes were

prepared and their synthesis is summarized in Chapter 2' Thirdly, this thesis deals

briefly with the ethylene polymerization studies done with 1,3,5'beruenetricarbonyl

pyrazolyl palladium catalyst.In this thesis the effect ofMAO and temperature on the

activity of this complex on ethylene polymerization is investigated' The

polymerization data of this catalyst is summarized in chapter 3 of this thesis'



37

References

1.(a)Levol,yltz|.L.,MordenPlasticsEncyclopedia,gg(McGraw.Hill,NewYork,

|ggg),Vol.75,pp83.86.(b)BillmeyerF.,TextbookofPolymerScience,Interscience,

NewYorlq 1962.

2.(a)ZieglerK.,HolzkampE',BreilH''MartiniH"Angew'Chem'1955'67'541'@)

Natta G., Angew. Chem. 1956, 68, 393

3. Natta G.,Angew. Chem' 1964,76,533

4. Hogan J.P.,J. Polym. Sci' A 1970,8'2637 '

5. (a) Cosse eP.,J- Catol' 1964,3, 80' (b) Arlman E' J''J' Catal' 1964'3' 89' (c) Arlman

E. J., CosseeP-,J. Catal' 1964,3,99'

6. A. Mayr, USP 4495338 and USP 4476289' Montell Technologt

7.(a)BreslowD.S.,NewburgN'R''J'Am'Chem'Soc'1957'79'5072'(b)NattaG''

Pino P., Mazzantic., Giannini IJ',J' Am' Chem' Soc' 1957'79'2975'

8. (a) Breslow D. S., Newburg N' R'' J' Am' Chem' Soc' 1959'81' 81' (b) Long W' P''

BreslowD. S., J. Am. Chem' Soc' 1960' 82'1953'

9. Chien J. C. W., J. Am. Chem' Soc' 1959'81' 86'

10. ReichertK. H., MeyerK' R', Mokromol' Chem' 1973'169'163'

I 1 . Long W. P., Breslow D ' S', Liebigs Ann' Chem' 197 5 ' 463



38

|2. (a)Andresen A., Cordes H. G., Henuig J., Kaminsky W., Merck A., Mottweiler R.,

pein J., Sinn H., volmer H. J., Angew. chem. Int. Ed. Engl.1976,15,630' o) sinn H"

Kaminsky W., Volmer H. J., Angew' Chem' Int' Ed' Engl' 1980'19'396'

13.(a)IkminskyW.,Nachr'Chem.Tech.Lab,1981,2g,373.(b)HerwigJ.,Kaminsky

W.,Poly.Bull.1983,g,464'(c)KaminskyW''MiriM''SinnH''WoldtR''Makromol'

Chem., RaPid. Commun.l983, 4,417 '

14, Nbizzati E., Galimberti M., Catalysis Today 1998, 41,159.

1 5. Chen E. Y., Marks T . J, Chem' Rev' 2000' 100' 1 39 1'

16. Keim W.,Angew. Chem' Int' Ed' Engl' 1990'29'235'

17. Keim W., Kowaldt F' H', Goddard' R'' Kriiger C'' Angew' Chem' Int' Ed' Engl'

1978,17,466

18. Morse P. M., Chem. Eng' News lggg'March 15'22'

19.FloryP.J.,J.Am.Chem.Soc.|940,62,|56|.(b)SchulzG.V.Z.,Phys.Chem.,

Abstr.l935, B30, 379. (c) Schulz G'Y ' Z' Phys' Chem'' Abstr' 1939'843'25'

20 (a)o,Donnel A. E., Gum C. R', U.,S. Patent 4260844 to Shell oil Co.'April7, 1981.

(b) Lutz E. F., U.S. Patent 4528416 to shell oil co''July 9', 1985'

21. Klabunde U., Mtilhaupt R., Hersko vltzT-,Janowicz A' H'' Calabrese J'' Ittel s' D"

J. Polyn. Sci., Port A: Polym' Chem' 1987 '25' 1989'

zz.BarnhwtR. W., Bazanc' C', Mourey T''J' Am' Chem' Soc' 1998' 120' 1082'



39

23. Komon Z. J. A.,Bu X., Bazanc. C., J. Am- Chem' Soc' 2000, 122, 1237 9

24. Komon Z. J. A.,Bu X., Bazanc. C., J. Am. Chem' Soc' 2000, 122,1830

25. (a) Wang C., Friedrich s. K., Younkin T. R., Li R. T., Grubbs R. H., Bansleben D.

A., Day M. W., Organometollics 1998, 17 ,3149. (b) Younkin T. R', connor E. F.,

Henderson J. I., Friedrich S. K., Grubbs R. H., Bansleben D. A., Science 2000,287,

460.

26. Johnson L. K., Kitlian C.M., Brookhart M.,J. Am. Chem. Soc.1995,ll7,6414'

27. (a)Desjardins s. Y., cavell K. J., Hoare J. L., Skelton B. w., Sobolev A. N', White

A.W.,KeimW.,J.Organomet.Chem'1997,544,163'O)JinH'CavellK'J'

Skelton B. w., white A.H., J. Chem. soc., Dalton Trans 1995,2159.

28.Ittel S.D., Johnson L.K., Brookhart M',Chem Rev'2000' 100' 1169'

2g.(a)Kaminsky w., J. chem. soc., Dalton Trans. 1998,1413. O) Brintzinger H. H,

Fischer D, Mtilhaupt R., Rieger B., waymouth R. M., Angew. chem Int. Ed. Engl'

1995,34,1143.

30'(a)BoffaL.S.,NovakB.M.,Chem.Rev.2000,t00,|479.(b)ConnorE.F.,

Younkin T. R., Henderson J.I., Hwang S., Grubbs R. H., Roberts w'P', Litzau J' J''

J. Polym. Sci., Part A, Polym- Chem2002,40,2842'

31. Mohring V. M.,Fink G., Angew. Chem' Int' Ed' Engl' 1985'24' l00l

32. Guan Z.,CotlsP.M., McCord E. F., Mclain S. J., Science 1999,283,2059



40

33. (a) Gibson v. c., Maddox P. J., Newton c., Redshaw c., solan G. A., White A' J' P',

williams D. J., J. Chem. soc., chem. Commun 1998, 1651. (b) Gibson v' c',

Newton c., Redshaw c., Solan G.A., White A. J. P., Williams D- J-,J. Chem' soc''

Dalton Trans. 1999, 827 .

34. Small B.L., Brookhart M., Macromolecules 1999,32,2120'

35. Laine T. v., Piironen U., Lappalainen K., Klinga M., Aitola E., Leskela M" 'I'

Organomet. Chem - 2000, 606, ll2.

36. Koppl A., Alt H. G., J- Mol. Catal.A, Chem' 2000, 154'45

37. Deng L., Margl P.,ZiegletT.,J' Am' Chem' Soc' 1997 ' 
119' 1094

38. (a) Musaev D. G., Froese R. D.

1997,L19,367.

J., Svensson M., Morokoma K, J' Am' Chem' Soc'

39. Deuel D. V., Ziegler T., Organometallics 2002'21' 1603

40. Johnson L. K., Mecking S., Brookhart M., J. Am. Chem. Soc. 1997, ll9, 1094

41. Gitchrist T. L., Heterocyclic Chemistry, 3 ed., Addison Wesley Longman Limited'

1997, pp 304-308.

42.WileyR. H., Hexner P.E' Organic Synthesrs Vol' IV'pp 351 (1962)

43. Kost A. N., Grandberg l-l.,Adv' Heterocyl' Chem"1966'6'347

M.(a)sonel T. N., Jameson D. L., J. Am. Chem. soc. 1983, 105, 6013' (b) casella L''

GullottiM.,PallanzaG.,RigoniL',J'Am'Chem'Soc'1988'll0'4221'



4t

45. Eichhorn D. M., Armstrong W. H., Inorg' Chem' 1990' 29'3607 '

46. Trofimenko S., Chem. Rev.1972,72,497

47. DaughertyN. A., Swisher J-H.,Inorg' Chem' 1968' 7'1657 '

48. Reedijk J., Recl. Trav. Chim. Pays-Bas 1969'88' 1451

49.(a)ReimannC.W.,SantoroA',MighellA'D"ActaCryst'1969'826'595'O)
Reimann C. W., Mighell A. D', Mauer F' A" Acta Cryst' 1967 '23' 135'

50. Nichols D., Warburton B. A., J' Inorg' Nucl' Chem' l97l'33' 1041'

51. Reedijk J., Recl. Trav. Chim' Pays-Bas 1970' 89' 605

52. Inoue M., Kishita M., Kubo M',Inorg Chem' 1965'4'626

53. BallP.W., Blake A.B., J' Chem' Soc' A'1969' 1415'

5a. (a) Pons J., LopezX., Benet E', Casabo J'' Polyhedron 1990'9'2839' (b) Pons J"

Sanchez F. J., Labarta A., Casabo J., Teixidor F., Caub et A., Inorg. Chim. Acta 1993,

208, 167.(c) Casabo J., Pons J., Siddiqi K. S., TeixidorF., Caubel Molins E.,

Miravitlles C., J. Chem. Soc., Dalton Trans.1989, 1401. (d) Pons J., Lopez X.,

casabo J., Teixidor F., Caubet A., Rius J., Miravitlles c., Inorg. chim' Acta 1992'

195,61.

55.SakaiK.,TomitaY.,UeT.,GoshimaK.,ohminatoM.,TsubomuraT.,Matsumoto

K., Ohmuro K., KawakamiK', Inorg' Chim' Acta 2000'297 '64'



42

56. Nivorozhkin A. L., uraev A. I., Bondarenko G.I., Antsyskina A. s., Kurbatov v' P''

GamovskiiA.D.,TurtaC'I',BrashoveanuN'D''J'Chem'Soc"Chem'Commun'

1997 ,1711.

57. Sorrel T. N., Jameson D'L', J' Am' Chem' Soc' 1982'104'2053'

58. Sonel T. N., Vankai V' A', Inorg' Chem' 1990' 29'1687

59. Torralba M. c., cano M., campo J. A., Heras J. v., Pinilla E., Torres M' R', Inorg'

Chem. Comm. 2002,5, 887'

60.(a)CanoM.,HerasJ'V',MaesoM''AlvaroM"FernandezR''PinillaE"CampoJ'

A., Monge J., J. Organomet' Chem' l9g7'533' 159' (b) Torralba M' C" Cano M"

Campo J. A., Heras J'V', Pinilla E'' Torres M' R'' J' Organomet' Chem'2001'633'

91

6l.HayA.S.,StaffordH'S',EndresG'F"EustanceJ'W"J'Am'Chem'1959'81'
6335.

62. Driessen w. L., Baesjou p. J., Bol J. E., Kooijman H., Spek A' L', Reedijk J'' Inorg'

Chim. Acta 2001, 324, 16'

63.ArdizzoiaG.A.,BrennaS',LaMonicaG"MasperoA"MasciocchiN"J'
Organomet. Chem. 2002, 649, 173'

64.deSouzaMaiaA.,PaulinoI'S"OliveiraW''Inorg'Chem'Comm'2003'6'304

65. Lavini V., de Souza Maia A., Paulino I. S., Schuchardt U., oliveira W.,Inorg. Chem.

Comm.2001,4,582



43

66. Miotti R. D., de Souza Maia A., Paulino I. S., oliveiE w., Quimica Nova2002,25,

762.

67. Miotti R. D., de Souza Maia A., Paulino I. S., Schuchardt U', oliveira w'"I' Alloys

Compd.2002,344,92.

68.LiK.,DarkwaJ.,GuzeiI.A',MapolieS'F''J'Otganomet'Chem'2002'660'108'

69. Mani F.,Coord. Chem' Rev'1992,120'325'

70. (a) Trofimenko S., J. Am, Chem. Soc. |967,89, 3170. (b) Trofimenko S., Calabrese

J.C.,ThompsonJ.S-,Inorg'Chem'1987'26'1507'(c)TrofimenkoS''Chem'Rev'

1993,93,943.

71.(a)LlobetA.,HodgsonD'J',MeyerT'J''Inorg'Chem'1990'29'3760'(b)Llobet

A.,CurryM.A.,EvansH'T',MeyerT'J''Inorg'Chem'1989'28'3131'(c)Llobet

A., Doplet P., Meyer T ' J ', Inorg' Chem' 1988' 27 ' 514'

72.(a)HartshomC.M.,SteelP.J.,Aust,J.Chem.lgg5,48,l587.(b)HartshomC.M.,

SteelP.J.,Angew.Chem.Int.Ed.Engl.1996,35,2655.(c)HartshomC.M.,SteelP.

J., Chem. Commun' 1997, 541'

T3.RoundhillS.G.N.,RoundhillD.M.,BloomquistD.R.,LandeeC.,WilletR.D.,

Dooley D. M., Gray H' B',Inorg' Chem' 1979' 18' 831'

T4.ScheuerS.,FischerJ',KressJ''Organometallicslgg5'14'2627'

T5. Nakazawa H., Ikal S', Imaoka K'' Kai Y'' Yano T " J' Mol' Catal' A: Chem' 1998'

132,33.



4

76.JaffarrJ., Nayral c., choukron R., Mathieu R., Etienne M., Eur. J. Inorg' chem'

1998,425.

77 .ManiF.,Inorg. Chim. Acta 1980,38,97

78. Farjardo M., de la Hoz A., Diez-Barra E., Jal6n F.A., Otero A., Rodriguezl',Tejeda

J., Belleti D., Lanfranchi M., Pellinghelli M. A., J. Chem. Soc., Dalton Trans.1993'

1935.

7g. Jansen J. C., Van Koningsveld H., van ooijen J. A. C., Reedijk J', Inorg' chem'

1980,19,170.

80. Butcher R. J., Sinn E., Inorg. Chem' 1977,16,2334'

gl.S6nchez G., Serrano J. L., P6rezJ., de Arellano M. C. R., L6pez G', Molins E''

Inorg. Chim. Acta 1999,295,136'

82. Tsuji S., Swenson D. C., JordanR. F., Organometallics 1999,18,4758.

S3.LiK.,GuzeiI.A.,BikzhanovaG'A',DarkwaJ''MapolieS'F''J'Chem'Soc'

,Dalton Trans. 2003, 7 I 5.



45

CHAPTER 2

Synthesis of substituted pyrazole nickel complexes and pyrazolyl

ligands and their palladium complexes

2.1 INTRODUCTION

2.1.1 Synthesis of substituted pyrazole nickel complexes

The chemistry of pyrazole and substituted pyrazoles with most transition metals has

been extensively reviewed by Trofimenko in his 1972 review.' The coordination

chemistry of these ligands is interesting and includes several structural variations,

and has been reported in section 1.5 of Chapter 1 of this thesis. Even though nickel

complexes with substituted pyrazoles have been reported,2-s the current study shows

new synthetic routes to these known complexes. Of particular interest are structures

that had hitherto not been reported, which demonstrate the eflect of substituents on

the structure.

There are few reports on the application of these nickel complexes as catalysts for

any organic transformation such as polymerization lt is in this regard that we were

interested in synthesizing these complexes and to utilize them as catalysts for

ethylene polymerization. By far the most extensive use of pyrazoles as ligands is

when they are derivatised through l-N hydrogen of the ring, to form geminal poly(l-

pyrazolyl) compounds, that have been the subject of numerous studies'5'6
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This section describes an improved synthesis for the substituted pyrazole nickel

complexes and the synthesis of the new substituted a,or-bis(3,5-&PYrazolyl)alkane-

cr,ro-dione; (R :CH3, tBu) ligands and attempted complexation with palladium' All

the compounds prepared were characteized by NMR spectroscopy, IR spectroscopy,

elemental analysis and in some cases by X-ray crystallography'

2.2 EXPERIMENTAL SECTION

2. 2. 1 Materiak and Instrumentation

All solvents were dried before use. Toluene and hexane were dried with

sodium/benzophenone, by refluxing the solvent in a flask containing a mixture of

sodium and benzophenone, under nitrogen, until a permanent blue colour was

obtained. The solvent was then distilled and stored under nitrogen atmosphere.

Dichloromethane was dried over phosphorus pentoxide by refluxing under nitrogen

for 12 h, distilled and stored under nitrogen atmosphere. The starting materials 3,5-

ditertbutylp yrazolel (3,5JBu2pz), (1,2-dimethoxyethane)nickel(Il) bromideE

[(DME)NiBr2] and bis(acetonitrile)palladium(I) chloridee t@ecN)zPdclzl were

synthesized according to literature procedures. Other starting materials such as 3,5-

dimethlypyrazole (3,5 -Me2pz), 3-methylpyrazole (3-Mepz), pyrazole (pz), oxalyl

chloride, malonyl chloride, succinyl chloride, glutaryl chloride, were purchased from

Sigma-Aldrich and used as received. All manipulations that are air and/or moisture-

sensitive were performed under a dry, deoxygenated nitrogen atmosphere using

standard high vacuum or Schlenk tube techniques. IR spectra were recorded as nujol

mulls on a PERKIN ELMER, paragon 1000 PC FT-IR spectrometer' NMR spectra
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were recorded on a Varian Gemini 2000 instrument (lH at 200 MLlz, l3C at 50

MHz). Chemical shifts are reported in ppm and referenced to residual protons (7.26

ppm) and carbon signals (77.0 ppm) of CHCIr in CDCI3. Elemental analysis was

performed in-house on a Carlo Erba NA arralyzer in the Department of Chemistry at

the University of the Western Cape.

2.2.2 Preparation of Nickel complexes

2.2.2.1 Preparation of (3,5-Me2pz)NiBrz 0)

To an orange suspension of (DME)NiBr2 (1.00 g, 3.25 mmol) in 20 rnl CHzClz was

added 3,5-dimethylpyrazole (0.62 g,6.50 mmol) in 20 ml CHzClz The colour of the

mixture immediately changed to dark blue. The mixture was stirred for l0 minutes,

filtered and solvent removed to give a dark blue powder. Crystals suitable for X-ray

analysis were obtained by slow diftrsion of hexane into a CH2Cb solution of the

compotrnd, which was kept at -15 oC. Yield : 1.05 g (75%). Anal. Calcd. for

CroHroBrzNNi: C,29.24;H,3.93; N, 13.64. Found: C,29.14; H, 3'86; N, 13'23%'

IR (nujol mull, crnr): v(N-H) :3328,3225; v(C=C) = 1612; v(C:N) = 1564'

2. 2. 2. 2 Preparation of (S-Mep) NiBrz (2)

The preparation of 2 followed the same procedure as described for I n 2-2.2.1

starting with (DME)NiBr2 (0.50 g, 1.62 mmol) and 3-methylpyrazole (0.27 g,0'26

ml, 0.81 mmol). Light green crystals were obtained by slow evaporation of a

CHzCblhexane (1:1) solution of the product. Yield:0.45 g (72%). Anal' Calcd' for
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CroHzrBrzN3Ni: C, 35.14; H, 4.42;N, 20.49. Found: C, 35.32; H, 4.21:' N, 20.070/o

IR (nujol mull, crnr): v(N-H) :3291; v(C:C) : 1653; v(C:N) : 1561.

2.2.2.3 Preparation of (pz) NiBrz (3)

The preparation of 3 followed the same procedure as for I n 2.2.2.1 starting with

(DME)NiBrz (1.00 g, 3.25 mmol) and pyrazole (0.44 g, 6.50 mmol). A pale blue

powder was isolated and was insoluble in most organic solvents. Yield : 0.80 I

(69%). Anal. Calcd. for CrzHroBrzNsNi: C, 29.37; H, 3.29; N, 22.83. Found: C,

28.98; H,2.73;N,2l.gTyu IR (nujol mull, cmr): v(N-H) :3230; v(C:C) : 1622,

v(C:N) :1574.

2.2.2.4 Preporation of Q,SJBuzpz)NiBr2 @

The preparation of 4 followed the same procedure as for I n 2.2.2.1 starting with

(DME)NiBr2 (0.90 g,2.92 mmol) and 3,5-ditertbutylpyrazole (0.52 g, 5.84 mmol). A

dark blue powder was isolated. Yield : 0.76 g (44%). Anal Calcd. for

CzzFI+oBrzNaNi: C, 45.64; H, 6.96;N, 9.68. Found: C, 46.58; H, 8.32; 9.89%.

2.2.3 Preparation of alkanoyl pyrazolyl ligands

2. 2. 3. 1 1,2-bis(3, 1-dimethylpyrazolyl) ethane- 1,2-dione, Al

A mixture of oxalyl chloride (0.66 g, 5.20 mmol) and 3,5-dimethylpyrazole (1.00 g,

10.40 mmol) were dissolved in degassed toluene (60 ntl). To this mixture was added

Et3N (1 rnl) and mixture was refluxed for 24 h. A white precipitate of EtrNHCl

began to form after refluxing the mixture for about 2 h. Upon filtration, the filtrate
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was evaporated to dryness to give the crude product as a dirty white solid, which was

purified by column chromatography using silica gel CH2Cl2lhexane (a:l). Yield :

0.54 g (41%). Anal. Calcd. for C12H,+OzNq: C, 58.53; H,5.73;N,22.75. Found: C,

58.02; H, 5.58; N, 21.98%. tH NMR (CDClr): 6 6.05 (s,2H, 4-Pz),2-66 (s,6H, 5-

CHr), 2.19 (s,6H, 3-CH3). "C{'u1 NtrrtR (CDClr): 6 154.14, 143.11, 111.65, 30.34,

12.75.

2. 2. 3. 2 1,1 -b is ( 3, 5 - dimet hy lpy razo ly l) b utan e- I, 1 -d io ne, A 2

The preparation of 42 followed the same procedure as for Al in 2.2.3.1 and a white

solid was obtained after purification. Yield = 1.05 g (75%). Anal Calcd for

CrqHrsOzN a: C,61.29;H,6.61; N, 20.42. Found: C,6l-34;H,6.73;N, 19'88%' rH

NMR (CDCb):6 5.96 (s,2H, 4-Pz),3.54 (s, 4H,CHz, -OC(CH2)2CO-),2'53 (s,6H,

5-CHr), 2.42 (s,6H,3-CHr). "C{tttl NV1R (CDClr): 6172.11, 151.55, 143-59,

110.52,29.40,27.83, 13.89, 13.27.IR (nujol mull, crnr): v(C-H) = 2854; v(C:O) :

1715; v(C:N): 1586.

2. 2.3. 3 1,5-bis(3, 5-dimethylpyrazolyl)pentane-1,S-dione, A3

The preparation of A3 followed the same procedure as for Al in 2.2.3.1and a white

solid was isolated after purification. Yield : 1.16 g (78%). Anal Calcd' for

CrsHzoOzN +: C, 62.48; H, 6.99;N, 19.43. Found: C, 62.18;H, 7.19;N, 19'07%' tH

NMR (CDCL): 6 5.93 (s, 2H, 4-Pz),3.23 (t,4H, CH2, -OC(CH2)3CO-), 252 (s,6H,

5-CHr), 2.23-2.16 (oU 2H, CHz, -OC(CH2)3CO-), 2.20 (s,6H, 3-CH:)' "C{'tt}
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NMR (CDCI:): 6173.36, 151.77,143.97,110.91, 34.39, 18.93, 14,47, 13.72. lR

(nujol mull, crnr): v(C-H) :2856;v(C:O) : 1725;v(C:N) : 1579.

2. 2. 3. 4 1, S-bis (3, 5-ditertbutylprazolyl)pentane- 1,S-dione, A4

The preparation of A4 followed the same procedure as for A1 in 2.2.3.1and a white

solid was isolated after purification by column chromatography using silica gel

cHzclz/diethyl ether (8:l). Yield : 0.84 g (64%).'H NMR (CDCb): 6 6.06 (s, 2H,

4-Pz), 2.45 (t, 4H, CH2, -OC(CHz)rCO-), 1.95 (m, 2H, CH2, -OC(CH2)3CO-), 1.43

(s, l8H, 5-CH3), 1.36 (s, 18H, 3-CHr). "C{'U1 NUR (CDClr): 6177.79, 157.2r,

97 .98, 33.88, 31.46, 30.32, 20.56.

2.3 Synthesis of pyrazolyl palladium complexes

2.3.1 Reaction of 1,5-bis(3,5-dimethylpyrazolyl)pentane-1,S-dione (A3) and

(CHsCN)zPdClz (5)

The following synthetic method was followed for most of the attempted reactions

between the cr,ol-bis(3,5-&pyrazolyl)alkane-cr,odione ligands and

bis(acetonitrile)palladium(Il) chloride. To a solution of (CHTCN)2PdCI2 (0.10 g, 0.38

mmol) in 20 mI CH2Cb was added (0.12 E, 0.38 mmol) of 1,5-bis(3,5-

dimethylpyrazolyl)pentane-1,5-dione (A3). The mixture was stirred for 24 h. The

solvent was evaporated to give an orange-red residue, which was recrystallised from

CHzClz/trexane. Yield : 0.057 e Qa%).'H NMR (CDClr): 6 6.10 (s, 2H, 4-pz),4.48

(s,4H, CH2, -OC(CH2)3CO-),2.89-3.09 (rrt,2H, CHz, -OC(CH2)3CO-),2.80 (s,6H,

5-CH3), 2.45 (s,6H, 3-CHr).
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2.4 X-ray crystal structure determination of (3,5-dimethylpyrazole)2NiBr2 (1)'

and (5-methylpyrazole)zNiBrz (2).

A representative crystallographic experiment is described below for (5-Mepz)NiBrz

(2)z

Data collection

A green-blue crystal with approximate dimensions 0.3 x 0.3 x 0.2 mm3 was selected

under oil under ambient conditions and attached to the tip of a nylon loop. The

crystal was mounted in a stream of cold nitrogen at 100(2) K and centred in the X-

ray beam by using a video camera. The crystal evaluation and data collection were

performed on a Bruker CCD-1000 dffiactometer with Mo K" (I : 0.71073)

radiation and diftactometer to crystal distance of 0.49 cm. The initial cell constants

were obtained from three series of ro scans at different starting angles. Each series

consisted of 20 frames collected at intervals of 0.3o in a 6o range about ro with the

exposure time of 5 seconds per frame. A total of 52 reflections were obtained.

The reflections were successfully indexed by an automated indexing routine built in

the SMART program. The final cell constants were calculated from a set of 1469

strong reflections from actual data collection. The data was collected by using the

hemisphere data collection routine. The reciprocal space was surveyed to the extent

of full sphere to a resolution of 0.80. A total of 4414 data were harvested by

collecting three sets of frames with 0.3' scans in ol with an exposure time of 15

seconds per frame. These highly redundant datasets were corrected for Lorentz and
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polarization effects. The absorption correction was based on fitting a function to the

empirical transmission surface as sampled by multiple equivalent measurements.l0

Stntcture resolution and refinement

The systematic absences in the diftaction data were consistent for the space groups

PT and Pl. The E-statistics strongly suggested the centrosymmetric space group PI

that yielded chemically reasonable and computationally stable results of

refinement.'l A successful solution by the direct methods provided mostly non-

hydrogen atoms from the E-rnap. The remaining non-hydrogen atoms were located

in an alternating series of least-squares cycle and difference Fourier maps. All non-

hydrogen atoms were refined with anisotropic displacement coefficients- All

hydrogen atoms were included in the structure factor calculation at idealtzed

positions and were allowed to ride on the neighbouring atoms with relative isotropic

displacement coefficients. The molecule occupies a crystallographic inversion centre

with the independent portion of the crystal labeled in the attached ORTEP diagram.

The final least squares refinement of 126 parurrrcters against 2133 data resulted in

residuals R (based on F for 1>2o) and wR (based on F for all data) of 0.0244 and

0.0651 respectively. The final difference Fourier map was featureless. The ORTEP

diagram is drawn with 50% probability ellipsoids.
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2.5 Results and discussions

2.5.1 Synthesis of substituted pyrazole complues

The complexes (3,5-MezPz)zNiBr2 (1), (5-MePz)aNiBr2 (2), (Pz)aNiBrz (3) and (3,5-

tBu2pz)2NiBrz (4) were prepared according to Scheme 2.1.ln this synthetic route,

(DME)NiBr2 is suspended in dichloromethane and to this suspension the appropriate

pyrazole ligand in dichloromethane is added. In the case of I a dark blue solution

formed immediately on addition of the ligand and reaction was complete in 10

minutes. The dark blue reaction mixture was filtered off to remove any unreacted

residues and the filtrate was recrystallised in dichloromethane/trexane solution at -

15"C.

Complex 2 behaved the same way as complex I during synthesis, and the light green

crystals were obtained after recrystallisation. Complex 3 on the other hand was

isolated as a pale blue powder and found to be insoluble in most organic solvents.

The presence of the substituents on the pyrazole ring improves the solubility of the

solubility of these complexes in most organic solvents. When reaction time for the

synthesis of complex 1 was longer than 15 minutes, an insoluble pale blue solid was

isolated. The elemental analysis data suggested that the insoluble solid could be

formulated as compound lB shown in Scheme 2.1. This insoluble product form

because this complex polymerize if the reaction times are very long. Because of the

above problems reaction times were kept to l0 minutes. The reported procedure for

the preparation of these substituted pyrazole nickel complexes (1, 2, 3) uses
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alcoholic or aqueous solution as a solvent medium and has been reported by Reedjik2

and others.a

Br

H
cH2cb 'N

\ ,8,
Ni

10min R'

-8. +2

\*/

N/ \r.
H/

R

H

l0min

CWCb

R=R'=CH:(f)
R:R': tBu (4)

R

crl2cb 24h

H/
H-.- /-N_N N

H
H

R'\n

RR

R

R:R'=H(2)
R=H,R'=CH3(3)_N

R = R'= CH: (1B)

Scheme 2.1: Synthetic route to substituted pyrazole nickel complexes

R
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The lH NMR spectra of these complexes were at best very broad or in most cases

showed no peaks other than the NMR solvent, for example a spectrum of complex I

(Figure 2.1). This is typical of paramagnetic compound. Literature reports show that

3 is soluble in water. Hence the lH NMR of 3 was run in DzO. The spectrum showed

three broad peaks (Fig. 2.2). Again this suggests the presence the presence of a

paramagnetic material. From the single crystal structure of I discussed in the next

section of this Chapter, it is clear why I is paramagnetic. With a tetrahedral structure,

this d8 system is expected to have two unpaired electrons in its HOMO, hence the

paramagnetism. However the solid structures of 2 and 3 are six coordinate and hence

octatredral. The single X-ray structure of 2 is shown in Figure 2.5. Both 2 and 3 show

pilamagnetic behavior, which suggests that, some equilibrium between a four

coordinate, tetratredral form (paramagnetic) and a six coordinate octahedral form

(diamagnetic) of these compounds exists in solution.

As far as we know complex 4 (3,5-tBuzpz)2NiBr2) has never been reported before.

The synthetic route for 4 is similar to that of 1. This complex is highly unstable in

solution when kept longer than 2 h. The reason for the high instability of 4 may due

to the steric bulk of the tertbutyl substituents on the pyrazole ring which crowd the

nickel centre. Elemental analysis data shows that in 4 there are two 3,5-

ditertbutylyrazole rings around the nickel centre and two Br atoms. This complex is

expected to have a distorted tetrahedral geometry around the nickel centre similar to

that of complex 1. Efforts to grow single crystals of this complex were unsuccessful

due to its lack of stability . Clnracteization of complex 4 by tH NMR spectroscopy
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showed this complex to be paramagnetic. This is because in most cases when nickel

is surrounded by bulky substituents, tetrahedral geometry is preferred over a sqwre

planar geometry. Hence the formation of a six coordinate complexes for 2, 3 and

four coordinate complexes for l, 4 is explained in terms of steric bulk of the pyrazole

ligands. 1n2,3 pyrazole rings do not have bulky substituents, so the coordination of

four rings around the nickel centre is possible. One interesting observation that

relates steric bulk with geometry is the solid-state structure of 2. Even though 3-

methylpyrazole was used as a starting material for the synthesis of 2, the structure

shows the ligand to be 5-methylpyrazole in the complex. It is well known that 3-

methylpyrazole readily tautomerizes to 5-methylpyrazole,a hence to avoid steric

crowding in 2 the ligand undergoes this tautomeric process. Because of the

paramagnetism found in solutions of complexes 1-4, the best clnracteization of

these complexes was done by IR spectroscopy, elemental analysis and single X-ray

diftaction studies. The IR spectra of all complexes prepared in this study displayed

peaks around 3200 cmt v(N-H). Other characteristic peaks associated with pyrazole

rings were observed at 1612 crn-r v(N-C) and 1590 crnr v(C-H). An IR spectrum

(Fig. 2.3) of (pz)NBr2 is representative of all the nickel pyrazole complexes.
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2.5.2 Molecular structure of I

Crystals of I suitable for X-ray analysis were grown from CHzCl2lhexane at -15oC.

Table 2.1 summarizes the experimental crystal data for 1, and Table 2-2 gives

selected bond distances and angles. An ORTEP diagram of molecule 1 including the

atom-numbering scheme is shown in Figure 2.4. The 3,5-dimethylpyrazole ligand

behaves as a monodentate ligand and coordinates to the metal through the N2 of the

ring. The Ni atom in this complex is in a distorted tetrahedral environment with two

substituted pyrazole tigands trans to each other and two Br atoms completing the

coordination sphere. Poddar et al.r2 has proposed an octahedral complex from

spectroscopic data consisting of four pyrazole and two bromo ligands around the

metal centre. This octahedral complex looses two moles of the ligand to form a

tetratredral complex on heating at 130-150"C for 8 h. In contrast to Poddar's

observation, complex I was not formed on heating. The product formed did not show

any change of geometry in solid state or in solution. As can be seen in the ORTEP

diagram of I the pyrazole NH groups are trans to each other and H atoms point away

from the Br atoms. The bond angles around the metal centre are 98.90(12)',

t13.45(12), ll5.I4(12)", 99.73(12)o corresponding to N(1)-Ni-Br(2), N(3)-Ni-

Br(2), N(l)-Ni-Br(l), N(3)-Ni-Br(l) respectively. These bond angles are evident of a

distorted tetrahedral geometry around the metal centre. The Ni-Br bond distances

(2.366(9) and 2.379(3) A) are shorter compared to those reported for Ni-Br bond

distances 2.682(l) A in (pz)NiBr2 and (CH2Me2pz)NrzBr+ complexes.'''3 The Ni-N

bond distances are l.g7l(4) and 1.975(4) A for Ni-N(3) and Ni-N(4) respectively'
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Table 2.1: Crystal data and structure refinement for I
Empirical formula: CroHroBrzN+Ni

Formula weight: 410.8

Temperature: 173(2)K

Wavelength: 0.71073

Crystal system: Monoclinic

Space group: P2rln

Unit cell dimensions: a: 8.3441(11) A ct : 90o

b=14.261Q)A F=97.721"

c:12.4449(10 A y:90o

Volume: 1467.5Q) A3

Z:4
Density (calculated): 1.859 Mg/m3

Absorption coefficient: 6.753 mm-t

F(000): 808

Crystal size: 0.40 x 0.30x 0.20 mm3

Theta range for data collection: 2.18 to 26.41"

Index ranges: -10<:h<:10, 0<:ft<:17, 0<:k:15

Reflections collected: 6973

Independent reflections: 2900 [R(int) : 0.0400]

Completeness to theta :26.41": 96.1%

Absorption correction: Empirical with SADABS

Max. and min. transmission: 0.3453 and 0.1731

Refinement method: Full-matrix least-squares on F2

Data/restraintVparameters: 2900101159

Goodness-of-fit on F2: 1.000

Final R indeces[>2sigma(1)]: Rl :0.0403, wR2 :0.0938

R indeces (all data): Rl :0.0787,wR2:0.1065

Largest diff. Peak and hole: 0.773 and - 0.565 e.A-3



63

Table 2.2: Bond lengths 1A1 and angles ['] for I

Bond lengths IAI
Ni-N(l)
Ni-N(3)
Ni-Br(2)
Ni-Br(2)
N(l)-N(2)
N(1)-N(4)
N(2)-c(2)
N(3)-c(7)

t.e7t(4)
r.e7s(4)
2.3662(9)
2.37e1(8)
1.3s4(s)
1.358(6)
1.348(7)
r.33s(6)
1.367(s\

N(4)-c(e)
c(1)-c(2)
c(2)-c(3)
c(3)-c(4)
c(4)-c(s)
c(6)-c(7)
c(7)-c(8)
c(8)-c(e)
c(e)-c(10)

1.3s6(7)
r.s0s(6)
t.366(7)
1.384(7)
1.484(7)
t.4es(7)
1.3e0(7)
1.360(7)

N(3)-N(4) 1

Bond angles [ol
N(1)-Ni-N(3)
N(1)-Ni-Br(2)
N(3)-Ni-Br(2)
N(1)-Ni-Br(l)
N(3)-Ni-Br(l)
Br(2)-Ni-Br(l)
N(2)-N(1)-c(4)
N(2)-N(1)-N
c(4)-N(1)-Ni
c(2)-N(2)-N(l)
c(7)-N(3)-N(4)
c(7)-N(3)-Ni
N(4)-N(3)-Ni

101.78(18)
98.e0(12)
tr3.4s(12)
trs.r4(r2
ee.73(12)
12s.94(12)
10s. l(4)
122.e(3)
132.0(3)
r12.4(4)
l0s.e(4)
r32.1(3)
122.0(3)
110.e(4)

10s.6(5
r21.8(s)
r32.6(s)
107.e(s)
10e.0(4)
120.6(s)
130.4(5)
l0e.s(5)
121.4(s)
12e.0(s)
107.4(s)
106.3(s)
121.1(s)
132.6(s)

N(2)-c(2)-c(3)
N(2)-c(2)-c(l)
c(3)-c(2)-c(l)
c(2)-c(3)-c(4)
N(1)-c(4)-c(3)
N(1)-c(4)-c(5)
c(3)-c(4)-c(s)
N(3)-c(7)-c(8)
N(3)-c(7)-c(6)
c(8)-c(7)-c(6)
c(e)-c(8)-c(7)
N(4)-c(e)-c(8)
N(4)-c(e)-c(10)

c(e)-N(4 (3) c( 10
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2.5.3 Molecular structure of 2

Table 2.3 summarizes the experimental crystal data for complex 2' Bond lengths and

bond distances are shown in Table 2.4 andthe ORTEP diagram is shown in Fig' 2'5'

An earlier report on a proposed structure by Reedijka was based on elemental

analysis, magnetic moment measurements and powder X-ray data' They proposed a

six coordinate complex, suggesting that the complex has an octahedral geometry'

Our single crystal X-ray crystallographic data agrees with the proposed structure by

Reedjik and a detailed description ofthe structure will be discussed in this section.

The structure has Ni coordinated to four substituted pyrazoles through the nitrogen

atom in position 2 of the pyrazole ring and two bromo atoms. The methyl group has

also moved from position 3 in the tigand to position 5. This reilrangement makes it

possible for the four 3(5)-methylpyrazole rings to be accommodated around the

nickel. The reason for this observation is that the methyl groups in the 5 position of

the ring are pointing away from the metal centre, so there is more coordination

space. In this complex there are two rings above and below the nickel plane, in other

words the complex has stightly different halves. The angle between opposite

pyrazole rings in different planes, N(2)-Ni-N(2) and N(4)-Ni-N(a) is exactly 180o,

which is typical of an octatredral geometry. The N(2)-Ni-N(4) bond angles are

88.87(7) and 91.13(7)", which are assigned to both halves of the complex' The Ni-N

bond distances, Ni-N(2);2.0996(18) A and Ni-N(a); 2.1004(18) A differ slightly,

which means that complex is close to being symmetrical. These bond distances are

longer compared to that of l, Ni-N(l); I .971(4) A and Ni-N(3); 1.975(4) A' ttre
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longer bond distances prevent the interaction of neighbouring pytazole rings around

the nickel centre. The bromide ions are located trans to each other and the Ni-Br(l)

bond distance is 2.6617Q) L which is longer compared to that of complex I

(2.3727(S) A;. fnis Ni-Br bond distance is a bit shorter in comparison to that of

octahedral pyazole nickel (pz)aNiBr2 which is 2.682(l) A.2 In general the Ni-Br

bond distance is long compared to other related nickel complexes, these bond

distances between 2.331(l) and 2.515(l) A." This complex was found to contain

hydrogen bonds between N-H and Br; (N(l)-H(l)....8r(l) : 2.54(3) A and N(3)-

H(3)....Br(l):3.10 A as shown in Table 2.5.
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Table 2.3: Crystal data and structure refinement for 2

Empirical formula:

Formula weight:

Temperature:

Wavelength:

Crystal system:

Space group:

Unit cell dimensions:

Volume:

Z:

Density (calculated):

Absorption coefficient:

F(000):

Crystal size:

Theta range for data collection:

Index ranges:

Reflections collected:

Independent reflections:

Completeness to theta :26.41":

Absorption correction:

Max. and min. transmission:

Refinement method:

Data/re straint s/parameters :

Goodness-of-fit on F2:

Final R indeces[ I >2sigma( I )]:

R indeces (all data):

Largest diff. Peak and hole:

CroHzrBrzNNi

546.96

100(2) K

o.7roB A

Triclinic

P1

a= 7.5408($ A o : 92.086(l)o

b: 8.5615(4) A p : 105.470(l)'

c: 9.3947(4) A y : 114.453(l)'

s24.62(q A3

1

1.731 Mglm3

4351mma

274

0.30 x 0.30x 0.20 mm3

2.28 to 26.37"

-9<:h(:9,- 10<:k<:10, - 1 I <:K:1 |

4414

2133 [R(int) = 0.0181]

99.5%

Empirical with SADABS

0.4500 and 0.3298

Full-matrix least-squares on F2

2133/01160

1.042

Rl :0.0244, wR2 :0.0648

Rl :0.0249, wR2:0.0651

0.792 and -0.489 e.A-3



68

Table 2.4: Bond lengths [A] and angles ['] for 2

Bond lensths tAl
Br(l)-Ni
Ni-N(2)
Ni-N(2)
Ni-N(4)
Ni-N(4)
Ni-Br(l)
N(l)-c(2)
N(l)-N(2)
N(2)-c(4

2.6617(2)
2.0ee6(18)
2.0ee6(t8)
2.1004(18)
2.1004(18)
2.6617(2)
1.343(3)
1.360(3)
r.335(3)

N(3)-c(6)
N(3)-N(4)
N(4)-c(8)
c(l)-c(2)
c(2)-c(3)
c(3)-c(4)
c(5)-c(6)
c(6)-c(7)
c(7)-c(8

r.34s(3)
1.3s7(3)
1.333(3)
1.4e8(3)
1.378(3)
1.398(3
1.4e6(3)
1.37s(3)
1.39e(3)

Bond ansles [ol
N(2)-Ni-N(2
N(2)-Ni-N(4
N(2)-Ni-N(4)
N(2)-Ni-N(4
N(2)-Ni-N(4)
N(4)-Ni-N(4)
N(2)-Ni-Br(
N(2)-Ni-Br(
N(a)-Ni-Br(
N(a)-Ni-Br(
N(2)-Ni-Br(
N(a)-Ni-Br(
N(a)-Ni-Br(

180
88.87(7)
e1.13(7)
e1.13(7)
88.87(7)
180.0
8e.7e(5)
e0.21(s)
8e.81(s)
e0.1e(s)
8e.7e(s)
90.19
t32.1(3)
180.0
l12.8s(18)
104.27(18)

c(4)-N(2)-Ni
N(r)-N(2)-Ni
c(6)-N(3)-N(4)
c(8)-N(4)-Ni
c(8)-N(4)-N(3)
N(3)-N(4)-Ni
N(l)-c(2)-c(3)
N(l)-c(2)-c(l)
c(3)-c(2)-c(l)
c(2)-c(3)-c(4)
N(2)-c(4)-c(3)
N(3)-c(6)-c(7)
N(3)-c(6)-c(5)
c(7)-c(6)-c(s)
N(6)-c(7)-c(8)
c(4)-c(8)-c(7)

132.7(2)
ros.6(2)
ttt.2(2)
106.24(19)
122.0(2)
131.7(2)
105.s(2)
rrr.2(2)

133.72(1s)
r2r.92(14)
r12.7o(te)
104.38(18)
r 33.1 8(l s)
122.3e(r4)
106.12(t9)
tzt.t(2)

l)
l)
I
1)
1)

1)

1)
Br(l)-Ni-Br(l)
c(2)-N(l)-N(2)
c(4)-N(2)-N(l)

Table 2.5: Hydrogen bonds for 2 [A and "]

D-H...A d(D-H) d(H...A) d(D...A) <(DHA)

N(1)-H(l)...Br(
N(3)-H(3)...Br(
N(1)-H(l)...Br(
N(3)-H(3)...Br(

l)
r)
l)
1)

0.87(3)
0.87(3)
0.87(3)
0.87(3)

2.s4(3)
2.62(3)
3. l 0(3)
2.es(3)

3.2re8(le)
3.22s(2)

3.7320(te)
3.6s0(2)

136(2)
r28(2)
t3t(2)
r3e(2)
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2. 5. 4 Sy nt h esis of U o> b is ( 3, 5 - R zp! r azo ly l) alk an e- a, o> dio ne lig an ds

o R
\c-ct
/

(CH)n

\Co

-L ')

R

Et.,N I
(CHz)n

)-.
IH, _N

o

R

R: CH3; n = 0 (Al), n:2 (A2), n: 3 (A3)

R: tBu; n: 3 (A4)

Scheme 2.22 a,ul.-bis(3,5-R2pyrazolyl)alkane-o,rrr-dione ligands

Pyrazolyl ligands with alkane-cr,c>dione linkers were prepared by reacting the

appropriate substituted pyrazole ligand and the alkanoyl chloride according to

Scheme 2.2. The ligands are distinguished by the number of CHz units in the linker.

Their synthesis involves dissolving both reactants in toluene, followed by the

addition of the base triethylamine (Et3N). Toluene was used as a solvent in these

reactions because the by-product Et:NHCI is not soluble in toluene, but the product

is soluble in toluene. The by-product could therefore be filtered off fairly easily. The

reactions were found to take place only after addition of the base as evidenced by the

colour changes and precipitate formation that occurred immediately after the

addition of the base. The role of the base in these reactions was to deprotonate the

acidic protons of pyrazole compounds and to remove the chloride from the carbonyl

chloride, thereby forming the amine salt EtrNH*Cf as the by-product. The colour
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bhanges varied from dirty white to dark brown and the resultant products were found

to be white after purification by column chromatography (silica gel, CH2Cl2lhexarrc,

4:l for A1-A3 and CHzCl2ldiethyl ether, 8:l for A4). These compounds were found

to be soluble in most organic solvents, which made their characteization easy.

All the ligands were fully charucteized by elemental analysis, IR spectroscopy and

NMR spectroscopy. The IR spectra of these ligands were not sigfficantly different

and the spectrum of A3 in Figure 2.6 was chosen as the representative spectrum for

all the ligands. It is observed in the spectrum that a peak at around 3200 crnt v(N-H)

disappears in these ligands, which proves linkage of the alkane-cr,co-dione moiety to

the pyrazole through the l-H. A broad peak between 2856-2900 cmr which is

assignable to the CHz units of the linker is observed in the spectrum. A sharp peak

around 1700 crnr which is assignable to the carbonyl group is observed in this

spectrum. This peak is not observed in the spectrum of the unlinked substituted

pyrazole ligand. The peaks at 1612 crnrv(C-C) and around 1590 crnl v(C-H) are

also observed. These peaks have shifted slightly due to the presence of the carbonyl

group. The rH NMR spectrum (Fig.2.7) of A3 is chosen as a representative spectrum

for all the ligands and r3C NMR spectrum of A3 is shown in Fig. 2.8. The absence of

a peak around 11.80 ppm belonging to N-H proton shows that the pyrazole is linked

to this alkane-o,o-dione moeity. A closer look at the lH NMR spectra of these

ligands shows that the presence of carbonyl group sffis the peaks slightly

downfield. In most cases in the spectrum of the unlinked substituted pyrazole ligand,

the proton at position four of the ring appears around 5.50 pprn, but in these new
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ligands the peaks are between 5.90-6.06 ppm. A peak assignable to the protons in the

CHz unit is observed at 3.22 ppm in the spectrum. These ligands were also

characterued by t3C NMR, and the peaks observed in the spectra zre as expected' A

peak around 173 ppm in the A3 ligand spectrum which belongs to carbonyl group

carbon is obeserved. The peak at 151 ppm which is assignable to the carbon of the

two terminal cHz units appear as a singlet because the two cH2's in A3 ligand closer

to the carbonyl group are equivalent. The carbon from the CHz unit which is

sandwiched between the two terminal CHz units appear as a singlet at 143 ppm' The

peaks (110, 34, 18, 14, 13) which belong to the pyrazole ring carbons have shifted

downfield due to the carbonyl group in the linker.
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2.5.5 Synthesis of a,a-bis(3,5-Ru,pyrazolyl)alkane-q,etdione palladium complexes

R

ooa

I

\C
I

Pd

CI

(CHz)n + (CH3CN)zPdClz CH2Cb
(CHz)n

N_ 1

R R

R : CH3; n: 0 (Al), n:2 (A2), n : 3 (A3)

R: tBu; n: 3 (A4)

Scheme 2.32 Synthesis of cr,o'bis(3,5-&pyrazolyl)alkane-o,ro-dione palladium

complexes

Complexes of the ligands prepared in Scheme 2.2 were performed by a reaction between

an appropriate ligand and (MeCN)zPdClz as described in Scheme 2.3. Generally synthesis

of these complexes is supposed to be simple, but from the reactions attempted this

generalization does not hold. The complexes expected to be obtained are of the form

Gz(O)C(CHz),C(O)pz)PdClz; (n:0,2,3) with structures similar to those obtained for

poly(l-pyrazolylmethane) palladium complexesr6, described in Chapter l. The colour of

the products formed from these reactions varied from orange to red depending on the

ligand used. The clnracteization of the products was mainly done by elemental analysis

and lH NMR spectroscopy.

C
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The lH NMR spectrum (Fig. 2.9) obtained for complex of the ligand A2; n:2 (Scheme

2.2), showed a mixture of two products, the expected product and the presence of an

unlinked substituted pyrazole palladium complex (3,5-Me2pz)zPdClz) reported by

Darkwa and coworkers.ls This was verified by comparing the 'H NMR spectrum

(Fig.2.9) of this mixture and that of the pure unlinked pyrazole complex (Fig. 2.10). As

can be observed in both spectra there is a peak around 11.80 ppm which belongs to the N-

H proton. The presence of this peak in the spectrum of (3,5-Me2pz)2PdCl2 (Fig. 2'10) is

expected, but in the 1,4-bis(3,5-Me2pyrazolyl)butane-1,4-dione palladium complex

spectrum (Fig. 2.9) this shows decomposition of the linker. There are two peaks for a

proton in position 4 of the pyrazole ring i, the spectrum in Figure 2.9, one at 5.95 ppm

for the unlinked palladium complex and at 6.10 ppm for the linked pyrazolyl palladium

complex. There are peaks at 3.59 and 2.96 ppm that appear in the spectrum of the mixture

of the compounds (Fig. 2.9), which are not observed in the spectrum in Fig. 2.10. These

peaks belong to protons of the CHz unit of the linker, and show that the product isolated

is a mixture. This observation in the 'H NMR spectrum (Fig. 2.9) of this mixture suggests

that some decomposition of ligand A2 occurs, leading to the formation of unlinked

pyrazole ligand and subsequently react with (CH3CN)2PdClz to form two products, the

unlinked pyrazole palladium complex and an 1,4-bis(3,5-Me2pyazolyl)butane-1,4-dione

palladium complex. In other reactions performed with some of the ligands, notably Al

and A4, there was not even a sign of a linked pyrazolyl palladium complex in the lH

NMR spectra. The spectra obtained were identical to those of an unlinked pyrazole

palladium complexes. The mode of decomposition of these ligands upon complexation is

not clear at this stage. There are reports in literature where pyrazolyl linker compounds
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decompose to form free substituted pyrazole complex. One such report is the work by

Hamon and coworkers,ls where they observed an unexpected deboronation of tert-brttyl'

tris(3-tert-butylpyrazol-l-yl)borate [nun1:-'nuC3H2N2)3]- when the ligand reacts with

iron(Il) chloride. The only isolable product they obtained was FeCh(BuC3H3N2)a, with

no sign of a boron linker. The structure of the product they obtained was characterized by

X-ray crystallography and was found to be a complex without a linker. These authors

attribute this puzzling observation to possible fragility of these ligands. They also

concluded that the formation of this complex results from the complete degradation of

[nun1:-'nuCrHzNz):]-. In another report by Barszczand coworkers," 1-hydroxymethyl-

3.S-dimethylpyrazole ligand decomposes during coordination to hydrated Cu(BFa)2. This

ligand decomposes into two fractions; one fraction that contains HCOH and 3'5-

dimethylpyrazole and other fraction gives l-methoxy-3,5-dimethylpyrazole. The crystal

structure reveals that the copper complex contains the 3,5-dimethylpyrazole, l-methoxy-

3,5-dimethylpyrazole and BFa ligands. It is hard to explain why this ligand decomposes

upon coordination.

Comparing the above observation with the ligands we prepared, we suspect that

hydrolysis might be involved in the decomposition of alkane-cr,ol-dione linkers upon

complexation. We envisaged that this hydrolysis is brought about by the use of wet

solvents. To see the influence of wet solvents on these reactions, we performed one

reaction with dichloromethane that was dried over PzOs for 3 days. The reaction we

performed was between the 1,5-bis(3,5-dimethylpyrazolyl)pentane-1,5-dione ligand (A3)

and (CH3CN)2pdCl2. The rH NMR spectrum (Fig. 2.l l) shows that the reaction has taken
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place when compared to the free ligand spectrum (Fig 2.12). The peak at I l '80 ppm for

N-H proton does not appear in this spectrum and peaks belonging to the linker were

observed in this spectrum. The peak at position 4 of the pyrazole ring has shifted from

5.93 ppm in the free ligand (Fig.2.l2) to 6.10 ppm (Fig. 2.11) in the 1,5-bis(3,5-

Me2pyrazolyl)pentane-1,5-dione palladium complex. There was a broad peak around 4.50

ppnq which integrates for four protons of the terminal CH2's on the linker' This is a

significant shift for these protons compared to their assignment in the ligand, which was

found to be around 3.20 ppm. A multiplet between 2.90 and 3.01 ppm is assignable to the

two protons on the sandwiched CHz of the linker. The peaks for these two protons appear

around 2.10 ppm in the ligand, so there is downfield sffi of about 0.79 ppm in the

spectrum of the complex. This downfield shift of these methylene protons on the linker is

a slgn that the complex has formed. The peaks for the protons on the methyl group were

slightly affected by the complexation reaction. Unfortunately this synthetic approach was

only successful for the complexation of ligand A3. Attempts to apply it to the

complexation of other pyrazolyl ligands were unsuccessful. It is not clear as to why the

other ligands do not form clean complexes under stringently dry condition. It is possible

that A3 ligand has the right bite angle for complexatioru which explains why a complex

was obtained for this ligand. However, when attempts were made to grow crystals of the

palladium complex formed by 43 there were visible signs of decomposition which

indicates that the complex is not stable in solution over prolong periods.
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2.6 Summary

Two tlpes of pyrazole complexes were prepared in this project. These include the well-

cl.aracteraed pyrazole and substituted pyrazole nickel complexes. They formed four

coordinate, tetratredral complexes (1, 4), which are paftunagnetic and could only be

characterized by elemental analysis, IR spectroscopy and single crystal X-ray

crystallography. The other nickel complexes (2, 3) are six coordinate octatredral

complexes, also characterized by elemental analysis, IR spectroscopy and X-ray

crystallography. Two of the complexes namely I and 3 were subsequently used as

catalysts for ethylene polymerization and their full catalytic behavior is discussed in

Chapter 3 of this thesis.

The second type of complexes, though not fully characterized, was pyrazolyl palladium

complexes. New pyrazolyl ligands, with alkane-o,odione linkers, were prepared and

well clnracterued. However, attempts at using these ligands to form palladium

complexes had mixed success. Future work ought to include investigating why these

ligands do not readily form complexes with palladium.
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CHAPTER 3

Ethylene polymerization catalyzed by nickel pyrazole and palladium

pyrazolyl catatysts

3.l INTRODUCTION

3.1.1 Nitrogen based late transition metal complexes as ethylene polymerization

catalysts

The use of late transition metal complexes as catalysts in olefin polymerization has

attracted tremendous attention.rt Alttrough olefin polymerization catalysis is

dominated by metallocene catalysts,s-E late tansition metal catalysts based on

nitrogen ligands have been widely explored since the report by Brookhart and

coworkerse in 1995. Brookhart and coworkers have shown that bulky o-diimine

ligands enhance the activity of late transition metal catalysts. This leads to

polyethylene with different microstructures and high molecular weight. One of the

features of late fiansition metals is that they are less oxophilic compared to early

transition metals. The lack of oxophilicity of these catalysts allows co-

polymerization of ethylene with polar monomers.lO Generally, alkylaluminum

compounds are used as co-catalysts to the late tmnsition catalysts with

methylaluminoxane (MAO) being the most extensively used co-catalyst.rl

The behavior of late transition metal catalysts and their co+atalysts was fully

discussed in Chapter 1 of this thesis. A report on simple substituted pyrazole
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palladium complexes as catalyst precursors for ethylene polymerizattot recently

appearcd in the literature.r2 In this Chapter ethylene polymerization activity of

pyrazole nickel and pyrazolyl palladium complexes will be discussed. Comparison of

the nickel catalysts to their reported palladium analogues forms part of this Chapter.

The polyethylene produced was characterized by a combination of NMR

spectoscopy, high temperature gel permeation chromatography (GPC) and thermal

analysis.

3.2 GEI\ERAL PROCEDT]RE FOR ETITYLEIYE POLYMERIZATION

Polymerization was caried out in a 300 ml stainless steel autoclave, which was

loaded with the catalyst and co+atalyst, methylaluminoxane (MAO) in a nitogen

purged glove box. This was done by charging the autoclave with a nickel or

palladium complex in dry toluene (150 ml), and the appropriate zrmount of MAO

(1 0% in toluene) at a co-catalyst to catalyst ratio ranging from 250-1000. The reactor

was sealed and removed from the glove box and then flushed three times with

ethylene after which it was heated to the polymerization temperature. Ethylene was

continuously supplied to maintain a constant pressure during the polymerization

reaction. After the set reaction time, excess ethylene was vented and the

polymerization quenched by adding ethanol. The polymer was filtered, washed with

2M HCl, followed by ethanol and dried in an oven ovemight at 50 oC undervacuum.

NMR spectra ofpolyethylene were recorded n1,2,4-tnchlorobenzene/benzene-d6 at

ll5 "C. The number- (M") and weight-average (Mn) molecular weights and

polydispersity [tut*/Ir{.; of the poll,rners were determined by high temperature gel
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permeation chromatography (GPC) (l),4-tichlorobenzene, 145 t, rate : 1.000

ml/min) at the Group Technologies Research and Development laboratory of

SASOL polymers and the Institute of Polymer Science at the University of

Stellenbosch. Thermal analyses were performed on Universal V2.3HTA instrument

at the University of Botswana and on a Perkin Elmer PC Series 7 system at the

University of Cape Town.

3.3 REST]LTS A]\tD DISCUSSIONS

3 3.1. Polymerization resulb using nickel catalysts

Two nickel complexes were extensively investigated for their ability to catalyze

ethylene polymerization when activated with MAO. The polymerization reactions

were performed undervarious reaction conditions. These include varying co-catalyst

to catalyst ratio, temperature and pressure. These variations allowed the catalytic

activities of complex 1 and 2 to be compared. The catalytic behavior of these

pyrazole nickel complexes wils comparcd to that of pyrazole palladium complexes

(pz)zPdCband(3,5-Me2pz)zPdClzand(3,5-tBttzpz)*dCb'

R

R

Br

H

R R

2. R: R': H
1. R: R': CH3

Figure 3.1: Nickel catalysts used in this project

Br
I -H
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3.3.1.1 Comparison between I and 2 in ethylene polymerization

Complex 1, (3,5-Me2Pz)2NiBr2 Gig. 3.1) was used as a catalyst precursor for most of

the polymerization reactions, but for comparison pulposes preliminary

polymerization reactions were performed using complex 2, (pz)NiBrz (Fig. 3.1).

The synthesis and fulIcharacterization ofthese catalysts were described in Chapter2

of this thesis. To understand the effectiveness of the ethylene polymerizatron

catalyst, reaction parameters were varied during the investigation. In this study the

parameters that were investigated for their role in the polymerization reaction were

temperature, pressure and co<atalyst concenfiation. The nickel pyrazole complexes

wt as ethylene polymerization catalysts in the presence of co-catalyst

methylaluminoxane (MAO), in the rest ofthis chapterthe term catalyst will referto a

metal complex activated with MAO.

In this section a comparison of the activity of catalysts I and 2 is discussed. The

polymerization data using catalyst 1 and 2 are summaized in Table 3.1. Most ofthe

polyethylene produced in this study was found to be a fibrous polymer. Cahlyst?

shows higher activity compared to catalyst 1, in actual frct the turnover number

(TOI.I) is nearly doubled under the same reaction conditions (entry 2, TON is249-48

kg/mol Ni h vs enty 5, TON is 481 kg/mol Ni h, Table 3.1). TON refers to the

amount in kg of polyethylene produced per mol catalyst per hour and is used as a

measure of the activity of the catalyst. The difference in activity between catalyst I

and 2 can be explained by looking at the geomety around the metal cente in both

complexes. Catalyst I is a four coordinate, tedrahedral systemr3 and catalyst 2 is a
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six coordinate, octahedral system.ra As was alluded to in Chapter 2 it is believed that

catalyst 2 converts from a six coordinate octahedral geomety to a four coordinate

geometry in solution in order to catalyze the polymeiuation reaction. Even though

these catalysts are both tedrahedral, the active site is more accessible in 2 than in 1,

because there are less bulky substituents around the metal centre in 2. In other words

ethylene coordination and insertion to the metal alkyl bond is more efficient in 2 than

in 1, leading to high yields of polyethylene. The influence of the concentration of

MAO on catalyst activity was investigated for catalyst 2. This system produces a

polymer even at low AlNi ratio of 250:1, even though catalyst activity is low (entry

3, 40.83 kg/mol Ni h). This was not the case with catalyst 1 where at Al:Ni ratio of

250:l only a trace amount of polymer was obtained (entry l). Catalyst activity is

nearly tipled when AlNi ratio was increased from 500 to 1000 (164 to 481 kg/mol

Ni h) for catalyst 2 enties 4 and 5. Compared to its reported palladium analogue

etz)zPdCbt2 which has activity of 1131.90 kg/mol Pd h at 30oC, catalyst 2 has a

lower activity. This difference in activity between palladium and nickel pyrazole

catalysts may be due to the square planar geometry of the palladium pyrazole

catalysts, which is more suitable for olefin coordination and subsequent insertion for

chain growth. This seems to indicate that a square planar geometry around the metal

centre is vital for the catalyst to be active in olefin polymerization. Theoretical

studies on the binding of ethylene to Pd@ andNi([) complexes reveal that ethylene

binds more stongly to a highly square planal PdGI) complex than the distorted

square planar Ni(tr) complex. 
15
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Table 3.1: Ethylene polymerizationdata and conditionsu for catalyst I atd2.

Entry Catalyst Press. Temp. TONb (M*1101' M*INI,rTJ
(atm) (oc) (oc)

Ni:Al
ratio

I
1

2
2

2

I
2
3

4

5

250 5

1000 5

250 5

500 5

1000 5

Trace

249.48
40.83
164.01

48r.23

t36.76
135.45
134.08

133.83

25

25
25
25

25

t.44
1.62
1.59

1.61

2.43
2.27
2.43

2.78

oReaction conditions: [Ni] = 4.5x I 0-sM, toluene: 150 m1,25 " C, polymerization time = 3 h

hoN = kg/molNi h

"Determined by GPC, 1,3,5-trichlorobenzene

oPolydirp".rity determined by GPC

"lvlelting point determined by DSC

There is no significant difference in molecular weights of the polymers produced

using catalyst 1 and 2 under similar reaction conditions (1 .44x 106 for 1, enty 2 and

I .61 x 1 06 for 2, enty 5). The polydispersity indeces of polymers produced by these

catalysts are around 2.

3.3.1.2 Elfect of temperature on ethylene polymerization by catalyst I

In this section the influence oftemperature on ethylene polymerization using catalyst

I is discussed and the polymerization data are summarized in Table 3.2-The ratio of

Al:Ni used for most of these reactions is 1000:1, since the highest catalyst activity is

obtained at this concentration of MAO. From the polymenzationdata in Table3-2it

can be seen that as the temperature increases, catalyst activity increases. This is also

shown graphically in Fig. 3.2. There is an exponential increase in catalyst activity
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with increasing temperature. At 25 oC catalyst activity is low (entry 6, TON :

249.48 kg/mol Ni h) and increases up to I 17 0.32 kg/mol Ni h at 7 0 o C (entry I 0).

Table 3.2: Effect oftemperatuie on ethylene polymerizationby catalyst I

Entry Press.
(atm)

Temp. TON
fc)

(M*xlotb M*/lvln' Tro
(oc)

6
7

25
40

50
60
70
70

5
5

5
5

5

2

5

I
5

249.48
336.98

409.87
81 1.63
tt70.32
734.86

1439.86
1295.90
2363.95

r.44
t.62

0.74
0.39
1.06

0.74
0.19
0.48

2.43
1.51

2.07
2.46
2.26

1.74
2.34
1.69

t36.76
135.95

134.88
135.42
131.54
133.61

8
9
t0
1l

t2
l3
t4

80
90
100

Reaction conditions: [Ni] = 4.5 x l0'5 M, toluene: 150 ml, polymerization time = 3 h

"roNr = kg/mol Ni h

bDetermined by GPC, 1,3,5-trichlorobenzene

"Polydispersity determined by GPC

oM.ltirg points determined by DSC

Darkwa and co-workersr2 also observed this increase in activity with increasing

temperature when they used the analogous substituted pyrazole palladium catalysts.

Their catalyst (3,5-tBu2pz)zPdClz, gave a TON of 1034.50 kg/mol Pd h at 5 atm,70

"C, compared to I 74 kg/mol Pd h at 25 "C. This phenomenon of increasing activity

with increasing temperature has also been reported by others.rc2r The first few

minutes of the polymerization reaction arc envisaged to be vital in the

polymerization reaction, since ethylene diffilsion is higher before the catalyst

decomposes with time. Most ofthe reported catalysts based on late transition metals
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tend to loose activity at temperatures above 60 "C, due to catalyst decomposition. It

is not known how these catalysts deactivate during ethylene polymerization. One

possible mode ofdecay is through C-H activation of an ortho alkyl substituent in the

case of o-diimine ligands, but there is no evidence to support this.22 To probe the

thermal stability of catalyst 1, reactions were performed at temperature as high as 90

oC, I atn and at 100 oC, 5 afin for one hour. Under these conditions high amounts of

polyethylene were obtained (entry 13, TON = 1296 kg/mol Ni h and enny 14,2364

kg/mol Ni h). In another report, Brookhart et a1.22 performed a polymerization

reaction using a o-diimine nickel catalyst [AN:C(R)C(R):NAr]NiBrz (R: Ph, ?r)

at 85oC and 1 afin and there was no polymer obtained due to catalyst decomposition.

This shows that our catalyst is more thermally stable at elevated temperatures

compared to other related nitogen based late transition catalysts.

The polymers produced in this study were charactenzed by gel permeation

chromatography (GPC) to obtain their molecular weights and molecular weight

distribution. The weight average-molecular weights M*) of the polyethylene

produced by catalyst I decrease with increasing temperature. The M* decreases from

1.44x106 g/mol at25 "C (entry 6, Table 3.2)to 0.74x106 g/mol at 60 oc (entry 9,

Table 3.2). As the temperahre is increased from 60 oC to 70 oC, M* decreases fiom

0.74 x 106 g/mol to 0.39 x 106 g/mol (entry 9 and 10).
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Figure 3.22 Ag4ph that shows the effect of temperature on ethylene polymerization

Generally molecular weighe of the polyethylene produced by late transition metal

catalysts at low temperatures are higher than those produced at high

temperatures."'tt This is due to the high rate of chain transfer and chain termination

over chain propagation at high temperatures. From the GPC traces of the

polyethylenes obtained from the reactions performed at25 "C and 70 "C (Fig' 3'3

and Fig. 3.4 respectively), it can be seen that unimodal molecular weight distribution

curves are obtained. This shows that there is only one type of active species in the

polymerization reactions. Polydispersity indices for all these cases are around 2'

similar to those reported for other late nansition metals''622
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It is also interesting to note that temperature does not seem to have any significant

influence on polydispersity indices. Even at 90 oC the polydispersity is 2'34, entry

13, Table 3.2. The polyethylene produced was found to be linear as determined by

high temperature tH NM& since only one peak was observed in the spectrum (Fig'

3.5). From this NMR spectral data, it can be concluded that the polyethylene formed

in our reactions is high-density polyethylene (HDPE). The formation of linear

polyethylene indicates that there is no "chain walking" during polymerization

reactions. Hence using our catalyst system there was no branching observed as

suggested in ethylene polymerization mechanism catalyzed by some other late

transition metals which is described fully in Chapter 1.22'23 Most nickel catalysts

form highly branched polyethylene, because the process of chain walking is

dominant in these catalyst systems.

t
i

!

I

-o 0235

Figure 3.5: rH NMR spectrum of polyethylene produc ed at 25 "C using I
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To probe the thermal properties ofthese polymers, they were subjected to differential

scanning calorimetry @SC) as well as thermogravimetric analysis-differential

thermal analysis ([GA-DTA). DSC data of the polyethylene isolated in this study

and the reaction conditions are listed in Table 3.2. Melting points from the DSC

measurements were found to be between 131 "C and 136'C which is typical ofhigh

density polyethylene (FIDPE), which has a melting point around 135 "C.24 There was

no change in DSC melting point ranges with change in reaction temperature, at both

lowtemperatures (25 "C and 40 oC, T. :136.76 oC and 135.95 oC rcspectively,

Table 3.2) and high temperatures (60 "C and 70 oC, T. : 135.42 oC and 131.54 "C).

The DSC data shows that the microstructure of the polymer is independent of the

polymerization temperature. In general, as is evident from the thermograms the

polyethylene undergoes decomposition from 449 oC to 498 oC as can be seen in Fig.

3.6. This decomposition pathway was also observed for polyethylene produced by

analogous palladium catalysts (3,5-Me2pzhPdcbt2 and related catalysts.r623
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3.3.1.3 The elfect otpressure on ethylene polymerization by 1

The results of ethylene polymerization experiments conducted at different ethylene

pressure between 1-30 atm at 25 oC are summarised in Table 3.3 and depicted

graphically in Fig. 3.7. These experiments were performed to gain insight into the

influence ofpressure on catalyst activity and the microstructure of the polyethylene

produced. It is evident from the results in Table 3.3 that the activity is very low at I

atm (12.41kg/mol Ni h, enty 15) and it increases to 76.92 kglmol Ni h at 2 afrrt

(entry 16). As pressure increased through 5, 10, 25 and 30 atn, the amount of

polyethylene produced increases. Monomer mass transport limitation at I atm is due

to the high activity of this catalyst even under conditions of high dilution and low

catalyst loading. This results in very rapid consumption of the monomer and the

catalyst becomes stanred of monomer. The amount of ethylene is low at I atn and

the catalyst converts the monomer rapidly till there is no more ethylene to be

converted. Monomer mass transport does not present problems when ethylene

pressure is increased to 2 atm and above.

The temperature of 25 oC was chosen as a standard temperature, since the catalyst

was found to be active at this temperature. One of the observations is the high

evolution of heat during the polymerization at 10, 25,30 atn, compared to 5 atm and

below. This may be due to high rate of reaction at these elevated pressures and

amount of monomer concentration in the reaction vessel. There was no significant

change in activity when the pressure was increased from 5 atn to 10 atrn. When
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pressure was increased from 10 atn to 30 atn the activity increased from 1095.95

kg/mol Ni h to 3441.17 kg/ mol Ni h (entry 20 and 22,Table 3.3), which means that

activity is tipled at 30 atm. There was a significant increase in activity when

pressure was increased from 25 atmto 30 atm, from2741.12 kg/mol Ni h (entry 21)

to 3441.17 kg/mol Ni h (entry 22).ln general there was an increase in activity as the

pressur€ was increased, due to the high amount of monomer molecules at high

pressures. It can be seen in the graph in Fig.3.6 that the activity increases steadily at

pressures below l0 atm, and a rapid increase is observed when the pressure is

increased to 25 atn.

Table 33: Effect of pressure on ethylene polymerization by catalyst I

Entry Pressure. TON"
(atm)

6M*x106)b M*a{o' T
(o

d
m

c)
l5

r6

t7

18

t9
20

2r

22

I

2

3

4

5

r0

25

30

t2.41

76.92

104.37

t61.74

249.48
109s.29

2741.12

344t.17

3.86

4.02

4.06

3.89

1.44
1.27

0.65

0.84

2.32

2.57

2.23

2.5t

2.43
3.08

1.92

2.04

136.42

136.51

r36.60

136.01

136.76
132.25

r3r.97

130.50

Reaction conditions: [Ni] = 4.5x10

time=3h

"roN: kg/molNi h

bDetermined by GPC, 1,3,5-trichlorobenzene

"Polydispersity by GPC, 1,3,5-trichlorobenzene

dM"lting point determined by DSC

-t M, toluene: 150 ml, Ni:Al : I :1000 polymerization
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Figure 3.72 Agraph showing effect ofpressure on ethylene polymerization using I

An opposite eflect of pressure was observed by De Souza and coworkers2s using

[Ni(n'-z-rrleCflaX ArN:C(FDCGIFNAT] lPFe, Ar:2,6-ColllPrldiethylaluminium

chloride (DEAC) catalyst system. There was no change in activity when pressure

was increased from I atrn to 15 aftn. But the molecular weight of the polyethylene

produced by their nickel catalyst is low at 15 atm compared to the one produced at I

atm. This observation of low molecular weight at high pressures was also observable

for the polyethylene produced by catalyst 1 (table 3.3). The molecular weight starts

to decrease at 5 atn. The molecular weight at 1 atm is 3.86 x106 g/mol and it

decreases to 0.84 x 106 g/mol at 30 atn.
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Melting points for these polymers produced in pressure variation experiments were

measured using DSC and the decomposition pathway of the polymer was studied by

TGA-DTA. The melting points of the polymer produced from 1 atm to 5 atn are all

around 136 'C , which is typical of a linearpolyethylene. Selected DSC data is listed

in Table 3.3. It is interesting to note that at l0 atm and above, the melting point is

around 130 'C (see Table 3.3), this a sign that the polyethylene produced has short

branches. A TGA-DTA thermogram of the polymer (Figure 3.8) represents the

decomposition ofpolyethylene produced at 1 atn.
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33.2 Polymerization results for the pyrazolyl palladium catalyst

The palladium pyrazolyl complexes with l,3-benzenedicarbonyl (3) and 1,3,5-

benzenetricarbonyl (4) linkers (Fig. 3.9), have been reported previously by Li and

co-workers, and their preliminary catalytic ability in ethylene polymerization was

investigated.2u The key feature of these catalysts is the carbonyl group in the linker,

which is electron withdrawing and believed to make the metal centre more

electophilic. This high electrophilic nature of the metal centre is very important in

ethylene polymerization, because it increases the rate of olefin coordination and

insertion into the metal alkyl bond. The ethylene polymerization studies undertaken

here were done under conditions that were not investigated by Li and co-workers.26

This section explores the role of temperature and MAO concentration on the

ethylene polymerization by catalyst 4. The previously reported polymerization data

as well as new data will be presented for comparison purposes' The ethylene

polymerization data for this catalyst is summarized in Table 3'4'Liand coworkers26

observed that catalyst 3 was more active than catalyst 4 under similar reaction

conditions. The lower activity of 4 is believed to be due to the non-coordinating

pyruzoyl unit in the ligand, which could be competing with the palladium metal

centre for the co+atalyst MAO. It is possible that the non-coordinating pyrazolyl

unit coordinates to the aluminium of the co-catalyst. This is not unusual since

aluminium complexes with pyrazole ligands [Al(1,3,5-Me2Pz)127 and

[Tp2Al] [Alclo)]" are known.
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In this section the lower activity of catalyst 4 compared to 3 will be discussed

extensively.

tBu
tBu

o o

\*a

'(no

.rcl

-cl N-N

o
\pd

tt(ro

.N

.Cl

-cl

tBu

C

oo
tBu tBu

Figure 3.9: Palladium pyrazolyl catalysts (3 and 4)

Table 3.4: Ethylene polymerizationdata and conditions'for catalyst 4

3 4

Entry A}Pd
ratio

Reaction
Time (h)

temp. ToNo M*(x101" M*/lvroo T,,"

(o C)
23
24
25
26
27
28

1000 2
2000 2

3000 2
4000 2

1000 I
1000 1

30
30
30
30
50
70

440.10
646.71
985.33
306.13
1299.52
2497.73

2.27
1.62
0.79
0.89
1.40
0.76

2.33
1.42
1.38
1.62
3.30
3.16

136.53
138.00
136.51
136.72
138.16
138.58

heaction conditions: [Pd] = l2Sr l On M, toluene = l50ml, pr€ssure = 5 atm
oroN : kg/mol Ni h

"Determined by GPC, 1,3,5-trichlorobenzene

ho$dispersity determined bY GPC

\rlelting points determined by DSC

ln order to investigate this possibility, polymerization reactions at higher MAO

concentrations and longer reaction periods than the ones previously reported, were

I
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pedormed. The MAO concentrations were increased to Al:Pd ratios of more than

1000:l with a belief that, if there is a high amount of MAO in the system, this

catalyst might be more active. The reaction times were increased to ensue the

simultaneous complexation of the pyrazolyl unit to the aluminium centre in the co-

catalyst and activation ofthe palladium metal centre by the co-catalyst. There was an

increase in catalyst activity when co+atalyst to catalyst ratio was increased to 2000:1

(entry 24) and 3000:l (entry 25). The interesting feature of increasing co-catalyst

concentmtion, is that Al:Pd ratio of 3000:l seem to be an optimal concentation for

these catalys! that means catalyst activity drops when MAO concentation is

increased beyond this amount (Figure 3.10). The catalyst activity increased when

MAO concentation was increased from 2000 to 3000, and it dropped drastically at

4000 (enty 26). This increase in catalyst activity with increasing co-catalyst

concentration is a sign that for this catalyst to be highly active, a high enough

concentration of MAO is required. This also supported our belief that the non-

coordinating pyrazolyl unit in the ligand binds to the aluminium cente of the co-

catalyst. The decrease in catalyst activity beyond the co-catalyst to catalyst ration of

3000:l shows that there is a limit in the amount of MAO concentration that can

activate this catalyst system. High amounts of the co-catalyst may poison the

catalyst. Temperature effects on polymenzationwere also investigated, reactions at

50 oC (entry 27) and at 70 oC (entry 28) at Al:Pd ratio of 1000:l were performed.

The catalyst activity at 30 oc is 440 kg/mol Pd h which is very low compared to the

activity at 70 'c (entry 28, 2497.73 kg/mol Pd h). The activity at 70 "c is

comparable to the activity of catalyst 3 at 30 oC, which is 259I.40 kg/mol Pd h'26
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Figure 3.10: Effect of MAO concentration on catalytic activity of 4

This increase in catalyst activity at high temperatures has been observed for other

late tansition metal catalysts. As in reported work on unbridged pyrazole palladium

catalyst, activity increases with increasing temperature.r2 The high activity of this

palladium catalyst at high temperatures also resembles the behavior observed for

substituted pyrazole nickel catalysts discussed in section 3.3.1 of this Chapter. The

above studies show that the presence of a carbonyl moiety has a remarkable

influence on the activity of this catalyst. The polymers produced by this catalyst

were characteized by high temperature GPC and thermal analysis and the data is

summarized in Table 3.4. The molecular weights of the polymer obtained were

between (0.79x106 g/mol and2.27xl06 g/mol, entries 23-26). The molecularweight



107

of the polymer obtained at70 "C is low (0.76x106 g/mol) compared to that obtained

at 50oC (1.38x106 g/mol). This observation is due to the high rate of B-hydride

elimination at high temperatures as wzrs the case with the pyrazole nickel complexes

reported earlier sections of this Chapter. The polymers produced using catalyst 4

were found to have the melting points between 136-138 oC, which are typical of

highdensity polyethylene (I{DPE). The melting points of these polymers were the

same at both high and low temperatures.

Summary

The pyrazole nickel complexes prepared in this project have proven to be higt'ly

active catalyst precursors for ethylene polymerization. These complexes become

active catalysts after activation with methylaluminoxane (MAO). Catalyst 2 was

found to be more active than catalyst 1, since the coordination of ethylene to the

metal cente is easier in this catalyst. This nickel catalyst (2) show activity even at

low co+atalyst to catalyst ratio (AlN i : 250:l .High molecular weight (ca 'l '4 x 106

g/mol) polyethylenes were obtained using catalyst 1. Molecular weights tend to low

at high temperatures and high pressgres due to high rate of B-hydride elimination and

chain tansfer.

Catalyst 4 previously reported by Li and co-workers26 was also used as a catalyst for

ethylene polymerization in this project. This catalyst was reported to be less active

than catalyst 3, due to the complexation of the free pyrazolyl unit of this catalyst to

the aluminum of the MAO. This study has shown that this catalyst becomes highly
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active when the co-catalyst to catalyst ratio (AlPd) is increased to 3000:1 which

means this Al.Pd ratio is the optimal MAO concentration for this catalyst. Polymers

obtained were found to have high molecular weight by GPC'
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CHAPTER 4

CONCLUSION

The synthesis of four coordinate (3,5-Me2pz)2NiBrz Q); (3,5JBu2pz)zNBrz (a) and

six coordinate (5-Mepz)NiBrz (2); (3,5-Me2pz)2NiBr2 (3) pyrazole nickel complexes

was successfully carried out and the products were isolated in moderate to good

yields. These complexes were characterued by a combination of NMR spectroscopy,

IR spectroscopy and elemental analysis. Two of the complexes I and 2,were further

charactenzed by single crystal X-ray crystallography. Complex I has a distoned

tetrahedral geometry and2 has a distorted octahedral geometry. All these complexes

were found to be paramagnetic, as evident by broad peaks on their 'H NII'ffi- spectra.

Complexes 2 and 3 are envisaged to have different structures in solid-state and in

solution. These complexes have an octahedral geometry in the solid state, which

converts to tetrahedral geometry in solution. That explains why their 'H NMR

spectra were found to be broad and indicative of paramagnetic behaviour. Complex 4

was found to be highly unstable when exposed to air for a long period of time. This

instability can be attributed to the steric bulk of the tertiarybutyl substituents in the

pyrazole ring which crowds the nickel centre'

Another aspect of this study involved the synthesis of new substituted cr,r>bis(3,5-

&pyrazo$)alkane-cr,o-dione ligands (Al, A2, A3 and A4). These ligands were

obtained in moderate yields and were fully charactertzed by standard spectroscopic
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techniques (IR and NIVR) and elemental analysis. when these ligands were reacted

with (CHICN)zPdClz, hydrolysis of the linker was observed leading to the formation

of the unlinked pyrazole palladium complexes. In some cases a mixture of the

expected product and the unlinked pyrazole palladium complex was isolated as

confirmed by 'H NMR spectroscopy. After nulny attempts 1,5-bis(3,5-

dimethylpyrazolyDpentane-1,5-dione palladium chloride complex was isolated and

clwacterizpd by lH NMR. This was achieved after extremely dry solvent conditions

were used. When this synthetic approach was applied to other cr,6bis(3,5-

R2ppazolll)akane-o,ro-dione ligands, such as 1,2-bis(3'5-

dimethylpyrazolyl)ethane-1,2-dione, no pure products were obtained' The reason for

the resistance of these ligands to form palladium complexes is not clear at this stage.

The polymerization of ethylene was performed successfully using pyrazole nickel

complexes (1, 3) prepared in Chapter 2, activated with methylaluminoxane (MAO)'

Complex 3 was found to have high catalytic activity compared to complex 1' The

difference in catalyic activity between these two complexes is due to steric bulk of

the substituents. Complex 3 has less bulky substituents than complex 1, which make

the metal centre more accessible to the coordination of ethylene. It was also observed

that the activity of these catalysts increases with increasing pressure. This

observation is attributed to the fast insertion of ethylene into the metal alkyl bond at

elevated pressures. The activities of these pyrazole nickel catalysts were lower

compared to the activities obtained using analogous pyrMole palladium catalysts'

The reason for the difference in activities between nickel and palladium catalysts is
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that nickel catalysts have a tetrahedral geometry and palladium catalysts have square

planar geometry which is suitable for easy access of the ethylene to the metal centre'

The polymers obtained were clwacterued by high temperature 'H NMR

spectroscopy, high temperature GPC and thermal analysis. There was one peak

observed in the tH NMR spectra of these polymers, which is indicative of a linear

polyethylene. The linear character of these polymers was confirmed by DSC

(melting point : 130-136 "C) typical of high density polyethylene (HDPE). High

molecular weight polymers (between 0.84x106 and 3.85x106) were obtained with

these catalysts. The molecular weights of the polymers isolated were found to

decrease with increasing temperature. A srgn that the rate of chain termination over

chain propagation is high at elevated temperattres. The molecular weights of the

polymers obtained at high pressures was low compared to the molecular weights of

the polymers obtained at low pressures.

The palladium complex {l-[3,5-bis(lH-3,5-dibutylpyrazolyl-l-ylcarbonyl)benzoyl)]-

1H-3,5-dibutylpyrazolelPd2cl4 prepared by Li and coworkers was also used as a

catalyst for ethylene polymerization in this project. This complex was found have a

lower activity compared to the analogous complex with two bonded pytazolyl

ligands. The low activity of this catalyst is suspected to be due to the free pyrazolyl

moiety in this catalyst, which reacts the aluminium in MAO retarding the activation

process. The influence of MAO was investigated for this catalyst, and a ratio of

Al:Pd of 3000:l was found to be an optimal ratio. In general these linked pyrazolyl

palladium catalysts are more active than the unlinked ones. This is due to the
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electron withdrawing carbonyl group in these ligands, which make the metal centre

more electrophilic, resulting in high rate of ethylene insertion and subsequent

insertion to the metal alkYl bond.

Future work will include the investigation of the mechanism for the hydrolysis of

cr,obis(3,5-R2pyrazolyl)alkane-cr,co-dione ligands on complexatiorl this entails

improving reaction conditions. These ligands will also be reacted with nickel

bromide to see if the same hydrolytic behavior will be observed. The pyrazole nickel

complexes and pyrazolyl palladium complexes will be used as catalysts for co-

polymerization of ethylene with higher olefins. This will also be extended to the co-

polymerization of ethylene with polar monomers such as methyl acrylate'


