
                          

This electronic thesis or dissertation has been
downloaded from Explore Bristol Research,
http://research-information.bristol.ac.uk

Author:
Bowen, Lucy Elizabeth

Title:
New Reactions and activation methods in Olefin Trimerisation Catalysis

General rights
Access to the thesis is subject to the Creative Commons Attribution - NonCommercial-No Derivatives 4.0 International Public License.   A
copy of this may be found at https://creativecommons.org/licenses/by-nc-nd/4.0/legalcode  This license sets out your rights and the
restrictions that apply to your access to the thesis so it is important you read this before proceeding.

Take down policy
Some pages of this thesis may have been removed for copyright restrictions prior to having it been deposited in Explore Bristol Research.
However, if you have discovered material within the thesis that you consider to be unlawful e.g. breaches of copyright (either yours or that of
a third party) or any other law, including but not limited to those relating to patent, trademark, confidentiality, data protection, obscenity,
defamation, libel, then please contact collections-metadata@bristol.ac.uk and include the following information in your message:

•	Your contact details
•	Bibliographic details for the item, including a URL
•	An outline nature of the complaint

Your claim will be investigated and, where appropriate, the item in question will be removed from public view as soon as possible.



ýiiisiiiýiiii11iiiiuiiiA 

New Reactions and 
Activation Methods in 
Olefin Trimerisation 

Catalysis 

MiUniversity 
of 

J BRISTOL 

Lucy Elizabeth Bowen 

A thesis submitted to the University of Bristol in accordance with 
the Degree of Doctor of Philosophy in the School of Chemistry, 

Faculty of Science 

February 2008 



Abstract 

This thesis describes new catalytic reactions, new activation methods and new ligand 

derivatives based on chromium NN-bis(diarylphosphino)amine (PNP) olefin 

trimerisation catalysts. Chapter 1 presents an introduction to this area. The main 

differences between non-selective olefin oligomerisation and selective trimerisation are 

discussed, as well as the commercial uses of LAOs. The mechanism of trimerisation 

and a survey of successful catalyst systems is given, with particular emphasis on PNP 

ligands. More recent advances such as selective tetramerisation are discussed. 

Chapter 2 describes the use of chromium PNP catalysts for the cotrimerisation of ethene 

and other alkene monomers, particularly styrene. The effect of temperature, reaction 

time, comonomer concentration and ligand structure are investigated and a mechanism 

scheme is proposed. The cotrimerisation of ethene and styrene was found to form 

phenylhexene, with the ligand 1 system giving predominantly 1-phenylhexene isomers 

50 and 51, with a TOF of 2468 h''. Other PNP ligands tested gave 3-phenylhexene 

isomers 55 and 56. The trimerisation of isoprene using the same chromium PNP 

systems is explored in Chapter 3. Using the ligand 1 system, the trimerisation of 
isoprene produced isomers of 2,6,11-trimethyldodecatetraene, 1,5,10-trimethyl-1,5,9- 

cyclododecatriene and higher isoprene oligomers, with a productivity of 
826 g (g Cr h)''. Other PNP ligands tested produced the same products as ligand 1 with 

differing productivities. Some of the results from these two chapters have been 

published. 93,130 

Chapter 4 describes the use of chromium(I) PNP carbonyl complexes for the 

oligomerisation of ethene. The syntheses and structures of [Cr(CO)4(1)], 
[Cr(CO)4(19)], [Cr(CO)4(5)] and [Cr(CO)4(NO)(1)] are reported. These compounds 

were then tested for ethene trimerisation by activation with an oxidising agent with a 

weakly coordinating anion, [N(p-BrC6H4)3][B(C6F5)4] and a CO scavenger, AIEt3. The 

results from this chapter have been published. 160 A series of novel PNP and dppe based 

ligands with ortho oxygen donors on the phenyl rings were also synthesised and tested 

for ethene trimerisation, as described in Chapter 5. Finally Chapter 6 gives 

experimental details for the preceding chapters. 
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Chapter 1- Introduction 

1.1. Linear a-Olcfins 

The oligomerisation of ethene to give linear alpha olefins (LAOs) is of great interest in 

industry. Linear a-olefins (LAOs) or 1-alkenes, with a carbon range of C4-C20, have a 
large number of commercial uses; examples of which are shown in Table 1.1.1' 2 

Table 1.1 - Uses of Various Linear a-Alken es 

Carbon Number Use of a-Alkenes 

C4 Polyethylene co-monomer 

C6-Cg Polyethylene co-monomer, plasticiser alcohol 

CIO Poly-a-alkene 

C1e-C14 Detergents 

C16-C18 Drilling fluids, waxes, lubricant additives 

C20+ Lubricant additives 

The largest production volume LAOs are 1-hexene and 1-octene, which are used as 

comonomers in the synthesis of linear low density polyethylene (LLDPE) and high 

density polyethylene (HDPE) resins. 1-Hexene and 1-octene can also be used in the 

production of alkyl aromatics, alkyl silanes, metal alkyls and detergent alcohols. 
Research into this area has developed quickly due to these industrial applications. ' 

Chevron Phillips, Ineos and Shell use ethene oligomerisation for the large scale 

production of a-alkenes, two examples of these processes being the Shell Higher Olefin 
Process (SHOP), as shown in Scheme 1.1 and modifications of Ziegler's "Aufbau" 

process. 2' 2,3 
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NiCI 
ý PPh2 

+ reducing 
2+I/ agent 

n\ 
C0211 

0.001-0.005 mol % 
70-140 atm 80-140 °C 

PI\ Ph NaO2S ' P., , Ph single component II Ni version of catalyst % 
Ph PPh2 

Scheune 1.1 - Shell higher Olefin Process - Oligomerisation Stage 

These methods produce a broad range of a-alkenes, known as a Schulz Flory 

distribution, resulting from an ethene insertion/ß hydride elimination mechanism. A 

multi-stage reactor scheme can narrow this to a Poisson distribution; however a mixture 

of products is always obtained. Crucially the market demand of each a-alkene behaves 

differently in terms of market size, growth, fragmentation and technical services. 

However the range of a-alkenes produced does not correspond with market demand and 

the separation of a-alkenes from these compounds is costly. This provides industry 

with a challenge to find more selective catalytic systems which can be used to 

synthesise specific a-alkenes on demand. 1'4 s 

Extensive research has taken place to find catalysts that can selectively trimerise or 

tetramerise ethene to 1-hexene or 1-octene. The selectivity of these methods means that 

a different mechanism to the insertion/elimination mechanism is needed to produce the 

desired alkenes. 
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Chapter 1- Introduction 

1.2. Ethenc Trimerisation 

Ethene trimerisation is a method of selectively synthesising 1-hexene and a high 

percentage of research into selectively forming a-alkenes is focused on this area. An 
2 attraction is that this method is 100 % `atom efficient', as shown in Scheme 1.2. 

3Z 
Catalyst 

Scheme 1.2 - Etheue Triinerisation 

Ethene trimerisation was first discovered by Manyik and co-workers at Union Carbide 

Corporation in 1967.6 Manyik observed that while using Cr(III) 2-ethylhexanoate as the 

catalyst and partially hydrolysed tri-isobutyl aluminium (PiBAO) as the activator (co- 

catalyst) to polymerise ethene, the polymer produced contained butyl side chains. An 

explanation for this observation is the production of 1-hexene followed by incorporation 

of 1-hexene into the polymer chain. This was verified by further work in 1977, in 

which the group found a range of a-alkenes, including 1-butene (1-C4), 1-hexene 

(1-C6), 1-octene (1-Cg) and 1-decene (1-C10) were produced in the liquid phase of the 

polymerisation.? Further observation showed that the rate of 1-C6 production had a 

greater dependence on temperature and pressure than the rate of polymerisation, with 

the rate of 1-hexene formation being a second order with relation to ethene pressure. 

This suggested that the formation of 1-hexene did not follow the common linear chain 

growth mechanism and actually followed another mechanism. This is discussed in 

Section 1.4. First, an overview of the different catalyst structures which are successful 
for this reaction will be discussed. 

1.2.1. Chromium Catalysts 

It has been shown that chromium based trimerisation catalysts generally show higher 

selectivity, activity and thermal stability compared to other metals, for example 

tantalum and titanium. 2 A wide range of ligands have been investigated, a selection of 

which are summarised in this section. Tables 1.2 to 1.6 give the overall selectivity to 

hexenes and the selectivity to 1-hexene within the C6 fraction. 

4 



Chapter 1- Introduction 

1.2.1.1. Aromatic Ligands 

A chromium pyrrolyl catalyst developed by Chevron Phillips was the first catalyst to 

show 1-hexene selectivity of greater than 90 %. 2 A plant commercialising this 

technology was brought online in Qatar in 2003 and a high percentage of patents filed 

on ethene oligomerisation are based on this catalyst. A chromium pyrrolyl catalyst was 

chosen as chromium cyclopentadienyl complexes had previously been used as catalysts 

in ethene polymerisation and pyrrolyl ligands are heterocyclic analogues of 

cyclopentadienyl ligands. 

Reagan investigated a range of chromium pyrrolyl complexes, such as the pentanuclear 

[Crs(C4H4N)1o(C4H40)4] and the di-anionic complex [Cr(C4H4N)4]Na2. (C4H40)2; a 

number of these complexes exist as inorganic polymers. 8' 9 It was found that these 

complexes were active towards ethene oligomerisation under 30 bar of ethene at 90 °C 

when activated with 25 molar equivalents of triethylaluminium (TEA). The selectivity 

and activity of these catalysts depends on the catalyst precursor and the support with the 

best results coming from [Cr5(C4H4N)10(C4H4O)4J supported on A1203, giving an 

activity of 10,500 g (g Cr h)'', the products were made up of 31 % liquid oligomers. 

Using {[Cr(C4H4N)2]Cl},, polymer as the precatalyst gave 99 % liquid oligomers with a 

selectivity of over 90 % to hexenes, of which 92 % was 1-hexene. This system only 

showed an activity of 1030 g (g Cr h)" but proved that selectivities of over 80 % were 

obtainable. 9 

On improving this system Reagan found that the active catalyst could be prepared in 

situ without preforming the chromium pyrrolyl complex. 10' " This was carried out by 

mixing a chromium(III) alkanoate with pyrrole and TEA as the activator in 

cyclohexane. 2,5-Dimethylpyrrole was the ligand favoured by Phillips, since it showed 

good catalytic activity, with high thermal, light and air stability. In 1999, Phillips had 

developed a catalyst that provided activities of greater than 156,666 g/g Cr per hour at 
100 °C and 100 bar with selectivities to C6, of 93.8 % with an overall selectivity to 

1-C6, of 93 %. The catalyst was prepared by mixing Cr(III) 2-ethylhexanoate, 

2,5-dimethylpyrrole, diethyl aluminium chloride (DEAL) and TEA in toluene at room 

tempcrature. 8 

5 



Chapter 1- Introduction 

The success of the Phillip catalyst led to research into other ligands to use with a 

chromium precursor. Mitsubishi Chemical Corporation found that selectivities and 

activities were improved when a Lewis acid, such as B(C6F5)3, was used. 12 This 

company also found that by preparing the Phillips catalyst in situ during a continuous 

trimerisation process, a productivity of 3,780,000 g (g Cr h)" was achieved, with an 

overall 1-C6 selectivity of 95.4 %, although this was only achieved with careful control 

of the molar ratios of 1-hexene to ethene in the reactor (reaction 1.1 in Table 1.2). 13 A 

large number of patents have been filed by other companies using variations on the 

Phillips catalyst, such as Sasol Technology and Sumitomo Chemical Company, 

although the productivities reported are not as high as that reported by Phillips or 

Mitsubishi . 
8''5 Another aspect of the Phillips catalyst is that imidazolium-based ionic 

liquids, containing [Al�Cl Et3n] based anions, can be used as the solvent, as discovered 

by Sasol Technology. 16 An advantage of using ionic solvents is that the reaction is 

biphasic and so the alkene products can be easily separated and the catalyst regenerated. 

Using [1-ethyl -2,3-dimethylimidazolium][Al ClEt3r] (reaction 1.2 in Table 1.2) as the 

solvent, with Cr(III) 2-ethylhexanoate, 2,5-dimethylpyrrole and TEA at 115 °C and 

50 bar of ethene, a productivity of 25,000 g (g Cr h)1 was achieved. This system gave 

selectivity to hexene of 75 % and 1-hexene (within C6 fraction) of 87 %, giving an 

overall selectivity to 1-hexene of 65.3 %. 

Cr precatalyst 

3 Ligand 

Activator, solvent 

Scheure 1.3 - Etlsene Trinrerisation Reaction Scheme 

Table 1.2 shows a list of catalytic systems with aromatic ligands, with the reaction 

scheme shown in Scheme 1.3.2 
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Chapter 1- Introduction 

Table 1.2 - Catalytic Systems Used for Ethene Trimerisationt with Aromatic Ligands 

Reaction Liganil Chromium Activator and Conditions Productivity, 
Precursor Solvent Selectivity 

945,000 
Cr(III) ethyl TEA 105 °C, g (g Cr h)1, 

1.1 N hexanoate C2C16 50 bar C2114 C6 - 95.9 % 
}ý (1-C6-95.4%) 

Cr(III) ethyl 

TEA, 
[l-ethyl-2,3- 115 °C, 

25,000 
g (g Cr h)", 

1.2 N hexanoate 
dimethyl- 

imidazolium] 50 bar C2I14 C6 - 87.0 % 

[Al�C1nEt3n] 
(1-C6 - 65.3 %) 

Cr(III) ethyl TEA, 120 °C, 
278,000 

g (g Cr h)"', 
1.3 O N hexanoate AICIEt2 40 bar C2114 C6 - 93.2 % 

if (1-C6-79.6%) 

57,700 

1 4 Cr(III) ethyl TEA 100 °C, g (g Cr h)", 
. hexanoate C2C16 50 bar C2! 14 C6 - 93.5 % 

Ph Ph (1-C6 - 77.2 %) 
\ 

Ph Ph 

Me 1,072 

1.5 Me-H( [CrCI3(thf)3] TEA 80 °C, g (g Cr h)"ö , 
----// Me 

LDA 35 bar C2114 C6 - 85.8 /° 

Reaction 1.3 in Table 1.2 shows an example of the use of malemide as a ligand for 

ethene trimerisation, developed by the Tosoh Corporation. 13 Using the reaction scheme 

and conditions indicated in reaction 1.3 in Table 1.2, productivities of up to 

278,000 g (g Cr h)" were obtained, with 98.5 % of the products being liquid oligomers. 

The system gave a selectivity to hexene of 93.2 % and an overall 1-hexene selectivity of 

79.6 %. It was found that supporting the catalyst on Si02 improved performance but 
increased the amount of polyethylene produced. 

Another class of ligands similar to the ligand used in the Phillips catalyst is 

cyclopentadienyl ligands. Sasol Technology found that having bulky aromatic 

substituents on the cyclopentadienyl ring switches the selectivity from polymerisation to 

7 
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ethene trimerisation. 17 One of the best results seen is reaction 1.4 in Table 1.2, giving a 

productivity of 57,700 g (g Cr h)", with a selectivity to hexene of 93.4 % and an overall 

selectivity to 1-hexene of 77.2 %. It was also found that the selectivity towards 

1-hexene within the hexene fraction depended on the substituents of the 

cyclopentadienyl ring, systems with less bulky ligands had a lower selectivity to 

1-hexene. Increasing the temperature in reaction 1.3 to 70 °C, increases the 

productivity to 93,500 g (g Cr h)-l. Boratabenzenyl ligands are isoelectronic to cyclo- 

pentadienyl ligands and therefore were tested for ethene trimerisation by Mitsubishi 

Chemical Industries. 18 1-Hexene was produced, with a selectivity of 62.5 % but the 

productivity was only 1072 g (g Cr h)'', as shown in reaction 1.5 in Table 1.2. 

1.2.1.2. Multidentate Ileteroatomic Ligands 

Nitrogen Based Ligands 

A number of chromium catalysts based on nitrogen donor ligands have been described; 

the performance of selected systems is shown in Table 1.3. 

Reaction 1.6 in Table 1.3 shows a system using tris(pyrazolyl)methane ligands. The 

Tosoh Corporation tested these ligands for ethene trimerisation and found that these 

systems were active towards ethene trimerisation when activated with MAO or trialkyl 

aluminium. 19 Complexes were synthesised by reacting the ligand with [CrC13(tho3] in 

tetrahydrofuran and the ligands coordinated facially to the metal. The four ligands 

investigated were tris(3,5-dimethyl-l-pyrazolyl)methane, tris(3-phenyl-5-methyl-l- 

pyrazolyl)methane, iris(3"phenyl-l-pyrazolyl)methane and tris(3-(4"tolyl)-1-pyrazolyl)- 

methane. These complexes were activated by either MAO or a mixture of MAO and 
Al(n-octyl)3 or AliBu3. The best results came from Reaction 1.6 in Table 1.3. This 

system gave a productivity of 40,100 g (g Cr h)", the liquid fraction contained 0.1 % C4, 

99.6 % C6, of which 99.5 % was 1-C6 and 0.3 % C8, with an overall selectivity to 

1-hexene of 99.1 %. 

8 



Chapter 1- Introduction 

Table 1.3 - Catalytic Systems Used for Etliene Trinrerisation with Atultidentate 

Nitrogere Ligarads 

Chromium Activator Productivity, 
Reaction Ligand Precursor and Solvent 

Conditions 
Selectivity 

40,100 g 
N' 

N 
MAO 80 ýC' (g Cr h)", 1.6 1 [CrCI3(thf)3J toluene 40 bar C6 - 99.6 NHN\ C2114 (1-C6 - 99.5 %% ) 

N 

12,309 N, ý NIIAO" 105 0 
29 bar ,g (ß Cr h)'', 

1.7 
N 

N- [CrCI3(thD3] 
toluene C6 - 39.3 % 

C21I4 (I-C6-37.3 %) 

'Bu 

120 0 22,995 
Cr(III) ethyl TEA, gg (b Cr h)'', 1.8 

N 
40 bar 

hexanoate heptane C2II, 
C6-72.4% 

L 

' 

0 -C6-58.3%) 

Bu 
° NI LAO is n-hexylaluminoxane 

Wu and co-workers, as part of the Albermarle Corporation, filed a patent in which it 

was concluded that for nitrogen based ligands to be active and selective for ethene 

trimerisation, the ligands should be bulky. 20 A group of ligands believed to satisfy this 

criteria are 1,4,7-triazacycloalkane ligands. Wu describes a system comprising of 

chromium complexes of triazacyclononane, such as 1,4,7-trimethyl-1,4,7- 

trazacyclononane, as shown in reaction 1.7 in Table 1.3; it was suggested that these 

ligands would be able to promote trimerisation and oligomerisation and inhibit 

polymerisation. The ligand systems, which were pre-formed before testing, produced a 

Schultz Flory distribution of a-alkenes, with a high percentage of 1-hexene. The 

catalytic system in reaction 1.7 gave 9.4 % C4,39.3 % C69 10.0 % C8,8.5 % C1o, 6.9 % 

C12,6.0 % C14,5.0 % C16,4.0 % Cis and 10.9 % C2o+, with a selectivity to a-alkenes 

ranged between 85 to 95 % and a productivity of 12,309 g (g Cr h)''. Internal alkenes, 

cyclic alkenes and paraffins were also produced. It was calculated that if the system 
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produced a true Schultz Flory distribution, then the percentage of 1-hexene produced 

would be 10 %. The actual percentage produced was 39.3 %, suggesting the 

mechanism follows a metallacycle route as well as the linear chain growth route, 20 

Another group of tridentate nitrogen ligands have been investigated by KShn and co- 

workers, known as triazacyclohexanes, as shown in Scheme 1.4.21.22 

R 
RN 

NR N CrC13(TIIF)3 I/ 
tetrahydrofuran r-Cl 

R, 
NýN. 

R 
cl- 

Cl 

Scheine 1.4 - Coordination of Triazacyclohexane Ligands to chromium 

Köhn found that upon activation with methylaluminoxane (MAO) or 

[PhMe2NH][B(C6F5)4]/AliBu3 these catalysts were active for ethene polymerisation. 

Evidence of butyl side chains in the polyethylene polymer was seen in 13C NMR 

spectroscopy, suggesting that 1-hexene is also produced in the reaction. 2' It was also 

found that it was possible to trimerise higher a-alkenes using these systems and this is 

explained further in Section 1.3. 

Diimine ligands are well known in systems for ethene polymerisation and so were tested 

for ethene trimerisation. 2 Sumitomo Chemical Company filed a patent on this group of 

ligands for ethene trimerisation, using a system consisting of a chromium precursor, a 

diimine ligand (a general ligand shown in Figure 1.1) and an alkyl aluminium 

activator. 23 

3 M4, 
R R5 

RI., 
N N. 

R6 

'O R" 
Rý Rý2 I, `, 1 nr 

R7)1I R8 R'3 Rio 

Figure 1.1- General Structure of Dfiºuine Ligarads Tested by Sumitomo Chemical 

Company 
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One of the most active catalytic system that was tested is shown as reaction 1.8 in Table 

1.3, with chromium(III) ethylhexanoate, glyoxalbis(1,1,3,3-tetramcthylbutylimine) and 
TEA. At 120 °C and 40 bar of ethene, a productivity of 22,995 g (g Cr h)" was 

achieved, the reaction mixture contained 12.2 % C4,72.4 % C6,1.5 % C8,9.4 % Cio and 
3.0 % polyethylene. The selectivity to 1-C6 within the C6 fraction was 80.5 %, giving 

an overall selectivity of 58.3 %. Adding 15 molar equivalents of n-butylbromide can 
increase the overall selectivity to 1-C6 to 79.8 %, although the productivity was reduced 

to 16,849 g (g Cr h)". 23 

Phosphorus Based Ligands 

Ethene trimerisation systems comprising of polydentate phosphines were first 

developed by Amoco Corporation. 24 The general formula for the ligands tested is 

shown in Scheme 1.5. 

R2P'r Y PR's Z PRZ 

CrC13(TIIF)3 

tetrahydrofuran 
RT 

4 \P 

CI 

Scheme 1.5 - General Phosphines Used by Amoco Corporation 

Crystal structure determination of the chromium trichloride complexes of these ligands 

show a meridional coordination, a different arrangement compared to the 

triazacycloalkane and tris(pyrazolyl)methane ligands, which both adopt a facial 

arrangement. 

11 
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Table 1.4 - Catalytic Systems Used for Ethene Triarerisation with Phosphorus Based 

Ligands 

Chromium Reaction Liganil Precursor 
Activator and 

Solvent Conditions Productivity, 
Selectivity 

PMe2 C 
33,926 

BuAO 
80 °C, 

g (g ) 
1.9 PPh [CrC13(thD3] 

toluene 
40 bar 
C2114 C6 _ 97 

ý% 

(1-C6- 98.8 %) 
PMe2 

Reaction 1.9 in Table 1.4 shows the system which gave the best results out of the 

ligands tested by Amoco Corporation. 24 [CrC13(thf)3], (2-dimethylphosphinoethyl)(3- 

dimethyl-phosphinopropyl)phenylphosphine and butylaluminoxane (BuAO) gave a 

productivity of 33,926 g (g Cr h)"' at a temperature of 80 °C and 40 bar of ethene. The 

product mixture contained 1.0 % Ca, 97.7 % C61 1%C, o materials and 0.3 % 

polyethylene. The selectivity to 1-hexene within the C6 fraction was 98.8 % and 96.5 % 

overall. In this system the precatalyst was formed before activation because it was 

found that having a three component system lowered the productivity and increase the 

percentage of polymer formed to about 12 %. 

Mixed Ileteroatomic Ligands 
A range of mixed heteroatomic ligands have been tested for ethene trimerisation. A 

large amount of research has been conducted on bidentate bisphosphinoamine ligands, 

these ligands are explained in Section 1.2.1.3. Table 1.5 shows a selection of mixed 
heteroatomic systems. 

Sasol Technology have investigated tridentate bisphosphinoamine ligands with the 

formula R2PCH2CII2NHCH2CH2PR2i as shown in Scheme 1.6.25 

N 

P RZP^ý PR2 
tetrahydrofuran 

C14,,. 
%\\ 

+ RT PI 
rý 

(CrC13(thO3] Cl 

Scheme 1.6 - Tridentate Bisphospizinoamine Ligands 
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Table 1.5 - Catalytic Systems Used for Ethene Trinnerisatioin with Multidentale AlLYed 

Ileteroatomic Ligairds 

Reaction Liganil 
Chromium Activator 
Precursor and Solvent 

Conditions 
Productivity, 

Selectivity 

PEt2 
S 

MAO 100 °C, 37,400 
g (g Cr h)-', 

1.10 11N [CrClAthU (850 eq) 
40 bar C6 - 94.0 % C2114 (1-C6 - 99.1 %) 

PEt2 

SEt 

90 0 160,840 

1.11 HNII [CrC13(thý3] MAO 30 
bar 

g (g Cr h)"', 
(280 eq) C6 - 98.4 % 

C2114 (1-C6-98.1 %) 

SEt 

PPh2 

80 °C, 13,284 

1.12 IIN [CrC13(thO3] MAO 40 bar g (g Cr h)° , 
(300 eq) C6 - 98.7 % CZ1; 4 1-Cb - 98.4 % 

PPh2 

IýPhPh 
Ph 

PP 80 °C 7,800 

1.13 N-Cri 
c 

r-N 
MAO g (g Cr h)", 

C .. (300 eq) 
40 bar C6 - 79.8 % I 

P. 
C2114 1-C6 - 78.3 % 

Ph Ph Pti Ph 

The complexes shown in Scheme 1.6 are formed by reacting the ligand with 
[CrC13(thf)3] at room temperature in tetrahydrofuran. Crystal structure determination 

showed the ligands bonded by a meridional coordination of the ligand, with a distorted 

octahedral geometry. Highly active ethene trimerisation catalysts were formed on 

activation with MAO, with a high selectivity towards 1-hexene. Using 

[Cr(Et2PCH2CH2NHCH2CH2PEt2)Cl3) (reaction 1.10 in Table 1.5), 850 molar 

equivalents of MAO, at 100 °C and 40 bar of ethene, a productivity of 

37,400 g (g Cr h)" was obtained. The product mixture consisted of 94 % C6, of which 

99.1 % was 1-C6, giving an overall selectivity to 1-C6 of 93.2 %. The mixture also 

13 
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contained 2.1 % polyethylene. Selectivity and activity is affected by the steric bulk of 

the R group where high activity and selectivity is produced if the R group is a small 

alkyl group. Investigations into the optimisation of reaction conditions showed that the 

catalyst has a higher stability at 80 °C than 100 °C and deactivation occurs over longer 

run times. 

Sasol Technology developed an alternative system to the tridentate bisphosphinoamine 

ligands using bis-sulphanylamine ligands, as shown in Scheme 1.7.26.28 As with the 

bisphosphinoamine analogues, the bis-sulphanylamine ligand bonds to the chromium 

centre via a meridional arrangement and in comparison the bite angles of both tridentate 
bis-sulphanylamine and bisphosphinoamine ligands are very similar. 

El 1 
RS-, ý N, 

_, --, SR 
, 

T,, 

ý\S tetrahvdrofuran 
cl//, 

r + RT 
(, 

N 

CrC13(TI IF)3 Cl 

Scheune 1.7 - Tridentate Bis-sulphanylamine Ligacds 

Initial investigations were targeting ligands with sterically undemanding R groups, since 

these produced the best results for the bisphosphinoamine analogues. The complexes 

were synthesised using the same method as the bisphosphinoamine analogues, in 

tetrahydrofuran at room temperature. [CrC13(EtSCH2CH2NHCH2CH2SEt)], activated 

with 280 molar equivalents of MAO, at 90 °C under 30 bar of ethene (reaction 1.11 in 

Table 1.5), gave a productivity of 160,840 g (g Cr h)"', with the products consisting of 

98.4 % C6, of which 99.7 % was 1-hexene and 0.16 % polyethylene. Ligand systems 

with substituents on the nitrogen other than hydrogen result in a significant decrease in 

activity and percentage of polyethylene produced can increase to over 60 % in certain 

cases. The hydrogen on the nitrogen may undergo deprotonation during activation to 

give an anionic amide ligand, suggesting this is important for high activity. 29 

Ethene trimerisation was carried out using a range of ligands with Cr(III) and Cr(II) 

species, in order to investigate the oxidation state of chromium in the metallacycle 

mechanism. Reactions 1.12 and 1.13 in Table 1.5 shows two similar ligand systems 
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tested, reaction 1.12 uses [CrC13(thf)3] and reaction 1.13 uses [CrCI2(th1)3], both 

systems use Ph2PCH2CH2NHC112CH2PPh2 and are activated with MAO. As can be 

seen the two systems show similar productivities but the selectivity towards the C6 

fraction is lower in the Cr(II) system. 30 

An example of an Cr(II) dimer is shown as reaction 1.13 in Table 1.5, on activation with 

MAO this system gave a productivity of 7,800 g (g Cr h)1, with a selectivity to C6 of 

79.8 % and 2.2 % polyethylene, the overall selectivity to 1-hexene was 78 %. 30 If 

zBu2SCH2CH2NHCH2CH2StBu2, is used, the nitrogen acts as the bridging ligand and 

the percentage of polyethylene produced in trimerisation increases to 51.0 %. 

Activation with AIR3/B(C6F5)3 produced active trimerisation catalysts, with the amount 

added having a significant effect on activity, only 10 - 40 molar equivalents of activator 

was needed. Using AIMe3B(C6F5)3 as the activator in reaction 1.12 in Table 1.5, with 

10 molar equivalent of AlMe3 gave 99.6 % C6, with an overall 1-hexene selectivity of 

99.2 % and a productivity of 11,656 g (g Cr h)". It is thought that these ligands are 

deprotonated, being mono-anionic in the active species. 

Temple and co-workers isolated the dimer [Cr(µ-Cl)Et(CySCH2CH2NCH2CH2SCy)] 

[AlEtC13]2 by reacting CrC13(CySCH2CH2NCH2CH2SCy) with AIEt20, where Cy is 

cyclohexy1.31 The group found that the Cr(II) species [Cr(CIAIEtC12) 

(CySCH2CH2NCH2CH2SCy)][AIEtCl3] gave a productivity of 2,265 g (g Cr h)"' 

whereas the Cr(III) species [Cr(4-Cl)Et(CySCH2CHZNCH2CH2SCy)][AlC13Et]2 gave a 

productivity of 9,383 g (g Cr h)'', therefore the Cr(III) oxidation state produces a more 

active trimerisation catalyst than the Cr(II) oxidation state. The alkyl aluminium 

activator can also reoxidise the Cr(II) species to Cr(III) and so if the catalyst is reduced 

to the less active Cr(II) species during the mechanism, the active Cr(III) species may be 

restored by reoxidation by the alkyl aluminium activator. The mechanism by which the 

Cr(II) is activated will be discussed in Section 1.4.3.3.31 
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Table 1.6 - Catalytic Systems Used for Etheire Trinterisation with Mixed PNP and 

PNS Iintne Ligands 

Reaction Liganil 
Chromium Activator Conditions Productivity, 
Precursor and Solvent Selectivity 

24-30 °C, (8 
3,092 

1.14 
I 

Nýý 
PPh1 [CrC13(th03j (0MAO 0 9) 

30 bar 8 
C6 - 83.0 

)% 

PPh2 
C2114 (1-C6 - 98.0 %) 

1,223 
24-30 °C, (g Cr h)'', 

1.15 SEt [CrC13(th f)3] MA(100O O 
30 bar g 

C6 - 82.0 % 
PPh2 

eq) C2114 (1-C6 - 98.0 %) 

MAO 24-30 °C, 4521 
1.16 

PPhZ [CrC13(th f)31 
(100 eq) 

30 bar 
Cg 

(g Cr 
100 

)', 

SMe 

Bluhm and co-workers tested mixed heteroatomic imines for ethene trimerisation, as 

shown in Table 1.6.32 Upon activation with 100 molar equivalents of MAO, at about 

30 °C, under 30 bar of ethene, the system in reaction 1.14 in Table 1.6 gave a 

productivity of 3,092 g (g Cr h)"', with a selectivity to C6 fraction of 83.0 % and an 

overall selectivity 81.3 %. Reaction 1.15 in Table 1.6 shows a similar imine system, 

which has a similar selectivity to reaction 1.14 but lower productivity. The donor 

heteroatom in the ligand has a significant influence on determining whether the system 
is selective towards ethene trimerisation or polymerisation, this can be seen in reaction 
1.16, Table 1.6, where the system has a selectivity to C6 of only 10 % and 90 % 

polyethylene. 

1.2.1.3. N, N-Bis(diphenylphosphino)alkylamine (PNP) Ligands 

Previously palladium complexes of N, N-bis(diarylphosphino)alkylamine (PNP) ligands 

have been used in the copolymerisation of CO/ethene to give polyketones33 and nickel 

complexes had been developed for ethene polymerisaton. 34,35 It was subsequently 
found that these ligands were also highly active and selective towards ethene 
trimerisation, over the past few years, a significant amount of industrial and academic 

research has been conducted in this area. British Petroleum patented the first system 
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based on bidentate PNP ligands with the formula Ar2PN(R)PAr2, which when activated 

with MAO, gave a highly active trimerisation catalyst. This patent included one of the 

best systems reported, which is shown in Scheme 1.8, using N, N-bis(di-ortho- 

methoxyphenylphosphino)methylamine, 1.1.4,36.37.38 

Ye 

p 
/1 + [CrC13(thfl3J (Q; _ 

/z 
2 

OMe MeO 

3/ 
1 

300 eq MAO, Toluene 
80 °C, 20 bar 

Scheme 1.8 - Method for Trinrerisation of Ethenre with PNP Liganils 

Trimerisation occurs via a `one pot' process, by the reaction of a chromium precursor, 

[CrC13(thf)3] with the I ligand and MAO in toluene under an ethene atmosphere, the 

catalyst precursor is not preformed. 4 Upon activation with 300 equivalents of MAO, at 

80 °C and under 20 bar of ethene, the catalyst system gave a productivity of 

1,033,200 g (g Cr h)'', which was unprecedented for ethene trimerisation. The products 

consisted of 90 % C6,1.8 % C8,8.5 % CIO and no polyethylene. The selectivity to 

1-hexene within the C6 fraction is 99.9 %, giving an overall selectivity to 1-hexene of 

89.9 %, see reaction 1.17 in Table 1.7. This catalyst is extremely active and under the 

same conditions the productivity is two orders of magnitude higher than other systems 

reported. Although the 1-hexene selectivity is not a high as other systems reported, this 

is largely a function of the batch reactor conditions, the high concentration of 1-hexene 

leading to significant re-insertion of 1-hexene and therefore increasing the amount of 
CIO and C14 materials present. The molecular structure of the precatalyst, [CrC13(1)] is 

shown in Figure 1.2.3' 3,39 

17 



Chapter 1- Introduction 

Figure 1.2 - Molecular Structure of [CrCl3(1)J5 

The molecular structure reveals an octahedral arrangement of ligands around the 

chromium centre. 5 Ligand 1 coordinates to the chromium centre via two phosphorus 

atoms. The nitrogen atom does not bind to the metal centre but it is possible that the 

electronic properties of the chromium centre are affected by delocalisation of charge 

onto the nitrogen. It can be seen that an OMe group, on the ortho position of a aryl 

group, acts as a pendant ligand to create a tridentate system, which may stabilised the 

system during the catalytic cycle. 

The system was shown to be active and selective at low ethene pressures and low 

temperatures. At 1 bar of ethene and room temperature, without temperature control, a 

productivity of 8900 g (g Cr h)" was achieved, with a selectivity to C6 of 82.2 %, giving 

an overall selectivity to 1-hexene of 81.6 %, this is reaction 1.18 in Table 1.7. Figure 

1.3 shows a selection of PNP ligands tested, with the results in Table 1.5. 
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3 Ixte R3 

(R2__P' 
\/ 

Rl Rl 

1- R'=MeO, R2=R3=H 
3- R'=Et, R2=R3=H 
4- Rl=R3=H, R2=OMe 

(QV 
v\ 

)2 

OMe Me0 
5 

(Qr\p)2 

OMe MeO 
6 

Figure 1.3 - Ligands Tested by Wass and Co-workers 

Table 1.7- Ligands Tested by (Vass and Co-workers 

Ethene Temperature Productivity Selectivity (wt %) 
Reaction Ligand Pressure oC /g (g Cr h)" 

/ bar C6 1-C66 C8 CIO+ 

1.17 1 20 80 1,033,200 90.0 89.9 1.8 8.5 

1.18 11 RT 

1.19a 31 RT 

1.20' 41 RT 

1.21° 51 RT 

8,900 82.2 81.9 1.0 14.4 

o---- 
o---- 
0---- 

1.22° 61 RT 0---- 

0.02 mmol [CrCl3(thf)3J. 0.02 tnmol PNP ligand, 300 eq MAO, toluene diluent, lh; Q Modified MAO 
(MMAO) used as activator; b overall selectivity to I-C6. 

It was found that steric bulk on the ortho position of the phenyl rings was responsible 

for the high activity of the system at low pressures. Referring to Figure 1.3, ligand 3 

(reaction 1.19 in Table 1.7) with an ethyl group in the ortho position (R'), which is 

sterically equivalent to a methoxy group, was inactive towards trimerisation under I bar 

of ethene and at room temperature. Ligand 4 (reaction 1.20 in Table 1.7), which is 

electronically the same as ligand 1, was inactive under the same conditions. It was 

concluded that the reason for the high activity was the ortho pendant OMe group, which 

lead to the testing of ligands 5 and 6, which were found to be inactive (reaction 1.21 and 

1.22 in Table 1.7). This suggests that a combination of the nitrogen backbone and the 
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OMe group is required under these conditions. There is a second order dependence of 

catalyst activity on ethene pressure. 

Bercaw and co-workers. synthesised a well defined version of this catalyst and this 

system was used to further understand the mechanism and activation of the catalyst (see 

sections 1.2.3 and 1.2.4). 5 40 [CrPh3(1)], 7, was synthesised as a model for the proposed 

[CrMe3(1)] intermediate in the formation of the active catalyst in Scheme 1.8, the 

molecular structure is shown in Figure 1.4. The molecular structure showed that again 

the OMe group acts as a pendant donor group. On activation with 

[H(OEt2)2][B(C6H3(CF3)2)4], in toluene, this system gives productivities comparable to 

the [CrCl3(thf)3]/1/MAO system. 

01 

P7 f PI 
r' ý 

Icaýýýcm 

I 11/c4\ 

Figure 1.4 - Molecular Structure of f CrPh3(1)J, 740 

Further studies into other functional groups that may act as a pendant donor lead to the 
ao synthesis of a PNP ligand with SCD3 groups instead of OMe, ligand 7. 
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(D 

Me 
I 

(P N\P ) 

SCD3 D3CS 

8 

9 

Figure 1.5 - Molecular Structure of /CrPh 3(8)J, 9 

It can be seen from Figure 1.5 that ligand 8 binds to the chromium centre with a 

different coordination than ligand 1, bonding occurs via two sulphur atoms and a 

phosphorus atom, leaving one -P(C6H5(SD3))2 group with no interaction with the metal. 
2H NMR spectroscopy on complex 9, suggested the complex undergoes a dynamic 

exchange process in solution, giving equivalent SCD3 groups. There was no evidence 

of ethene trimerisation using ligand 8. 

Sasol Technology investigated the impact of the OMe group in more detail at higher 

a ethene pressures, shown in Table 1.8. i. az 

Table 1.8 - Catalytic Data from PNP Ligands with Ortho Alkyl Substituents 

Reaction Ligand Productivity 
/g (g Cr h) 

Selectivity (wt %) 

C6 1-C6° C8 C10+ PE 

1.23 1 159,000 82.0 >99.0 13.0 17.0 <1.0 

1.24 4 25,400 17.0 35.0 38.0 33.0 12.0 

Standard conditions - 0.02 mmol [Cr(acac)3], 0.04 mmol PNP ligand, 300 eq MAO, 100 mL toluene, 45 
bar ethene, 45 °C, 10 mins run time; a overall selectivity to I -C6. 
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It was found that at high pressure and temperature going from having the OMe in the 

ortho position of the phenyl group in 1 to the para position in 4, switched the selectivity 

of the system from trimerisation to tetramerisation. 42 At 40 bar of ethene and 45 °C, 

ligand 1 gave a selectivity to C6 of 82.0 % (reaction 1.23 in Table 1.8), whereas the 

system using 4 gave 16.0 % C6 and 38.0 % C8 (reaction 1.24 in Table 1.8). 

Figure 1.6 shows PNP ligands with ortho-alkyl substituents. 41 

Rl R4 

N 
P AP 

c(ci R)3 

3- R'=R2=R3=R4=Et 

10 - R'=R2=R3=R4=Me 

11 - R1=R2=R3=R4=iPr 

12 - R'=R2=H, R3=R4=Me 

Figure 1.6 - PNP Ligands with OrthoAlkyl Substituents 

Table 1.9 - Catalytic Data fron: PNP Ligands in Figure 1.6 

Productivity Selectivity (wt %) 
Reaction Liganil 

ig (g Cr h)'' 
C6 1-C6° C8 CIO, PE 

1.25b 3 324,110 90.7 90.4 4.2 1.5 3.4 

1.26" 10 298,800 

1.27` 11 100,840 

86.0 85.2 10.5 0.3 3.3 

92.9 92.2 2.7 1.4 2.4 

28° 12 37,470 17.1 9.5 66.0 1.4 8.3 

Standard conditions - 0.033 mmol [Cr(acac)3], 0.066 mmol PNP ligand, 300 eq MAO, 100 mL toluene, 
45 bar ethene, 45 °C; a overall selectivity to 1-C6; b 0.02 mmol [Cr(acac)3], 10 mins run time; ̀  20 rains 
run time; d 18 rains run time. 

The catalysts were prepared using a method adapted from work by Wass and co- 

workers by stirring the chromium precursor and the ligand in a solvent, then adding to a 

reactor containing the solvent and MAO. 4 Wass and co-workers showed that ligand 3 

was inactive for trimerisation at low pressure but the system is active at higher ethene 

pressures (reaction 1.25 in Table 1.9), giving a productivity of 324,110 g (g Cr h)'', with 
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a selectivity to C6 of 90.7 % and to 1-hexene of 99.7 % within C6 fraction, which is an 

overall selectivity of 90.4 % to 1-hexene. 4'41 Ligand 10 (reaction 1.26 in Table 1.9) has 

methyl groups in the ortho position, R, and produced a productivity of 

298,800 g (g Cr h)", with a lower selectivity to 1-hexene than ligand 3. Having an 

isopropyl group in the R position (ligand 11, reaction 1.27 in Table 1.9) reduces the 

productivity by a factor of two and having just two methyl group on the ligand (ligand 

12, reaction 1.28 in Table 1.9) switches the selectivity to the tetramerisation of ethene 

and reduces the productivity. 41 It is important in note that in these cases a high pressure 

is needed for 1-hexene or 1-octene production and that small changes to the substituents 

on the aryl ring can switch the selectivity from ethene trimerisation to ethene 

tetramerisation, this is explained in more detail in Section 1.4. 

Bercaw and co-workers investigated PNP ligands with a range of ether donor groups on 

the nitrogen. 43 The donor groups on the backbone may act as pendant donors similar to 

the OMe on ligand 1. The examples are shown in Figure 1.7. 

(»/N\P 
O) 

zz 

13 - R=(CH2)20CH3 
14 - R=CH2(o-OCH3)C6H4 

Figure 1.7 - PNP Ligands with Ether Donor Groups on Nitrogen 

Table 1.10 shows the results obtained from the ligands in Figure 1.7. 

Table 1.10 - Ethene Trimnerisatio,: with Liganils its Figure 1.7 

Reaction Liganil Productivity 
/g(gCrh)" 

Selectivity (wt %) 

C6 1-C6" CB -IO+ PE 

1.29 13 361 61.0 50.6 31.0 1.0 6.0 

1.30 14 1625 62.0 57.7 24.0 7.0 <0.1 

0.02 mmol [CrCI2(P, P-K2-(Ligand)(. t2-Cl)]2,50 mL CIC6H5,300 eq MAO, 1 atm ethene, 25 °C; ° overall 
selectivity to 1-C6. 
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The precatalyst was preformed giving a chromium dimer species as shown in Scheme 

1.9.43 

R 

(Q_\_Q), 

1 

CrC13(thf)3 
13 - R=(CH2)20CH3 
14 - R=CH2(o-OCH3)C6H4 

Ph2 Cl ýPhy-"" NR 
CH2C12 

, 
P,,,,, 

c1 ,,,,, 
cl,,, 

cj, "Cy 
25 C 

11IC1, IIllaIIpph21 Cl Ph2 

15 - R=(CH2)20CH3 
16 - R=CH2(o-OCH3)C6H4 

Scheme 1.9 - Complex Formation for Ligaeids P1,2PN((CII2)10CII3)PP/ 2,13 and 

Ph2PN(CI12(o-OCII3)C61I4)PP/i2,14 

The best results came from ligand 14 (run 1.30 in Table 1.10), where R=CH2(o- 

OCH3)C6H4. On forming complex 16 in Scheme 1.9, followed by activation with MAO, 

a productivity of 1625 g (g Cr h)'' was achieved, with a selectivity to C6 of 62 %, to Cg 

of 24 % and an overall selectivity of 1-hexene of 57.7 %. C1o and C12 materials were 

detected from incorporation of C6 and C8 materials into the mechanism. The molecular 

structure of complex 15 shows that the donor group on the nitrogen does not act as a 

pendant ligand and the productivity of the catalyst is 361 g (g Cr h)" (reaction 1.29 in 

Table 1.10) compared to over a million g (g Cr h)"' for the [CrC13(thf)3]/1 system. 4 

Other bidentate PNP ligands are described in Section 1.4.1, as these systems can also 
tetramerise ethene to I -octene. 
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1.2.2. Non-Chromium Trimerisation Catalysts 

Zirconium, 8 vanadium, 8 tantalum44 and titanium 8.45 46 trimerisation catalysts have been 

developed. A selection of these catalysts is highlighted in Table 1.11. 

Table 1.11- Non"chromisun Trimerisation Catalysts 

Chromium Activator and Reaction Liganil Conditions Productivity, 
" Precursor Solvent Selectivity 

b TEA 1.31 Pyrrole [Zr(acac)2] 
80 0 C, 
38 bar 

29 
g(g Zr h)'', 

cyclohexane C2H4 C6 - 26.9 % 
1-C6 - 26.9 % 

TEA 1 26 
80 °C, 

g(g115 V h)", 
.3 Pyrrole [V(O)(acac)2] 

cyclohexane 
38 bar C6 - 63.0 % 
CZiýq 1'C6 - 50.0 % 

1.33` `naked' [TaCls] [Zn(CH3)2) 45 ° 
48 bar 

214 
g(S Ta h)'', 

catalyst CIC6H6 C2Hq C6 - 98.7 % 
1-C6 - 97.1 % 

22,354 

1.344 
0ý$ 

MAO 30 °C, g(g Ti h)'', 
(1000 eq) 2 bar C2114 C6 - 87 % 

CII I, Ti,, Ci 1-C6 - 98% 
Cl 

a selectivity to 1-C6 is overall selectivity; b reference 8, ̀  reference 44, " reference 8,45,46. 

In contrast to the chromium systems, the non-chromium catalysts in Table 1.11 show 

low activity towards ethene trimerisation and low selectivity towards the C6 fraction. 

In many cases the products consist of a high percentage of polyethylene. In reaction 
1.33 in Table 1.11, [Zn(CH3)2] is used as an alkylating agent to form [TaC]2(CH3)2] as 

Reaction 1.34 shows a titanium system developed by Hessen and co-workers. 8. as, 46 

This system was one of the first active and selective non-chromium trimerisation 

catalysts, giving a productivity of 22,354 g (g Ti h)", with a selectivity to C6 of 87 %, of 

which 98 % was 1-C6. It was found that the phenyl group on the cyclopentadienyl 
ligand acts as a pendant ligand and is important for high activity. 
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1.3. Ethcnc Tetramerisation 

Ethene tetramerisation is a method of selectively forming 1-octene from ethene, as 

shown in Scheme 1.10. 

4 
Catalyst 

Scheme 1.10 - Ethene Tetramerisation 

This reaction was first reported by Bollmann and co-workers in 2004.47 Previous to this 

report it was believed that ethene tetramerisation was unlikely to occur. 48' 48,41 A series of 

chromium PNP systems have been shown to be active towards 1-octene formation, 

some examples are given within this section. 

1.3.1. N, N-Bis(diphenylphosphino)alkylamine (PNP) Ligands 

Bollmann and co-workers reported an ethene tetramerisation catalyst using 

[CrC13(thf)3], PNP ligands and MAO as an activator. A range of PNP ligands were 

tested, with various substituents on both the phosphorus and nitrogen atoms. 

Selectivities towards 1-octene of up to 70 % was achieved, 1-hexene, 

methylcyclopentane and methylene cyclopentene were the major side products. 42,47 

Figure 1.8 shows PNP ligands with alkyl substituents on the nitrogen and the ethene 

tetramerisation results are shown in Table 1.12. 

1 
17 - R'=Me 

LP N\P 18 - R'=Cyclohexyl 
/JZ 19-R=iPr 

2 

Figure 1.8 - PNP Ligands Tested by Bollmann and Co-workers for Ethene 

Trinterisation 
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Table 1.12 - Et/reue Tetra»rerisatioit with Ligand in Figure 1.8 

Reaction Liganil Time Productivity 
/mans /g(gCrIi)' 

Selectivity (wt %) 

C6 1-C6 C8 1-C; PE 

1.35 17 30 26,500 24.8 39.4 59.0 94.1 1.4 

1.36 18 30 8,050 32.1 86.1 59.4 99.3 0.5 

1.37` 19 30 272,400 16.9 70.3 68.3 98.9 1.1 
Standard conditions - 0.033 mmol [CrC13(thf)3], 0.066 mmol PNP Ligand, 300 equivalents MAO, 100 

mL toluene, 30 bar ethene, 60 °C; a selectivity to 1-C6 within C6 fraction; b Selectivity to 1-C8 within C8 
fraction; c [Cr(acac)3], 45 bar ethene, 45 °C. 

It was reported that the substituent on the nitrogen has little effect on the selectivity to 

1-octene within the C8 fraction, although the productivity and selectivity to 1-hexene 

were affected, as seen in Table 1.12.42.47 The best results were produced by ligand 19, 

reaction 1.37 in Table 1.12. At 45 bar of ethene and 45 °C, the system gave a selectivity 

to Cg of 68.3 %, of which 98.9 % is 1-octene and a productivity of 272,400 g (g Cr h)1. 

Ligands with bulky alkyl groups on the nitrogen (reaction 1.35, and 1.36 in Table 1.12) 

gave about 50 % 1-octene selectivity at 65 °C and 30 bar of ethene. Ligand 18 (reaction 

1.36 in Table 1.12) gave promising results with respect to selectivity to a-alkenes, with 

selectivities to 1-hexene and 1-octene of 86.1 % and 99.3 % respectively within the C6 

and C8 fractions. This suggests that a-branching of substituents on the nitrogen has a 

key effect on the selectivity towards a-alkenes. 

Due to the success of ligand 19 with an isopropyl group on the nitrogen, this research 

was extended to PNP ligands with various bulky substituents on the nitrogen, a 

selection of which are shown in Figure 1.9 and the results from these ligands are shown 
in Table 1.13.50 
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2 2 

20 - R'=R2=H 
21 - R1 =Me, R2=H 
22 - R'=iPr, R2=H 
23 - R'=H, R2=tBu 
24 - R'=H, R2=OMe 

cýP 

P-0) 2 25 2 

c2p 
-02 

2 26 

Figure 1.9 - PNP With Phenyl Derivatives on Nitrogen Backbone 

Table 1.13 - Tetra, nerisation PNP Ligarads in Figure 1.9 

Time Productivity Selectivity (wt %) 
Reaction Ligand / mins /g (g Cr h)" 

C6 1-C6* Ce 1-Ce CIO. PE 

1.38 20 12 765,900 16.6 54.2 61.8 97.1 17.2 3.3 

1.30 21 18 526,700 27.1 56.6 56.8 97.0 9.9 4.8 

1.40 22 45 159,600 33.4 86.2 52.9 99.2 6.0 7.8 

1.41 23 9 1,146,200 17.7 53.5 62.3 96.6 16.4 1.9 

1.42 24 26 385,900 22.1 40.2 58,2 96.7 13.8 4.6 

1.43 25 9 1,065,300 18.8 46.5 63.5 97.2 14.4 1.3 

1.44 26 9 1,012,900 27.1 82.1 62.8 99.2 8.9 0.8 

0.01 nvnol [Cr(acac)3], 0.01 mmol PNP Ligand, 480 eq MMAO, 60 ° C, 50 bar ethene; ° selectivity to 1- 
C6 within C6 fraction; b 

selectivity to 1-C8 within Cs fraction 

Table 1.13 shows data from trimerisation or tetramerisation of ethene using PNP ligands 

with aromatic groups on the nitrogen backbone in Figure 1.9. Ligand 20 (reaction 1.38 

in Table 1.13) with a phenyl group on the nitrogen, produced a productivity of 
765,900 g (g Cr h)" and a selectivity to 1-C8 of 97.1 % within the C8 fraction and an 

overall selectivity to 1-octene of 60.0 %. Increasing the size of R' from a hydrogen to a 

methyl group (ligand 21, reaction 1.39 in Table 1.13) and then an isopropyl group 
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(ligand 22, reaction 1.40 in Table 1.13) decreases the productivity and selectivity to C8, 

increasing the percentage of C6 produced. The group also investigated electronic effects 

by testing ligands 23 and 24. Ligand 23 (reaction 1.41 in Table 1.13) has an electron 

rich tertiary butyl (tBu) group in the para R2 position, this lead to a higher productivity 

of 1,146,200 g (g Cr h)" compared to ligand 20 but had little effect on selectivity. 

Having an OMe group in the R2 position in ligand 24 (reaction 1.42 in Table 1.13), "the 

productivity was greatly reduced. 5° 

Ligands 25 and 26 (reactions 1.43 and 1.44 in Table 1.13) show ligands with a carbon 

spacer between the nitrogen and the phenyl group. Using ligand 25 did not improve the 

selectivity over ligand 20, although the productivity was increased to 

1,065,300 g (g Cr h)''. Ligand 26 gave the best results with respect to productivity and 

selectivity, for this group, with a productivity of 1,012,900 g (g Cr h)'1, and a selectivity 

to C6 of 27.1 %, (1-C6 of 82.1 %) and to C8 of 62.8 %, of which 99.2 % was 1-C8. It 

was concluded that the steric bulk of the phenyl group on the nitrogen had a significant 

effect on the selectivity to a-alkenes (1-C6 and 1-Q. The productivities obtained in 

this study are comparable to the ethene trimerisation system [CrC13(thf)3]/ligand 1, 

developed by Wass and co-workers, although a high pressure is needed for trimerisation 

or tetramerisation to occur. 4 

RI R2 

C/ \PPý 
ý) 

(E»-' N\P ý0)2 

222 
27 -R= cyclopentyl 29 - R'=H R2=Me 
28 -R= cyclododecyl 30 - R'=R''=Me 

Figure 1.10 - PNP Ligands wills Bulky Groups on Nitrogen 
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Table 1.14 - Tetraurerisation PNP Ligands With Ligands in Figure 1.10 

Reaction Liganil 
Time Productivity 
/ mins /g (g Cr h)' 

Selectivity (wt %) 

C6 1 -C6 C8 1-C8d CIO. PE 

1.45° 27 28 544,629 18.6 63.9 63.7 98.1 15.7 2.0 

1.46° 28 25 757,720 22.6 84.6 66.4 99.4 9.6 0.9 

1.476 29 15 2,279,200 26.6 85.4 63.7 99.5 8.9 0.8 

1.48° 30 13 2,134,983 43.0 95.4 48.7 99.7 8.0 0.3 

" 0.025 mmol [Cr(acac)3], 0.025 mmol PNP Ligand, 540 eq MMAO, 60 °C, 45 bar ethene, 100 mL 
cyclohexane; b 0.05 mmol [Cr(acac)3], 0.075 mmol PNP Ligand, 2700 eq MMAO, 60 °C, 45 bar ethene, 
100 mL methylcyclohexane; ̀  selectivity to 1-C6 within C6 fraction; d Selectivity to 1-C8 within Cg 
fraction 

Table 1.14 shows the results obtained from having bulky non-aromatic groups on the 

nitrogen in the PNP backbone in Figure 1.10.5' Ligands 27 (reaction 1.45 in Table 

1.14) with a cyclopentyl group on the nitrogen produced high selectivities to C8 

fraction, with selectivities to 1-C8 of 98.1 % respectively, although the selectivity to 

1-C6 within the C6 fraction was low. The selectivity to 1-C6 within the C6 fraction is 

increased for ligand 28 (reaction 1.46 in Table 1.14), with a productivity of 

757,720 g (g Cr h)". Ligand 29 and 30 (reaction 1.47 and 1.48 in Table 1.14) showed 

the best results with productivities of over 2 million g (g Cr h)"1 at 60 °C and 45 bar of 

ethene. The selectivities to 1-C6 and 1-C8 were also high, although the selectivity 

towards the C8 fraction for ligand 29 was reduced compared to the other examples. 

McGuinness and group found that treatment of chromium/ligand systems or preformed 

complexes with trialkylaluminium and a stoichiometric amount of either B(C(, F5)3 or 
[Ph3C][B(C6F5)4] provided active catalysts. 52 A range of PNP ligands were tested and it 

was found that activation with AIRS and the borate produced a distribution of oligomers 

similar to that of MAO, although productivity was reduced and the amount of polymer 

produced increased. Using A1Et3, with B(C6F5)3, was more effective than AIMe3 and 

the productivity was higher at 45 °C than 60 °C. A selection of results is shown in 
32 Table 1.15. 
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Table 1.15- Trim erisation/Tetras: erisation with Borate Cocatalysts 

Reaction Ligand A1113 Cocatalyst Productivity Selectivity (wt %) 
/ fi (1; Cr h)' C6 1-C6° C8 1-C8° PE 

1.49 18 AIEt3 B(C6F5)3 12,560 16.0 69.0 62.1 98.3 13.0 
(30 eq) 

1.50 18 AIEt3 B(C6F5)3 1,174 21.4 73.3 47.6 96.9 25.2 
(100 eq) 

1.51 18 AIEt3 [Ph3C] 
5,190 17.3 71.4 62.2 98.9 15.8 (50 eq) [B(C6F5)4] 

0.01 mmol [CrCI3(thf)3], 0.012 mmol PNP Ligand, 0.01 mmol borate cocatalyst, 100 mL toluene, 50 bar 

ethene, 45 °C, 30 min run time; a selectivity to 1-C6 within C6 fraction; b Selectivity to 1-C8 within CB 
fraction. 

The selectivity to 1-hexene within the C6 fraction and 1-octene within the C8 fraction is 

not affected by the borate cocatalyst and is still controlled by the ligand. This suggests 

that the environment of the Cr centre remains the same as when activated with MAO. 

Using [Ph3C][B(C6F5)4] (reaction 1.51 in Table 1.15) produces an active catalyst 

although the productivity was greatly reduced, this cocatalyst was more stable to excess 

AlEt3 than B(C6F5)3. Rapid deactivation of the [Ph3C][B(C6F5)41/AlEt3 system was 

observed and the rate of ethene trimerisation/tetramerisation decreased. Al(iBu)3 was 

also tested and an increase in the selectivity to polymer (50.6 %) was observed. 

Increasing the amount of [Ph3C][B(C6F5)4] to 5 equivalents caused an increase in 

productivity, although a Schultz Flory distribution of a-alkenes was produced. Further 

investigations showed that when a higher amount of borate cocatalyst was used, the 

PNP ligand has little influence on the selectivity and productivity of the system. It is 

suggested that the borate reacts with the PNP ligand and causes rearrangement of the 

ligand structure. There is a fine balance between a system that can tetramerise ethene 

and trimerise ethene and also the selectivities towards a-alkenes obtained within the C6 

and C8 fractions. 

31 



Chapter 1- Introduction 

1.4. Mechanism and Activation 

1.4.1. Ethene Trimerisation 

In 1964 Cossee and Arlman proposed a mechanism for the polymerisation of a-alkenes 
based on early transition metals. 48 53,54 The proposed mechanism is outlined in Scheme 

1.11. 

Propagation 

OR OR LAM e- º LIMY/ 
coordination 

Termination 

L�M\--\ pHI 
R elimination 

group 
L�M Polymer 

migration R 

Ii 11 
LM 

associative' 
R+ L^MY 

R displacement Y 

Scheme 1.11- Cossee lliechanls, i: for Polymerisation of Ethene 

In this mechanism ethene coordinates to the metal centre, where R is the growing 

polymer chain. Next migratory insertion takes place increasing the chain length, and 

leading to propagation. Termination or chain transfer occurs via ß-hydride elimination, 

followed by displacement of the a-alkene with ethene. The size of the carbon chain is 

controlled by the rate of termination relative to the rate of propagation, therefore smaller 

a-olefin oligomers are produced when the rate of termination is equal to or greater than 

that of propagation. This mechanism always produces a Schultz-Flory distribution of 

oligomers and so cannot explain a catalyst system which is highly selective to trimer 

products. The case of apparently selective dimerisation is observed in some systems; 
however this is the result of the same mechanism when the rate of termination is greater 
then the rate of propagation. 48,53,54 

In the early 1970s, McDermott found evidence of Pt(II) metallacycles, showing that 

metallacycles could exist as reaction intermediates. 55 Building on this observation, an 

ethene trimerisation mechanism involving metallacycles was proposed by Manyik in 

1977, as shown in Scheme 1.12. 
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Scheme 1.12 - Mechanism Proposed by Manyik 

Manyik proposed that two ethene molecules coordinate to the chromium centre and 

oxidative coupling takes place to form a five membered metallacycle. This is followed 

by a ß-hydrogen transfer from the metallacycle to a third ethene molecule, giving the 

chromium butenyl ethyl intermediate. Lastly reductive elimination causes the release of 

1-hexene. 2' 6 

Briggs suggested that instead of ß-hydrogen transfer occurring, a chromium 

metallacycloheptane is formed as shown in Scheme 1.13.56 

oxidative Cr 
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Cr\411 
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coordination 

Cr, 
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Scheme 1.13 - Postulated Mechanism by Briggs for Ethene Trim erisation 
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In this mechanism, after formation of the chromium metallaeyclopentane, a third ethene 

molecule coordinates to the metal centre and inserts into the metal-carbon bond, 

forming the seven membered metallacycle. Next ß-hydride elimination occurs to form 

the chromium alkyl hydride species. Finally 1-hexene is eliminated via reductive 

elimination and the catalyst is regenerated. This mechanism is now generally accepted. 

For selective 1-hexene formation, the rate of insertion of ethene into the chromium 

metallacyclopentane must be faster then the breakdown of the metallacycle to 1-butene. 

The geometric constraints on the metallacyclopentane mean that ethene insertion is 

more favourable than ß-hydride elimination to form 1-butene, thus forming a barrier 

against 1-butene formation. Whereas metallacycloheptane is more flexible and so 

ß-hydride elimination readily occurs to form 1-hexene. 2 

Good evidence for the metallacycle mechanism has been published. Bercaw and co- 

workers investigated the mechanism by carrying out trimerisation on a 1: 1 mixture of 

C2D4 and C2H4.5 The group predicted that the metallacycle route, in Scheme 1.13, 

would produce no H/D scrambling, giving a limited range of 1-hexene isomers, C6H12, 

C6D8H4, C6D4H8, C6H12, whereas the Cossee mechanism would cause H/D scrambling 

and the isomers of 1-hexene produced would have an odd number of deuterium atoms. 

The catalytic system used was [CrPh3(1)], 7, Figure 1.4 and [H(Et20)][B(C6H3(CF3)2)4] 

and as postulated it yielded isomers of 1-hexene with even numbers of deuterium atoms. 

The existence of five and seven membered metallacycles of chromium was reported by 

Jolly with studies on r15-cyclopentadienyl-stabilised chrornacyclopentane and 

chromacycloheptane complexes. " 

There has been much debate on the change in oxidation states in the catalytic cycle. 
First it is thought that the precatalyst is reduced by activation. Next the formation of the 

metallacycle changes the oxidation state from M" to M"+2, and then returns back to Mn 

on liberation of 1-hexene. Manyik6 and Kohn" both proposed a Cr(I)/(III) system, 
Cr(II)/(IV)59 ' and Cr(III)/(V)62 systems have also been proposed. The oxidation state 

of the metal centre is explained further in Section 1.5.3.3. 
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There is evidence of 1-hexene being incorporated back into the trimerisation mechanism 
from the production of CIO and C14 alkenes. Wass and co-workers demonstrated that 

adding 1-butene to the reaction, shown in Scheme 1.8 increased the amount of Cs 

materials, which is due to the incorporation of 1-butene into the product. As the 

reaction proceeds the relative weight percentage of CIO and C14 materials produced 
increases due to the increasing concentration of hexene. 4 

1.4.2. Ethene Tetramerisation 

It was initially thought that tetramerisation was not possible as the formation of a nine 

membered metallocycle intermediate would have to take place via insertion of ethene 
into the chromacycloheptane. Houk suggested that the formation of 

metallacyclononane is unlikely, due to a nine membered ring being the ring size with 

the highest strain. 49 McGuinness and co-workers suggested that as the selectivities 

towards 1-hexene and 1-octene can be controlled by slight PNP ligand modifications, it 

can be hypothesised that the common metallacycloheptane is involved in trimerisation 

and tetramerisation. 63 A mechanism is suggested where 1-octene can be formed by 

either of two routes, this is shown in Scheme 1.14. 

Cr 
et' ne Cr 

coordination 

crýý' 
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Scheine 1.14 - Proposed Mechanism for Ethene Tetranrerisation 

Tetramerisation reactions also form higher 1-alkenes, which may be derived from the 

extension of metallacyclononane, via further insertion of ethene. It was found that the 
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distribution of higher 1-alkencs was not consistent with a linear chain growth 

mechanism and was consistent with the metallacycle mechanism. Also the group found 

that metallacyclononane (Cr-Cs) is the least stable metal lacyc loalkane, with Cr-C12 and 
Cr-C14 being the most stable, this contribute to the higher selectivity to 1-octene. 63 M 

Further work showed that methylene cyclopropane and methylcyclopropane were the 

major side products. These two side products are derived from the formation of a 
63 chromium cyclopentylmethyl hydride species, as shown in Scheme 1.15. 

ýH n+ý n+ H 
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Cr( 2 Cr" 

ii / 

Scherte 1.15 - Formation of Methylcyclopropane and R1ethylenecyclopropaite 

It was hypothesised that the formation of methylcyclopropane and 

methylenecyclopropane occurs via a binuclear mechanism as shown in Scheme 1.15, 

the two products are always formed in a ratio of 1: 1.63 

1.4.3. Catalyst Activation 

To form a catalyst, the precatalyst undergoes activation by the addition of a cocatalyst, 

which also acts as a weakly coordinating anion. The cocatalyst used can have a 

significant effect on activity, stability and selectivity. Alkylaluminium compounds are 

commonly used, including trimethylaluminium (TMA), TEA and aluminoxanes, such as 

methylaluminoxane (MAO). Other trimerisation/tetramerisation cocatalysts are 
perfluoroaryl borates, trityl borates and ammonium borates. Although other metal 
alkyls, for example Li, Sn and Zn can also be used. 2' 65 The cocatalyst assists alkyl 
abstraction from the catalyst precursor giving an cationic metal fragment [LM] and an 

anionic cocatalyst fragment [RX], giving the active catalyst [LnM][RX]. 66 
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1.4.3.1. Structure of MAO 

One of the most common activators used in ethene trimerisation/tetramerisation is 

methylaluminoxane (MAO). Alkylaluminoxanes have been known to activate the 

polymerisation of monomers such as oxiranes since the 1960s and consist of --Al(R)-O- 

units, where R is an alkyl chain. 67 MAO has the formula [-A1(Me)-O-]n (n z 5-20) and 

is prepared by controlled hydrolysis of A1Me3. The exact structure of MAO is still 

unknown but it is thought to consist of one dimensional linear chains or cyclic rings 

with one, two or three dimensions. A selection of proposed structures of MAO are 

shown in Figure 1.11.65,66 
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Figure 1.11- Examples of Structures of MAO 

Research has been conducted into finding the actual structure involved in catalysis. The 

main problem encountered is that MAO can exist as more than one structure and these 

structures can interchange in solution. Mason suggested that MAO exists as a cage 

structure, examples of which are shown in Figure 1.11 and this was supported by 27A1 

NMR spectroscopy, showing that at high temperature, n ranged from 9 to 14.66' 68.70 

Zurek carried out theoretical studies which concluded that MAO consisting of four 
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coordinate aluminium and three coordinate oxygen, in three-dimensional cages is more 

stable than linear chains or rings. ' 71,72 Zurek also found that cages consisting of b6 

square and hexagonal faces are the most stable and cages where two square faces meet 

are disfavoured, meaning that the most abundant cage is (Al(Me)O)12.71 72 

For MAO systems to be catalytically active, residual TMA is also needed, implying that 

the ratio of Al: O: Me is not 1: 1: 1 and that TMA may be incorporated into the MAO cage 

structure. 73 Research by Imhoff showed that the composition of MAO is 

(AIOo. 7s-0.8Mei. a. i. s). 74 An example of the incorporation of TMA into the MAO cage 

structure is shown in Figure 1.16.66 
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Scheure 1.16 - Incorporation of TMA into MAO Cage Structure 

Zakharov reported a general equation for the amount of TMA incorporated into the 

MAO structure, Equation 1.1.75 

(AI(Me)O)� + V/, n A1Me3 --* (A1Mej. 5Oo. 75)�+V, n Equation 1.1 

Van Rensburg and co-workers conducted research on the interaction between MAO and 
metallacycloheptane in the trimerisation mechanism using [CrC13(thf)3]/19/MAO as the 

catalytic system. 66 It was found that MAO interacts with the chromacycloalkanes in the 

mechanism and that the size of the MAO cage influences this interaction. The cages 

with TMA incorporated contain three coordinate Al centres and show more Lewis 

acidity, which in turn interact with the chromacycloheptane via bridging Me groups. 
Figure 1.12 shows a diagram derived from a DFT study into the interaction between 
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MAO and metallacycle, the two diagrams are examples of structures with optimized 

geometry and show the zero point energy (AEzpE). 
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Figure 1.12 - DFT Studies - Optimised Geometries for MAO Interaction with 

Chrornacycloheptane 

1.4.3.2. Borate Activators 

In the 1990s Marks and Ewen discovered that the strong Lewis acid tris(pentafluoro- 

phenyl)borate, B(C6F5)3, in conjunction with an early transition metal allyl complex, 

promoted ethene polymerisation. 76' 77 Therefore this class of activators was tested for 

the trimerisation of ethene, a selection are shown in Figure 1.13.65 

F 

FF 

F 

FI' FF F 
FF 

B(C6F5)3 

FF 

NB 

FF 

F) [CPh3] BF 
4/ 

FFFF 

i CF3 

Na B 11 
)11 

CF3 

Na[B(C6H3(CF3)2)4] 

[PhNMe2H] [B(C6F5)4] [CPh3l [B(C6F5)4} 

H CFg 

[II(Et2O)2) B II) 
4 

II CF3 

[H(Et20)21 [B(C6H3(CF3)2)4J 
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(Perfluoroaryl)borate activators are generally used if a transition metal alkyl or aryl 

catalyst precursor is used as the catalyst precursor, for example 

[H(Et20)2][B(C6113(CF3)4] is used to activate [CrPh3(1)], 7.3 These Lewis acid 

compounds contain a weakly coordinating anion, which stabilises the formation of the 

active catalyst but enable catalysis to occur by leaving a vacant site on the metal. An 

advantage of using borate activators is a well defined system is produced, where 

molecular structures can be obtained and therefore investigations into the catalyst 

mechanism can be carried out. Studies show that the choice of counterion has a 

pronounced effect on catalyst stability, activity and selectivity, due to the metal-anion 

interaction. 5 

1.4.3.3. Formation of Active Catalyst 

This section explains how aluminoxanes, mainly MAO, alkyl aluminium compounds 

and borates are used to activate precatalysts to form the active catalyst. 

In the [CrC13(thf)3]/1/MAO system developed by Wass and co-workers, catalyst 

activation is achieved by reduction of Cr(III) to Cr(I). '' 1,4 The speculated mechanism by 

which the reduction may occur is shown in Scheme 1.17. 

(1)CrCl3 MAO 
º- CritrMe3 - Me-MAq_ Cr"Me2+ 'C2116 - Crt+ 

Scheme 1.17-Activation of Catalyst with MAO 

Firstly MAO methylates the chromium centre, giving [Cr(III)Me3], followed by 

extraction of one methyl group to give [Cr(III)Me2]+. Reductive elimination occurs to 

give the active Cr(I) centre, leaving a vacant site on the metal for ethene coordination. 
It has been suggested that the formation of Cr-Me species is not due to MAO but due to 

residual TMA and that the reduction of Cr(III) to Cr(I) may also be due to residual 
TMA. 66 A similar method of activation was initially proposed by Hessenas, a6 This 

group suggested that the activation of [Tin'C13(CSH4C(CH3)2C6H3)] to an active Ti(II) 

species with MAO occurs via a [Ti"(CSH4C(CH3)2C6H3)Me2]+ species. Blok modified 

this mechanism showing that the active Ti(II) species could be generated by an agostic 
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assisted ß-hydrogen transfer step from Ti(IV) dialkyl species (Scheme 1.18), this route 

was calculated to be the lowest energy pathway. 5' 

MAQLº- 
Arene 

Cl 
C1C1 Coordination 6 

C, Insertion 

IT&Me into Ti-Me Bond 

Me ý yTý 
_ý 

>R 
CR 

Tim, -R 

RR 

Scheme 1.18 -Activation of JTi vClj(CSIl4C(CI13)2C6HJJ 

Ktihn and co-workers S8' 58,78 and Bercaw and co-workers5 have produced work supporting 

this mechanism. K6hn proposed that the activation of chromium triazacyclohexane 

complexes proceeds via a methyl bridged dinuclear Cr intermediate, see Scheme 1.19. 

The insertion of 1-hexene cleaves all methyl bridges, followed by ß-hydrogen transfer 

and reductive elimination forms the active catalyst, with the release of 2-methyl-l- 

hexene and methane. 

RRR 12+ R 

[-NI. R 
MAO R. ýN\ MeýiN"7 Bu. ýNN. R 

J/ ý LN" Me 
Cr .R 

RNý Ir 
Bu 

Cl 
ýC1 Me 

ý 
McMeý 

CI RR 

R+ 
N'l. R+ CH4 

Bu Me R-N, 
% r toluene 

Scheme 1.19 -Activation of Chromium Triazacyclohexaire Complexes With MAO 

yTiý R 

TR 

Direct p-H Transfer 
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Gambarotta and co-workers synthesised a cationic chromium(II) PNP species and the 

complex was tested for trimerisation with TMA and MAO, as shown in Scheme 1.20.79 

cy 
(c, N\(c)2 

Tol uene 
2 

CiýCI C1 

[AICLMe3]' 
TMA no 

reaction 

31 32 MAO 
2 eq PNP 18 

TMA 
[CrC12(thf)3] 1-hexen 

PNP 181dichloromethane 
1-octene 

no reaction phenyl groups in 32 removed for clarity 

Scheme 1.20 - Activation of [Cr"(AlMe3)Cl(18)21[AIClMte3J with MAO or TINA 

Complex 32 was synthesised from 31 and isolated and tested for ethene tetramerisation, 

upon activation with MAO, the system gave an activity of 8,400 g (g Cr h)'', which is 

comparable to the [CrC13(thf)3]/18/MAO system (reaction 1.36 in Table 1.12). 69 It was 

concluded that, although further reduction of the chromium centre cannot be ruled out, 

the reduction of the metal centre is a step in the activation of the catalyst precursor. 

There are two ligands present in complex 32, suggesting that 50 % of the catalyst 

precursor is being converted to another unknown species. Ligand 18 only reacts with 

[CrC12(thf)3] in the presence of TMA, implying that the stability of complex 32 depends 

on the presence of two PNP ligands and an alkylating agent. Trimerisation only occurs 

when MAO is used and not just TMA, supporting the theory that it is the TMA residue 

in MAO that reduced the precatalyst but the polymeric structure of MAO stabilises the 

intermediates in the catalytic cycle. 

Jiang reported investigations into a range of aluminoxanes and the resulting effects on 

ethene tetramerisation. 80 MAO, modified methylaluminoxane (MMAO), ethylalumin- 

oxane (EAO) and isobutylaluminoxane (i-BAO) were tested and it was found that 

MMAO produced the highest selectivities towards 1-octene of up to 73 %. Selectivities 

and productivities towards 1-octene depend on the amount of aluminoxane used, where 
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500 equivalents of MAO gave lower selectivities and productivities than 300 

equivalents. EAO and i-BAO gave low productivities and selectivities. 

Bercaw and co-workers used [H(Et20)2][B(C6113(CF3)2)4] and Na[B(C6H3(CF3)2)4] as 

activators which contain weakly coordinating anions. s This is a well defined system 

compared to catalytic systems using MAO, allowing the formation and isolation of 

compounds which were analogues of intermediates in the catalytic cycle, shown in 

Scheme 1.21. 

33 

NaB[C6Ii3(CF3)z)a ArP, 
Q , 

Me 

Me-N2`Pi 
ell 

Naar 
Ar 

\I/ 

34 
+ 

me 
ArP \` 

[MeNP 

C\ 
Are 

Scheute 1.21-Activation of CrBr(o, o'-bipheiiy1diyl) with NaBJC61I3(CF3)2J4 

Activation of compound 33 (Scheme 1.21) with Na[B(C6H3(CF3)2)4] generates 

[CrBr(o, o'-biphenyldiyl)][B(C6H3(CF3)2)4], 34, then on exposure to ethene, the 

formation of 1-hexene, from ethene trimerisation, is observed by gas-chromatography 

(GC), along with o-vinylbiphenyl. o-Vinylbiphenyl is produced from ethene insertion 

into the biphenyl group, followed by reductive elimination. If 33 is exposed to ethene 

without prior activation with NaB[C6H3(CF3)2]4, only o-vinylbiphenyl is observed, no 

1-hexene is observed. This indicates that activation to form the cationic species is 

needed for trimerisation to occur. 5 

Bercaw and co-workers also synthesised [CrPh3(1)], 7 (see Figure 1.4) which is 

analogous to [CrMe3(1)] species proposed in Scheme 1.22.5,39,40 On activation with 
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[H(Et20)2][B(C6113(CF3)2)4], trimerisation is observed with productivities and 

selectivities comparable to the [CrC13(thi)3]/1/MAO system developed by Wass and co- 

workers (Section 1.2.1.3). 

[Cr(I)Ph3] 
[1I(Et20) ]CII(C6113(CF3)2) ] 

[Crut(1)Ph2]+[B(C6113(CF3)2)4]* 
[(1 )Cr\ 

7 C6116 35 

[CrCI(1)Ph2] 
Na[B(C6113(CP3)2)4] 

37 
NaCl h 

Hmh 36 PNP r 
ý/ 

+ Ph [(1)Cr_I1j 
Cl 

CA 

Scheme 1.22 -Activation of [CrPli3(1)J and JCrClPhi(1)J 

When [CrPh3(1)], 7 and [CrClPh2(1)], 37, are activated with [H(Et20)2] 

[B(C6H3(CF3)2)4] and NaB[C6H3(CF3)2]4 respectively, [Cr'1Ph2(1)1[B(C6H3(CF3)2)4], 

37, is formed (Scheme 1.22). It was initially hypothesised that on exposure to ethene, 

reductive elimination occurs, releasing biphenyl and thus forming the active catalyst, 

although only trace amounts of biphenyl are observed. Evidence for the formation of 

styrene and other phenyl containing compounds suggests an activation route where 

chromium-phenyl bonds are cleaved by the insertion of ethene, followed by ß-hydrogen 

elimination and reductive elimination. Complexes 7 and 37 react with ethene, without 

activation, to give styrene, ethyl benzene, 4-phenyl-l-butene, benzene and higher 

ethene-phenyl insertion products. There was no evidence of 1-hexene observed, 

suggesting that the formation of the Cr cation is needed for trimerisation to occur. 
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One disadvantage of the MAO system is that this reagent is very expensive and a large 

excess is needed, this has economic implications when converted to large scale 

production. A cocatalyst/AIR3 system could be a cheaper route, leading McGuinness 

and co-workers to carry out further research on a variety of possible cocatalysts and 
how the choice of cocatalyst affects selectivity and activity to 1-hexene. 50' 81 Initial 

investigations have shown that a system using B(C6F5)3/AIR3 or [Ph3C][B(C6F5)4]/AIR3 

along with [CrC13(thf)3] and the PNP ligand, showed high selectivities towards 

a-alkenes within the C6 or C8 fraction but productivities were low compared to the 

equivalent MAO system and the catalyst underwent rapid deactivation. This lead to 

investigations into alternative cocatalysts, with weakly coordinating anions. A series of 

chemically robust and weakly coordinating aluminium cocatalysts with bulky 

fluorinated alkoxy groups were investigated. 8' A- selection of cocatalysts are shown in 

Figure 1.14. The system used to test the cocatalysts used [CrC13(thf)3] and ligand 19. 

C6Fs. 
Q 

C6F5 (F3C)3c c(CF3)3 
QO 

o 
ALO. C6F5 [CPh3] C6F5 0ö 

1-O. C6FS [CPh3] (F3C)3C. 
0-At-F-AI-O. C(CF3)3 

50p C6F 
C6F3 (F3C)3C C(CF3)3 

A1(OC6F5)3 [CPh3][A1(OC6F5)4] [CPh3][{(F3C)3C0}3A1-F-Al{OC(CF3)3}] 
38 39 40 

Figure 1.14 - Examples of Aluinindum Fluorinate Cocatalysts 

Table 1.16- Ethene Oligonierisation using the Alrnainate Cocatalysts in Figure 1.14. 

AIEt3 Productivity Product Distribution 
Reaction Cocatalyst 

Equivalents /g (g Cr h)'1 b C6 1-C6 C8 1-C8 

1.52' 38 (1.3 eq) 30 5,810 85.2 98.5 3.9 94.6 

1.53 39 (1.5 eq) 100 125,600 16.3 68.9 72.2 99.0 

1.54 40 (3.0 eq) 100 53,120 18.6 76.3 68.2 99.4 

0.01 mmol [CrC1, (thf)3], 0.012 mmol 19, toluene, 45 °C, 40 bar ethene; a 0.03 mmol [CrC13(thO3], 0.036 
mmol 19; b Selectivity within C6 fraction; ` Selectivity within C8 fraction; 
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Table 1.16 shows the results obtained from systems using the aluminate cocatalysts 

shown in Figure 1.14. In reaction 1.38 in Table 1.12 the system using 19 with 

[CrCI3(thf)3] and MAO, shows a selectivity to C8 of 68.3 % of which 98.9 % is 1-Cg. In 

reaction 1.52 in Table 1.16 it can be seen that using 38 as the cocatalyst along with 

AIEt3 causes the system to become selective towards C6 (85.2 %) and the productivity is 

reduced to 5,810 g (g Cr h)". The catalyst experiences rapid deactivation, resulting in a 

low productivity. It is suggested that the reason for this switch in selectivity is due to 

the formation of a more coordinating anion [AIEt(OC6F5)3]' and the coordination of this 

anion mimics the pendant donation of the OMe group in 1 (se Figure 1.2). From this it 

was thought that the C6/C8 selectivity can be controlled by the strength of the anion 

coordination. 

The system using aluminate 39 (reaction 1.53 in Table 1.16) gave a productivity of 

125,600 g (g Cr h)'', with a selectivity to C8 of 72.2 %, of which 99.0 % was 1-C8. As 

with aluminate 38, the system using 39 (reaction 1.4 in Table 1.16) experiences 

deactivation at high equivalents of AlEt3.40 gave a lower productivity than 39 and the 

productivity and selectivity of the system was also influenced by the amount of 

aluminate added, with the highest productivity achieved with three molar equivalents of 

aluminate. A series of degradation studies were carried out and it was found that the 

system begins as a tetramerisation system then converts to a trimerisation system, 

showing that the cocatalyst is changing over time and anion coordination strength 
increases as the reaction occurs. The degradation may be due to an equilibrium, where 

the chromium centre is activated with AlEt3 to give a Cr-Et species which then reacts 

with the aluminate, giving for example a Cr-AIEt3(OC6F5) species (for aluminate 38). 80 

These system provide a cheaper alternative to MAO, giving comparable productivities 

and selectivities to C6 or C8. 
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1.5. Trimcrisation of Other a-alkencs 

As stated in Section 1.2.1.2, Köhn found that it was possible to trimerise higher 

a-alkenes using 1,3,5-triazacyclohexane ligands. 22 

3 R, 00- 
Catalyst 

No. 
41ýý 

+ other isomers 
RRR 

Scheine 1.23 - Trinrerisation of h igher a-Alkenes 

Using 1,3,5-triazacyclohexane ligands with [CrC13(thf)3] and MAO as an activator, a 

conversion of 80 % was achieved, as shown in Table 1.17. 

Table 1.17 - Tri, nerisation of Higher a-Alkenes 

Productivity, 
Reaction Ligand Activator Precatalyst 

and Solvent 
Conditions Selectivity to 

Alkene 

R 166 
N g (g Cr h)"', 

1.55 MAO, [CrC13(thf)31 1-dodecene 
p °C 
20 h C36 - 93.0 % 

R-NNR Internal C12 - 
R= 2-ethylhexyl 7% 

R 117 
N -C' g 

1.56 
r) 

[CrC13(thf), ] 
MAO, 0 C, C36 - 81.0 % 

R, 
NvN, 

R 
1-dodecene 20 h Internal C12 - 

R= dodecyl 19% 

Wasscrscheid and co-workers used 1,3,5-triazacyclohexane ligands to trimerise 

1-decene and 1-dodecene. The hydrogenated C3o and C36 trimer products were found to 

be useful for synthetic lubricants. Trimerisation of 1-dodecene was carried out using 

100 equivalents of MAO, in toluene, at 0 °C for 20 hours. The ligand that gave the best 

results in shown in reaction 1.55 in Table 1.17, is NN, N-tri-2- 

ethylhexyltriazacyclohexane, which gave a productivity of 166 g (g Cr h)'', with a 

selectivity to C36 of 93 % and 7% internal C12 compounds, from the isomerisation of 

1-dodecene. Although the productivity is low, the selectivity is high and this is one of 
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the first systems to trimerise higher alkenes. The selectivity and productivity were 

affected by the degree of branching of the R group on the nitrogen of the ligand, a more 

bulky but less branched R group decreased the selectivity and productivity. For 

example when R is dodecyl group (reaction 1.56 in Table 1.17) the selectivity to C36 is 

81.0 % and productivity was only 117 g (g Cr h)". 2,2,82 

The products are formed via the metallacycle mechanism, forming internal alkenes and 

vinylidenes. The product mixture contained four main products after hydrogenation and 

there was no evidence of a-alkenes formation. Scheme 1.24 shows that mechanism by 

which the trimerisation of higher a-alkenes occurs, where four alkane isomers are 

formed after hydrogenation. 82 This scheme follows the metallacycle mechanism 

described in Scheme 1.13, but is more complicated due to the ability of a-alkenes to 

bind to the metal centre via 1,2 or 2,1 insertion, leading to three different 

metallacyclopentane intermediates. The insertion of the third a-alkenes can again insert 

either via 1,2 or 2,1 insertion, giving four unique metallacycloheptane intermediates. 

After ß-hydride elimination and reductive elimination occurs, eight different alkene 

isomers are produced, consisting of internal alkenes and vinylenes, as seen in the 

Wasserscheid 1,3,5-triazcyclohexane systems. 

The system was unable to trimerise conjugated alkenes or internal alkenes. In addition 

the successful ligands had bulky long chain alkyl group in the R position, if R is a 
22 methyl group the catalyst is inactive towards trimerisation of higher a-alkenes. 
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Chapter 1- Introduction 

1.6. Aims and Objectives 

The work presented in this thesis investigates further uses of chromium PNP complexes 
in the trimerisation of substituted a-alkenes. The system based on that developed by 

Wass and co-workers will be employed, with [CrC13(thf)3], a PNP ligand and MAO. 4 

This system will be used to investigate: 

e Cotrimerisation of ethene with substituted alkenes, such as styrene, cyclohexane, 

norbornene, maleic anhydride, methyl methacrylate and acrylonitrile. The products 

formed from successful cotrimerisation will be identified via comparison with 

standard compounds and NMR spectroscopy. 

a Homotrimerisation of 1,3-dienes, such as isoprene, 1,3-butadiene and 2,3-dimethyl- 

1,3-butadiene. The trimerisation of isoprene is of potential interest, the products 
being terpenoids. 

" The activity and selectivity of novel PNP ligands, with oxygen donating substituents 

on the ortho position of the phenyl rings, for ethene trimerisation/tetramerisation. 

As described the [CrCI3(thf)3J/l/MAO system is usually activated by methylation of the 

chromium precursor and the reduction of the Cr(III) centre to Cr(I). Investigations were 

carried out into an alternative activation method, by starting with a Cr(O) centre and 

oxidising to Cr(I) upon activation. A series of chromium (0) carbonyl PNP complexes 

were synthesised and tested for ethene trimerisation by this route. 

1.7. Summary 

Ethene trimerisation and tetramerisation are selective methods of synthesising 1-hexene 

and 1-octene respectively from ethene, which are used in the synthesis of linear low 

density polyethylene (LLDPE). A wide range of research, industrial and academic, has 

been carried out in this field due to these industrial applications. This chapter has 

reviewed the range of chromium systems which have been tested for ethene 

trimerisation, as well as a small selection of other metals. Chromium PNP systems have 

been shown to be highly active and selective towards ethene trimerisation, with one of 

the best systems being developed by Wass and co-workers, using [CrC13(thf)31,1 and 
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MAO. Under 20 bar of ethene and at 80 °C, this system gave a productivity of 

1,033,000 g (g Cr h)" and a selectivity towards 1-hexene, within the hexene fraction of 

99.8 %, this system also gave high productivities at I bar of ethene and room 

temperature. Cr PNP systems have also been shown to selectively tetramerise ethene to 

1-octene. One of the best systems with respect to selectivity uses 19 as the ligand, 

giving a productivity of 272,400 g (g Cr h)" and a selectivity of 68.3 % towards octene 

of which 98.9 % is 1 octene. The system using ligand 28 gave one of the highest 

productivities of 2,279,200 g (g Cr h)'1, with a selectivity to C8 of 63.7 %, of which 

99.5 % is 1-C8. 

The mechanism for ethene trimerisation proceeds via a metallacycle route, where two 

ethene molecules coordinate to the metal centre and oxidatively couple to give a 

metallacyclopentane, this is followed by further ethene insertion to give a 

metallacycloheptane and ß-hydride elimination and reductive elimination to give 

1-hexene. This mechanism is then extended to take into account the discovery of ethene 

tetramerisation. A wide range borate and aluminate activators have been investigated to 

replace MAO, where it was found that a large non-coordinating anion is needed. This 

thesis investigates the use of Cr PNP systems for trimerisation and cotrimerisation of 

other a-alkenes and alternative routes into the activation of the chromium centre for 

ethene trimerisation. 
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Chapter 2- Cotri»terisation 

2.1. Introduction 

2.1.1. Codimerisation of Alkenes 

Homodimerisation and codimerisation of alkenes are important methods for 

synthesising higher alkenes and are widely used in industry. For example, the 

homodimerisation of propene has been extensively researched using a wide range of 

metals, a general system is shown in Scheme 2.1.83,84 

2n /\ cat ºx+ Y/\%\ +z 

n-x+y+z 

Scheme 2.1- Homodinierisation of Propene 

Common catalysts are 113-allylnickel species with triaryl- or trialkyl-phosphines that are 

activated by Lewis acids such as A1C12Et. In 1965 Wilke and co-workers developed the 

113-allylnickel complex shown in Figure 2.1. $4 

((AICl4] 

Figure 2.1- r 'fllylniickel Complex Developed by JVilke and Co-workers 

The group found that the tertiary phosphine has an effect on the regioselectivity of the 

products, with sterically demanding phosphines favouring the formation of 

2,3-dimethylbutene. Codimerisation occurs via an insertionlelimination mechanism, an 

example of which is shown in Scheme 2.2. 85 
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first second 
Insertion Insertion 

Ni" vv --º 

Ni-11 N1 

ýý 
Niý 

products isornerisation 
products 

1-hexane 
_b- 3-hexen 

2-hexane 

Ni""'Y""ý i' 2-methyl-l-pentene -º 
2-methyl- 
2-pentene 

4-methyl-l-pentene 2-methyl- 
Ni 4-methyl-2-pentene 2-pentene 

Ni -º 2,3-dimethyl-1-butene 
2,3-dinwthyl- I 

Scheure 2.2 - Diumerisatioi: of Propene by Nickel Complexes 

The q3-allylnickel species undergoes insertion of propene and then ß-hydride 

elimination to give the active nickel hydride species. The catalytic cycle then goes via 

insertions of propene into the nickel hydride species, followed by a ß-hydride 

elimination to give the products and reforming the nickel hydride species. The catalyst 

can isomerise the products to thermodynamically stable alkenes, giving a more complex 

mixture of products. 84' gs The systems are often very productive, for example [Ni(rl3- 

C3H5)(PR3)][AIR'X3], where R is a bulky alkyl group, gives turnover frequencies of 

over 625,000 h''. 3 

Codimerisation reactions (i. e. two different monomers) are more difficult. Ziegler 

developed a system for the codimerisation of ethene and butene using titanium 

tetrabutyl ester and trialkylaluminium. 84 The catalytic cycle involves the formation of 

metallacyclopentane, which is similar to the chromium metallacyclopentane formed in 

the trimerisation of ethene (Section 1.2.3). The dimerisation of ethene to give butene is 

also observed. 

Codimerisation of ethene and styrene was first reported in 1965, using rhodium chloride 

as the catalyst. Under 1000 atmospheres of ethene and 2g of catalyst, 2-phenyl-2- 

butene was produced. This research also extended to the codimerisation of ethene with 

other alkenes. A wide range of nickel and palladium catalyst systems were 

subsequently developed such as [Ni(acac)2]/dppe/Al2C16. yEty, (acac = acetylacetonate), S6 

and [Pd(C4H7)Cl(Ph2PCH2000Et)]. 87 From these systems the major products are 
initially 3-aryl-l-butenes but isomerisation can occur giving a mixture of the E and Z 
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isomers of 2-aryl-2-butcnes, known as head-to-tail isomcrs. 84' SS The observed products 
imply that styrene inserts via a 2,1 regiochemistry. 

The compounds formed via codimerisation can have a chiral centre, this has lead to the 

development of catalysts for asymmetric codimerisation or hydrovinylation, two 

examples are given in Scheme 2.3 and Scheme 2.4.3 In many systems, isomerisation of 

the products is still observed; therefore it is a valuable objective to develop a catalyst 

which minimises this isomerisation. 

In 2005 Grutters and co-workers developed a cobalt system using diphosphine ligands 

for asymmetric codimerisation (hydrovinylation) of styrene and ethene, with a high 

selectivity towards 3-phenylbut-l-ene. 88 The best results came from a system shown in 

Scheme 2.3, using 5 equivalents of AlClEt2,0.001 mol % of catalyst and 30 bar of 

ethene, at 0 °C for 90 min. A conversion of 100 % was achieved with a selectivity to 

codimer products of >99 % and a selectivity of 95 % to 3-phenyl-1-butene. 

[CoC12(4I)], 
AICIEt2 

0°C, 90min 

41 

cr, **'ý 

e 

95 % 

\\ 

10 

5% 

Scheue 2.3 - Codiuierisatio,, of Styrene and Ethene Using a Cobalt System 

More recently Kondo and co-workers developed a zero-valent ruthenium catalyst 

which, in the presence of an alcohol, was capable of forming (E)-1-aryl-1-butenes (head 

to head isomer), with a 80 % yield and a selectivity of 95 % to the isomer shown in 

Scheme 2.4 where R is hydrogen, as shown in Scheme 2.4.89 
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\+ [Ru(n6-cot)(q2-dmfm)2] 
1-propanol, 130 °C, 24 h 

R 40 atm R 

cot - 1,3,5-cyclooctatriene 
dmfm - dimethyl fumarate 

Scherte 2.4 - Codinterisation of Styrene and Ethene 

It is noteworthy that although these codimerisation systems often achieve good 

selectivity, with the exception of Ziegler titanium based catalysts, they operate via a 

simple insertion/elimination mechanism. 

2.1.2. Background to Cotrimerisation 

Cotrimerisation is a method of forming functionalised terminal alkenes, which can be 

used in a variety of applications including comonomers for polymerisation, giving 

polymers with improved functionality, such as better printability and wettability. 

Current organic routes to these w-substituted alkenes can be long and difficult, whereas 

cotrimerisation is a simple, one step route to these compounds. Extensive research has 

been performed in the area of ethene trimerisation and the codimerisation of ethene with 

other alkenes, due to the many industrial applications but very little research has been 

conducted into the related area of cotrimerisation. 

In 1977 Kaneda and co-workers developed a heterogeneous catalytic system using 

palladium (II) chloride on a polystyrene resin, with silver tetrafluoroborate, AgBF4, as a 

cocatalyst. 90 It was shown that this system could cotrimerise styrene and ethene to give 
diphenylhexene, consisting of two styrene molecules and one ethene molecule. This 

system has a 100 % conversion of styrene to cotrimer or dimer products under one 

atmosphere of ethene. The products formed by various conditions are shown in Scheme 

2.5. 
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,, 57% 34% 

1 atm 
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polymer 
ýý Ph 

+ ý 
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4.5 h ° 95% ° 4% 

50 °C 44 45 

6 h\ Ph Ph Ph Ph Ph 
Ph 

54% 33% 5% 
46 47 48 

Scheme 2.5 - Cotrimerisation of Styrene and Etüene Using Pd Polymer77 

At 5 atmospheres of ethene the system switches to dimerisation of ethene and styrene, 

giving compounds 44 and 45. It was also found that the Pd polymer system could 

cotrimerise styrene with propene giving a selectivity to trimer 46 of 54 %. 

Homodimerisation of styrene also occurs in the absence of ethene to give 90 % 

compound 48 after 1 h. Dimerisation of ethene or propene was observed but had a low 

conversion at atmospheric pressure of propene. 

Pellecchia and co-workers found that the copolymerisation of styrene and ethene using a 

[TiCp*Me3][B(C6F5)3] system (Cp* = rls-CSMes), produced a polymer with a 

polyethylene backbone and 4-phenylbutyl branches. 91 It was concluded that the 

4-phenylbutyl branches were produced from the incorporation of 6-phenyl-l-hexene 

into the polymer chain and that this isomer was produced by the cotrimerisation of 

ethene and styrene. Under suitable conditions the polymer contained 52 - 54 mol % of 

phenylbutyl branches (Figure 2.2). It was proposed that there are several different Ti 

species in solution, some able to copolymerise 6-phenyl-l-hexene with ethene, some 

able to cotrimerise styrene with ethene and some able to polymerise ethene. 

hhhh 

57 % 34% 
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,I 

Figure 2.2 - 4-Phenylbutyl Branched Polyethylene 

Further research into the cotrimerisation of ethene and styrene by this group reported a 

half titanocene catalyst to cotrimerise ethene and styrene, giving phenylhexene. 92 The 

system which gave the largest cotrimer fraction was [Ti(i5-CSHS)C13], with 5.2 mmol of 

methylaluminoxane (MAO) in toluene at 20 °C and under 1 bar of ethene. The various 

systems produced between five and six cotrimers depending on the system. The 

cotrimers were analysed by gas chromatography (GC). Figure 2.3 shows a selection of 

the cotrimers produced by this system. Polyethylene and polystyrene were also 

produced. 

. "j9 ��, 
ý 

49 50 

i 
i 

51 52 

Figure 2.3 - Products from Cotri, nerisatio s of Styrene and Ethene 

There have been other examples of cotrimerisation, for example the production of C1o+ 

compounds in ethene trimerisation shows that 1-hexene has been incorporated into the 

trimer. 4 Also Wass and co-workers added butene to a trimerisation experiment using 

the catalyst in Scheme 2.6, [CrC13(thf)3J, 1 and MAO system increasing the amount of 
C8 materials produced from the cotrimerisation of 1-butene and ethene. 
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2.2. Cotrimcrisation of Ethenc with Alkenes 

2.2.1. Objectives 

The aim of this research was to investigate cotrimerisation of funetionalised alkenes and 

ethene, utilising a catalytic system using NN-bis(diarylphosphino)amine (PNP) ligands, 

a chromium precursor, [CrC13(thf)3] and MAO. 1.4. s The research was also extended to 

include bis(diarylphosphino)methane and bis(diarylphosphino)ethane ligands 

derivatives. Chromium PNP systems have been shown to be highly active and selective 

towards ethene trimerisation and tetramerisation. Therefore it was hypothesised that the 

catalytic ability of these systems could be extended to the cotrimerisation of ethene with 
other alkenes, 1. a, 5,36,37,41, a7 

Ethene trimerisation with Cr catalysts goes via a metallacycle mechanism (Section 

1.2.3). It was suggested that cotrimerisation could occur via the same route. This may 

reduce the chance of isomerisation occurring, like with the Ni, Pd and Ru systems 
described in section 2.1.1. Also unlike these systems, the chromium-based catalysts 

operating by a metallacycle mechanism, should give excellent selectivity to 

trimerisation products. 

2.2.2. Methodology 

The general cotrimerisation reaction is shown in Scheme 2.6.1 4.5 

PNP Ligand + [CrCI3(thf)3) R 
2 ++ 

1 bar 
R MAO, Toluene, 25 °C 

other isomers 

Scheute 2.6 - General Method for Cotrimerisatioai 

[CrCI3(thf)3] was used as the catalyst precursor, with a PNP ligand and MAO was used 
as the cocatalyst. Unless otherwise stated, each run was performed at room 
temperature. The total volume of the reaction mixture was kept constant, so the volume 
of toluene added depended on the volume of the comonomer added. A low ethene 
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pressure of I bar was used to increase the potential for the incorporation of the 

functionalised alkene into the catalytic cycle and maximise the cotrimer to 1-hexene 

(i. e. ethene homotrimerisation) ratio. 93 

2.3. Cotrimcrisation of a Range of Substituted Alkenes with Ethene 

The first system chosen, [CrC13(thf)3]/I/MAO, is shown in Scheme 2.7. This system is 

one of the best reported for the trimerisation ethene to 1-hexene, producing a 

productivity of 1,033,200 g (g Cr h)'', with an overall selectivity to 1-hexene of 

89.9 %. 1,4,5 

Me 
1 

p+ CrCI3(thf)3 C- 
N\ 

\/ 
z 

ýz 

2 
OMe MeO R 

2+1+ I bar 
R MAO, Toluene other isomers 

25 oC 

Scheme Z7 -1CrCI3(t/: ßjJ/1/MAO System 

The cotrimerisation of ethene with various functionalised alkene comonomers was 

investigated. Results from a series of catalytic runs using cyclopentene, norbornene, 

maleic anhydride, methyl methacrylate, methyl acrylate, acrylonitrile, ethyl vinyl ether 

or styrene as the comonomer are shown in Table 2.1. The concentration of the 

comonomer is shown in the table and the amount of toluene used depended on the 

amount of comonomer added, with a total volume of 44 mL. Run 2.1 shows the data 

obtained for a reaction with only ethene, with a productivity of 8654 g (g Cr h)" and a 

selectivity to C6 of 91.5 %, this is in line with literature values at this pressure. 4 The 

general reaction conditions used in Table 2.1 are 0.02 mmol [CrCl3(thf)3], 0.02 mmol 
ligand 1,300 molar equivalents of MAO cocatalyst, toluene, a temperature of 25 °C, 

I bar ethene and a reaction time of 1 hour. The productivity was found from mass gain, 

using the same equation as shown in Section 2.4.1.3 and the selectivity was determined 

from the GC data. 
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Table 2.1- Cotrimerisation of Functionalised Alkenes with Ethene 

Comonomer Productivity 
Run Comonomer Concentration /g (g Cr h)" 

/moldm' 

Selectivity (svt %) 

Co- 1- 
Trimers 

C6 C6" Coo C14 

2.1 None - 8654 - 91.5 86.1 7.0 1.5 

2.26 Cyclopentene 0.5 1212 0.0 75.2 96.0 10.2 0.0 

2.3 Cyclopentene 1.3 269 0.0 99.5 97.0 0.5 0.0 

2.4` Cyclopentene 6.7 1173 0.0 100.0 99.8 0.0 0.0 

2.5 Norbornene 7.4 x 10'4 6192 0.0 60.8 96.7 34.5 4.7 

2.6 Norbornene 6.0 0 0.0 0.0 0.0 0.0 0.0 

2.7 Maleic 5.3 x 10'4 1951 0.0 92.0 99.6 8.0 0.0 
Anh ydride 

2.8 
Maleic 

0.2 673 Too many peaks for analysis Anhydride 

2.9 Methyl 0.4 721 Polymer Formed - No Cotrimer 
Methacrylate 

2.10 Methyl 6.4 320 Polymer Formed - No Cotrimer 
Methacrylate 

2.11d Mcth 3.8 0 Polymer Formed - No Cotrimer 
M ylate 

2.12 Methyl 0.4 404 Polymer Formed - No Cotrimer Acrylate 

2.13d Methyl 7.6 0 Polymer Formed - No Cotrimer 
to Acryl 

2.14 
Ethyl Vinyl 

7.1 0 No product formed 
Ether 

2.15 Acrylonitrile 10.4 0 No product formed 

2.16 Styrene 6.0 7926 95.8 4.18 - 0.0 0.0 
° within C6 fraction, °2h run time, ̀  6h run time, d 70 °C 

In runs 2.2 - 2.4, cyclopentene is not incorporated into the products and so only C6 and 

C, o alkenes are formed from the trimerisation of ethene and incorporation of 1-hexene 

into the trimerisation mechanism. Incorporation still is not observed at 70 °C. It can be 
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seen that as the concentration of cyclopentene is increased, the selectivity to C6 

materials and 1-hexene in particular increases. The possibility of the incorporation of 

1-hexene into the catalytic mechanism may be reduced due to the higher solubility of 

ethene in cyclopentene over toluene and the lower concentration of 1-hexenc due to a 

lower productivity. Both of these factors may contribute to the lower percentage of C10 

and C14 materials and the higher selectivity towards 1-hexene. 

As with cyclopentene the cotrimerisation of norbornene and ethene, run 2.5, was 

unsuccessful and the only products were C6, C1o and C14 products. The productivity is 

reduced from 8654 g (g Cr h)"' for the ethene run (run 2.1) to 6192 g (g Cr h)" and C6 

percentage is reduced to 60.8 %, although the selectivity towards 1-hexene, within this 

fraction, is still 96.7 %. At a high concentration of norbomene, run 2.6, the catalyst was 

deactivated and no hexene was present. Maleic anhydride again showed similar results 

to norbornene with the productivity reduced to 1951 g (g Cr h)" at a low concentration 

of comonomer, with a C6 selectivity of 92.0 % and a selectivity of 99.6 % to 1-hexene 

within the C6 fraction. In run 2.8, with a high concentration of maleic anhydride the GC 

trace contained too many peaks for analysis to be completed. Reaction of this substrate 

with the MAO cocatalyst, leading to degradation products cannot be ruled out. 

Runs 2.9 to 2.13 show results using methyl acrylate and methyl methacrylate, where 

only poly(methylmethacrylate) or poly(methylacrylate) were produced. At low 

concentrations of methylacrylate or methyl methacrylate, the overall productivity is 

zero, this may be because these substrates react with MAO, either preventing MAO 

taking part in the catalytic cycle or deactivating the catalyst. These results suggest that 

this cocatalyst is not appropriate, when using comonomers containing carbonyl or ether 

groups. The cotrimerisation of ethyl vinyl ether and acrylonitrile with ethene was also 

unsuccessful, again reaction of these monomers with MAO is possible. 

In conclusion, most comonomers are not incorporated into the catalytic cycle with these 

catalysts. Activity to 1-hexene is still observed in most cases, albeit at lower activity 

than in the absence of a comonomer. This suggests that the comonomer is not 

irreversibly binding to the metal, but the observed poisoning effect is caused by 

competitive reversible binding of the comonomer. Other comonomers, specifically 

acrylonitrile and vinyl ethers, shut down catalysis completely. The one comonomer that 
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did prove successful was styrene which was shown in run 2.16 to produce cotrimer with 

high selectivity. Further investigations into the results produced by using styrene are 

described in the next section. 

2.4. Cotrimerisation of Styrene and Ethene 

2.4.1. [CrC]3(tht)31/N, N-bis(di-ortho-methoxyphenylphosphino)methyiamine, 

l/MAO System 

2.4.1.1. Analysis of Cotrimer Products 

As seen in Run 2.16 in Table 2.1, the cotrimerisation of styrene and ethene was 

successful. A total productivity of 7924 g (g Cr h)" was achieved with a styrene 

concentration of 6.0 mol dm'3 and an ethene pressure of 1 bar, using 0.02 mmol of 

[CrC13(thf)3] and I equivalent of ligand 1. A selectivity of over 95 % to the cotrimer 

fraction was achieved. 

GC-MS analysis of the liquid product mixture showed that the products obtained were 
C12 compounds formed from two ethene units and one styrene unit, as shown in Scheme 

2.8. The by-products of the reaction were 1-hexene from trimerisation of ethene and 

CIO materials from the cotrimerisation of 1-hexene and ethene. 

2 // +i\+ other isomers 

Iks . 40 

Scheme 2.8 - Overall Cotrimerisation Reaction 

The isomers formed are consistent with the metallocycle mechanism shown in 

Scheme 2.9. This mechanism is more complicated than simple ethene trimerisation due 

to the possible of 1,2- or 2,1- regiochemistry of styrene insertion. 4' 22' 82 
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Chapter 2- Cotrimerisation 

Following catalyst activation, the first step of the catalytic cycle is the coordination of 

two alkene units, followed by oxidative addition to give metallocyclopentane species 
(57 to 59). Unlike ethene, styrene can insert via a 1,2 or 2,1 regiochemistry which leads 

to the possible formation of three different metallacyclopentanes (57 to 59). 

Metallacyclopentane 57 comes from the insertion of two cthene units, and 58 and 59 are 
derived from the insertion of one styrene and one ethene unit with 58 having 1,2 and 59 

having 2,1 styrene regiochemistry. Metallacycloheptane species 60 to 61 are formed via 
insertion of another ethene or styrene molecule into the metallacyclopentane. This is 

followed by a ß-hydride elimination from either side of the metallacycle, giving seven 
different chromium hydride species. Finally reductive elimination occurs to give seven 

possible linear phenylhexene isomers, (E)-1-phenyl-l-hexene, 50, (Z)-l-phenyl-l- 

hexene, 51,6-phenyl-l-hexene, 52,2-phenyl-l-hexene, 53,5-phenyl-l-hexene, 54, 

4-phenyl-l-hexene, 55 and 3-phenyl-l-hexene, 56. This mechanism is very similar to 

the mechanism shown for the trimerisation of higher a-olefins in Chapter 1, Scheme 
82 1.24. 

The GC data from the catalytic runs showed that only five phenylhexene isomers were 

present in the resulting cotrimer mixture (see Appendix 8.1 for GC trace). Attempts to 
fully characterise the cotrimer products was frustrated by the number of isomers with 

very similar 'H and 13C NMR shifts. Hydrogenation of the cotrimer mixture using 

palladium on carbon and 5 bar of dihydrogen to the equivalent phenylhexane isomers, 

simplified identification (Scheme 2.10), where seven possible alkene isomers, from 

Scheme 2.9, became three possible alkane isomers, 1-phenylhexane, 2-phenylhexane 

and 3-phenylhexane. 94 
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Ph 50 
Ph 

51 

Ph 52 

53 

54 
Ph 

Pd on Carbon 

5 bar 112 

Pd on Carbon 

5 bar 112 

1-phenylhexane 

2-phenylhexane 

hI\ 
55 

Pd on Carbon 

5 bar 112 
56 

Ph 3-phenylhexane 

Scheme 2.10 - Hydrogenation of Phenyi/iexene Cotrinners 

Authentic samples of each phenylhexane isomer were synthesised using a literature 

method, by reacting phenylmagnesium bromide with the corresponding hexanone, in 

diethyl ether. This was followed by hydrogenation using palladium on carbon under 

5 bar of dihydrogen, as shown in Scheme 2.1 1.94 1-Phenylhexane was commercially 

available. The '3C and 'H NMR spectra and GC data of the cotrimer alkane sample was 

then compared to that of the authentic samples. 

MgBr 02 
+ tvR 

diethyl ether 
f ` 

Ph 

ý2 ývR 
Pd on C Ph 

R2 a 
/ R lex, re R 5b r 112 R 

16h 5d 

2-Phenylhexane - R1 = Me, R2 = nPr 
3-Phenylhexane - Rl = R2 = Et 

Scheme 2.11- Synthesis of Authentic PheisylheYane Standards 

From comparing the cotrimer sample to the authentic samples it was found that the 

hydrogenated cotrimer mixture contained 1-phenylhexane and 3-phenylhexane; 

2-phenylhexane was not present. The percentage of each phenylhexane isomer present 

was calculated from the GC trace and is reported in Table 2.2. 
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Table 2.2 - Product Distribution of Hydrogenated Cotrimers 

Hydrogenated Cotrimer Percentage Distribution /% 

1-Phenylhexane 84.6 % 

2-Phenylhexane 0.0 % 

3-Phenylhexane 15.4 % 

Within the hydrogenated cotrimer mixture, [CrC13(thf)3]/1/MAO system has a 

selectivity towards 1-phenylhexane of 84.6 % and to 3-phenylhexane of 15.4 %, 

therefore a selectivity of 84.6 % to isomers 50,51 and 52 and a selectivity of 15.6 % to 

isomers 55 and 56. 

Once the identification of the phenylhexane isomers was achieved, it was possibly to re- 

examine the 13C NMR spectrum of the original alkene cotrimer mixture and identify the 

peaks corresponding to each of the 1-phenylhexene isomers, as it was now known that 

this was the major product. From a comparison with literature 13C NMR shifts, the 

identification of (E/Z)-1-phenyl-l-hexene, 50,51 and 6-phenyl-l-hexene, 52 was 

achieved. Subsequently, using integration of the peaks on the 13C NMR spectrum, the 

selectivities to each isomer was determined and is shown in Table 2.3.91' 92 It was not 

possible to distinguish between isomers 55 and 56 by13C NMR spectroscopy or by GC, 

due to very similar shifts and therefore difficult to find the selectivity to each cotrimer. 

For clarity the 1-phenylhexane and 3"phenylhexane fractions in the hydrogenated 

cotrimers, will be referred to as the 1-phenylhexene and 3-phenylhexene fractions 

respectively for the cotrimer mixture. 

Table 2.3 - Product Distribution within 1-Phenylhexene Fraction 

Cotrimer Selectivity 

E-1-phenyl-l-hexene, 50 54 % 

Z-1-phenyl-l-hexene, 51 13 % 

6-Phenyl-l-hexene, 52 33 % 
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This system has a selectivity of 54 % towards (E)-1-phenyl-l-hcxcnc, 50, within the 

1-phenylhexene fraction and 13 % and 33 % to Z-1-phenyl-l-hexene, 51 and 6-phenyl- 

1-hexene, 52 respectively. The initial aim of the project was to synthesise terminal 

alkenes for use as comonomcrs in copolymerisation, therefore this system has an overall 

selectivity of 27.9 % towards 6-phenyl-1-hexene, 52. 

The resulting selectivity of the [CrCl3(thf)j]/1/MAO system can be explained by 

referring to the mechanism by which the cotrimer isomers are formed. Firstly, referring 

to Scheme 2.9, isomer 53 and 54 are formed via metallacycloheptane 61, indicating that 

this, formed via the 1,2 insertion of styrene, is not a significant intermediate. This 

suggests that the 2,1 insertion of styrene in the mechanism is favoured over 1,2 

insertion, which may be due to an interaction between the 7t system on the phenyl ring 

of styrene and the chromium centre. Also the carbon atom in the 2 position is more 

electropositive compared to the carbon atom in the I position, due to the electron 

withdrawing nature of the phenyl ring, so it is more favourable for the metal to bind to 

this position. All the observed products, 50 - 52 and 55 and 56 can be derived from one 

metallacyclopentane, 51, and the major products (50 - 52) are obtained from the 

insertion of ethene into the less hindered side of the metallacyclopentane to give 
intermediate 60. It is proposed that the OMe group on the phenyl rings in 1 act as a 

pendant ligand, increasing the bulk on the metal and therefore the less hindered route is 

favoured, as shown in Scheme 2.12. Such a pendant donor interaction has been 

confirmed by Bercaw and co-workers. 5 A purely steric component to this interaction 

cannot be ruled out in line with observation by Sasol Technology for ethene 
trimerisation. However the change in selectivity observed with an ortho ethyl 

substituted ligands (vide infra) suggests that purely steric interactions are not sufficient 
to account for this selectivity. 
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Ethene insertion ph 
more hindered into less hindered 
site bh side Cr D --º 1-plienylhexenes 

r 60 

58 Ph 
Ethene insertion Cr -ý- 3-phenylhexenes 

into more hindered 
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pendant ligand 

OMe Ar, 
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PAC 

, P/ 
Are 
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Scheme 2.12 - Formation of Cotrinter Isomers 

The selectivity towards internal isomers 50 and 51 is consistent with ß-hydride 

elimination from the more hindered side of intermediate 60. It is noteworthy that a full 

statistical distribution of alkene trimers, as would be expected via an 

insertion/elimination mechanism, is not obtained and the aqueous acid used in workup 

of reaction mixtures does not lead to alkene isomerisation. 

2.4.1.2. Comparison of Products to Cotrimerisation of 1-11exene and Ethene 

The by-products of ethene trimerisation using the [CrC13(thf)3]/1/MAO system are 

mainly methylnonenes, arising from two ethene units and one 1-hexene unit, this is 

effectively the cotrimerisation of 1-hexene and ethene. 4 A comparison between the 

isomers formed in the cotrimerisation of 1-hexene and ethene and the isomers from the 

cotrimerisation of styrene and ethene is shown in Table 2.4. 
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Table 2.4 - Product Distribution Comparison for Cotriuierisatlon of Styrene with 

Cotrimerisatlou of 1-Ilexene and Ethene 

Styrene (R=Ph) 1-1lexene (R=ßu) 

R 84.6% 0% 
R 

R 

0% >92% 
TR 

R 

15.4% <5% 

R 

The cotrimerisation of 1-hexene and ethene gives predominantly 2-methylnonene or 

2-methylenenonane, from the 1,2 insertion of 1-hexene into the metallocycle 

mechanism. The cotrimerisation of styrene and ethene gives predominantly 

1-phenylhexene isomers, from the 2,1 insertion of styrene into the metallocycle 

mechanism. The preference of styrene for 2,1 regiochemistry of insertion compared to 
95 

the 1,2 regiochemistry of 1-hexene has been previously observed. -97 It is proposed to 

be due to electronic contributions of 1-hexene compared to styrene. 

2.4.1.3. Effect of Changing Reaction Conditions on Products and Productivity 

The aim of this section is to investigate how the productivity and selectivity of the 

products from the cotrimerisation of ethene and styrene is affected by changing the 

conditions of the reaction. For a comparison, under the same general conditions as 

cotrimerisation, it was shown that for ethene trimerisation the [CrCI3(tht)3]/1/MAO 

system gave a productivity of 8654 g (g Cr h)" and a 1-C6 selectivity (within C6 

fraction) of 86.1 %. Unless otherwise stated, the standard conditions used for the 

reactions in Table 2.5 are 0.02 mmol of [CrC13(thf)3], 0.02 mmol of 1,300 equivalents 

of MAO, toluene as the solvent, a temperature of 25 °C, 1 bar of ethene and a1h run 

time. The styrene concentration in the reaction vessel was varied from 0 to 6 mol dm'3. 
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This is shown in runs 2.17 to 2.31 in Table 2.5. The pressure of ethenc and total 

volume was kept constant. The product distribution was calculated from the GC data 

and the selectivity to 1-hexene is given within the hexene fraction. 

Table 2.5 - Cotrinterisation of Styrene and Ethene using JCrCI j(thniJ/11AfAO System 

Run 
Styrene Overall Productivity /g (g Cr h)" 

/ mol TOF 
dm 3 /11'1 Overall Cotrimer C6 

1- 
trimers 

C6 C6 CIO C14 

2.17 0.04 4430 7570 802 6768 10.6 67.2 94.0 21.4 0.8 

2.18 0.1 3954 6774 718 6056 6.9 71.6 98.9 13.7 0.2 

2.19 0.4 4660 9490 4052 5438 42.7 38.4 98.9 18.1 0.8 

2.20 1.0 3630 8472 5940 2532 64.8 21.5 96.6 13.8 0.0 

2.21 1.6 3245 8264 6339 1925 76.7 10.5 97.8 5.3 0.0 

2.22 6.0 2674 7926 7593 333 95.8 4.2 h 0.0 0.0 

2.23° 0.1 2787 4844 722 4122 14.9 53.4 99.2 27.9 3.8 

2.240 0.4 855 1669 607 1062 36.4 53.5 96.3 10.1 0.0 

2.250 1.0 2295 3305 2489 816 75.3 22.1 93.1 2.6 0.0 

2.26° 1.6 1106 2801 2134 667 76.2 22.7 81.6 1.1 0.0 

2.276 6.0 1120 3306 3150 156 95.3 3.9 -h 0.7 0.0 

2.28` 6.0 1720 4579 3787 792 82.7 16.0 89.1 1.3 0.0 

2.29" 6.0 1966 5321 4518 803 84.9 15.9 99.8 0.0 0.0 

2.30e ethene 5357 - - 8654 - 73.0 86.1 25.0 2.0 
only 

2.31f 6.0 0 0 0 - 0 - - - - 
2.329 6.0 0 0 0 0 0 0 - 0 0 

°2h run time, °6h run, ` 70 °C, a cyclohexane used as solvent, e ethene trimerisation, J styrene 
homotrimerisation run with no ethene, g blank run with styrene and ethene but no ligand, h 

not detectable. 

Two control runs were performed, run 2.31 and 2.32 in Table 2.5, these showed that no 

cotrimerisation occurs in the absence of ligand (run 2.32) or in the absence of ethene 

(run 2.31), styrene homotrimerisation, does not occur. For ethene trimerisation the 

productivity or turnover frequency (TOF) of the system can be calculated from the mass 

Selectivity (wt %) 
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gain of the reaction vessel, as the only monomer is ethene. 2 Due to the difference in 

molecular weights of the products (hexene and the cotrimers) and that hexene consumes 

three ethene molecules, whereas phenylhexene consumes two ethcnc molecules, the 

productivity and TOF could not be directly calculated from the mass gain of the reaction 

vessel. Once cotrimers were identified, the cotrimer productivity and TOE could be 

found. Cotrimer productivity and TOF were calculated from the mass of cotrimers 

produced, which was in turn calculated from the mass gain, as follows: 

Ratio of cotrimer 
to hexene R 

%(cotrimer) 
100 - %(cotrimer) 

Fraction of ethene Mw (ethene) 
comsumed in cotrimer Frac(cotrimer) ==0.35 
compared to styrene 

Mw(ethene) + Mw(styrene) 

Mass cotrimer mass gain of run x Frac(cotrimer) 

produced 
m(c / 

ggmer) 
=I+ Frac(cotrimer) xR 

Pof Prod(cotrimer m(cotrimer) 
cotrim 
Productivity i 

only 
)=/ 

g(g Cr h)' Mw(Cr) x moles(Cr) x run time 

mass gain of run 
m(1-hexene) = 

/g 
-17 Frac(cotrimer) xR 

TOF(h verall) = 
m(I-hexene) 

Mw(hexene) x run time x Mw(Cr) 

It can be seen from Table 2.5 that as the concentration is increased the TOF decreases, 

showing a decrease in activity. Adding styrene to the reaction vessel slows down the 

rate of cotrimerisation, where at a concentration of 6.0 mol dm 3 of styrene, a TOF of 

2674 h1 is obtained (run 2.22). One reason for a decrease in activity may be due to 

catalyst poisons in styrene, which were not removed in the purification process. 

As expected, as the concentration of styrene is increased the activity towards 

cotrimcrisation increases and the ethene trimerisation activity decreases, see Runs 2.17 

to 2.22 in Table 2.5. Below a concentration of 1.0 mol dm'3, an increase in the 

concentration produces a larger change in the productivity than above 1.0 mol dm'3. As 
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each reaction proceeds, styrene is being consumed and therefore the concentration is 

decreasing. This may have an effect on the productivity of a run using low styrene 

concentrations but will have little effect on, for example, run 2.22 using 6 mol dm-3 of 

styrene as an excess of styrene is also seen in the GC trace. 

At 6.0 mol dm'} (run 2.22 in Table 2.5), a selectivity to the cotrimer fraction of 95.8 % 

is achieved, this selectivity is not affected by run time, as the selectivities towards 
hexene and cotrimers are very similar over Ih (runs 2.16) and 2h runs. After 6h (run 

2.27 in Table 2.5) the selectivity to cotrimers has decreased to 82.7 % and the TOF 

decreases to 1120 h'', indicating catalyst deactivation over time. The cotrimer 

selectivity increases rapidly as the concentration of styrene is increased. At 1 mol dm-3 

the percentage of cotrimers is over 60 %, reaching 95.8 % at 6.0 mol dm'3 of styrene. 

Generally catalytic runs were carried out at 25 °C, although a small (<10 °C) amount of 

exothenn was observed during the reaction. Run 2.28 in Table 2.5 was run at 70 °C, 

with a styrene concentration of 6 mol dm"3. The TOF and cotrimer selectivity for this 

run was 1,720 h" and 82.7 % respectively, compared to 2,674 h" and 95.8 % for run 
2.22 at 25 T. At this temperature the drop in activity may be due to catalyst 
decomposition to non-active species. A similar observation was made by Wass and co- 

workers, who found that when this system is used for ethene trimerisation, using 2 bar 

of ethene, at 80 °C, the TOF was 2,976 h" compared to 6,131 h" for 1 bar of ethene at 
25 °C. 4 

As previously stated in Section 2.4.1.1 there are 8 possible cotrimer products, although 

only 5 products are formed. Table 2.6 and Figure 2.4 show how the ratio of each 

cotrimer changes with styrene concentration, shown as a percentage. 
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Table 2.6 - Change in Ratio of Cotrimers with Concentration 

Run 
Styrene 

Concentration 
/ mol dm 3 

Total 
Cotrimer 
Selectivity 

/% 

Cotrimers Produc 

50 51 52 

t Distribution (wt %) 

In 55-56 
53- 55- Fraction' 
54 56 

AB 

2.17 0.04 10.6 49.2 13.3 20.9 0.0 16.6 9.1 7.5 

2.18 0.1 6.9 53.1 9.6 21.1 0.0 16.2 8.5 7.7 

2.19 0.4 42.7 53.3 9.9 20.6 0.0 16.2 8.5 7.7 

2.20 1.0 64.8 51.1 9.6 20.7 0.0 18.6 9.3 9.3 

2.21 1.6 76.7 52.1 12.1 19.1 0.0 16.7 8.6 8.1 

2.22 6.0 95.8 54.5 8.6 22.2 0.0 14.7 7.8 6.9 

2.23 0.1 14.9 55.9 11.1 18.8 0.0 14.2 7.2 7.0 

2.24 0.4 36.4 54.0 9.3 21.5 0.0 15.2 7.7 7.5 

2.25 1.0 75.3 56.1 9.0 21.8 0.0 13.2 7.0 6.1 

2.26 1.6 76.2 55.1 9.0 22.3 0.0 13.6 7.2 6.4 

2.27b 6.0 95.3 56.3 8.8 21.5 0.0 13.4 7.2 6.2 

2.28c 6.0 82.7 47.7 10.7 21.9 0.0 19.8 10.0 9.8 

2.29" 6.0 84.9 55.6 9.2 20.1 0.0 15.1 9.2 5.9 
a Calculated as a percentage of whole cotrimer product and not as percentage of 55-56 fraction; ' 6h run; 
run at 70 °C; d cyclohexane as solvent. 

In Table 2.6 isomers 55 and 56 are referred to as A and B when calculating the ratio of 

each; it not possible to accurately assign isomer 55 or 56 to the relevant peaks on the 
GC trace due to the similarities of the two isomers in 13C NMR spectroscopy. 
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Figure 2.4 - Change in Product Distribution with Concentration for 1h Run 

The ratio of each cotrimer stays constant and is not concentration dependant, this pattern 
is also true for the set of reactions run for 2h (run 2.23 - 2.26 in Table 2.6) and 6h (run 

2.27 in Table 2.6). Temperature has an effect on cotrimer distribution (run 2.28 in 

Table 2.6), with an increase in the formation of isomers 55 and 56. 

Run 2.29 in Table 2.5 shows results obtained from a run using cyclohexane as the 

solvent instead of toluene. A TOF of 1966 h" was achieved, which is lower than that 

obtained for toluene (2674 h-1, run 2.22 in Table 2.5) and the selectivity towards the 

cotrimer fraction is also lower, at 84.9 %, although the distribution of cotrimer isomers 

within the cotrimer fraction (Run 2.29, Table 2.5) is not affected by the solvent. 

In order to investigate how the percentage of products produced changed throughout the 

reaction and if the catalyst degrades over time, a run was performed at a styrene 

concentration of 6 mol dm "3 and 25 °C, using 0.02 mmol [CrCI3(thf)3], 0.02 mmol 1, 

300 equivalents of MAO cocatalyst, toluene and a total volume 44 mL. Samples were 

taken every 15 minutes for two hours and mesitylene was used as an internal standard, 
in order to calculate the concentration of cotrimers and l-hexene in the solution. The 

results are shown in Table 2.7 and in Figure 2.5. 
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Table 2.7 - Results from Sampled Run 

Time / 

min 

Concentration 
3 /moldm 

Co- 
Hexene 

trimers 

Cotrimers product distribution (wt %) 

In 55-56 Fraction" 
50 51 52 

53- 55- 
54 56 

AB 

15 0.017 0 . 20 56.9 8.9 20.8 0.0 13.4 6.5 6.9 

30 0.014 0.22 53.0 9.6 23.1 0.0 14.2 7.6 6.6 

45 0.026 0.50 52.9 9.0 22.2 0.0 15.9 8.4 7.5 

60 0.038 0.64 53.4 9.0 21.8 0.0 15.7 8.2 7.5 

75 0.050 1.07 53.0 8.8 22.6 0.0 15.6 8.3 7.3 

90 0.046 1.07 53.9 9.3 20.5 0.0 16.3 8.3 8.0 

105 0.077 1.05 53.8 8.8 22.7 0.0 14.7 8.0 6.7 

120 0.082 1.1 53.3 8.8 22.4 0.0 15.4 8.1 7.3 

180 0.040 1.15 56.7 8.8 22.4 0.0 12.2 6.3 5.9 
a Calculated as a percentage of whole cotrimer product and not as percentage of 55-56 fraction, 55 and 56 
cannot be distinguished. 
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Figure 2.5 - Change in Product Composition over Time 
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Figure 2.5 shows that, within experimental error, both hexenc and the cotrimers arc 
initially formed uniformly over time, but after about 90 min the production slows down, 

presumably due to a reduction in styrene concentration as the reaction proceeds, 

although this could also be due to catalyst decomposition. The cotrimer concentration 
increases rapidly compared to 1-hexene, showing that at high concentrations of styrene, 

cotrimer formation is favoured over 1-hexene formation. 

2.4.1.4. Cotrimerisation of Ethene with Substituted Styrene Comonomer 

The investigation was extended to substituted styrene derivatives and the results are 

shown in Table 2.8. Unless otherwise stated, the standard conditions were 0.02 mmol 

of [CrCl3(thi)3], 0.02 mmol of ligand, 300 equivalents of MAO, 1.2 mol dm'3 of 

substituted styrene comonomer, toluene (total volume of 6 mL) a temperature of 25 °C, 

I bar of ethene and reaction time of 1 hour. 
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Table 2.8 - Cotriurerisation of Ethene and Substituted Styrene Derivatives 

Overall 
Productivit / Product Distribution (wt %. 

'ý 
) 

Run Comonomer TO g (g Cr h)' 

/11,1 Overall trCo- er trip ers 
C6 1-C6 CIO 

2.22 styrene 2674 7926 7593 95.8 4.2 -b 0.0 

2.33° 4-methylstyrene 2529 3724 2872 87.7 12.3 62.4 0.0 

2.34 2-chlorostyrene 143 231 0 0.0 100.0 77.7 0.0 

2.35 4-chlorostyrene 713 1885 1363 72.3 19.1 86.8 8.6 

2.36 3-nitrostyrene 232 375 0 0.0 67.9 83.6 32.1 

2.37 4-methoxystyrene 134 268 94 35.0 59.8 81.0 5.2 

2.38 2,4,6-trimethyl- 411 663 0 0.0 82.6 77.5 17.4 
styrene 

2.39 4-vinylpyridine 0 - - 0.0 100.0 - 0.0 

2.40 2-vinylpyridine 0 - - 0.0 100.0 - 0.0 

2.41 vinylcyclohexane 0 - - 0.0 100.0 0.0 

5.2 mol dm-3 4-methylstyrene, total volume 44 mL, ° percentage too low to calculate I- C6 selectivity, 
`Could not be determined as coincided with comonomer peak; 

The productivity observed for all substituted derivatives is lower than that for styrene. 

The selectivity towards cotrimer products, for 4-methylstyrene, is similar to styrene. 

4-chlorostyrene has a lower selectivity than styrene for these products. A significantly 

lower productivity and selectivity is observed with 4-methoxystyrene (run 2.27 in Table 

2.8). This observation may be due to electronic effects of the methoxy group but as 

4-methoxystyrene gives similar electronic properties to 4-methylstyrene, it is more 

likely to be due to poisoning of the electrophilic catalyst centre by binding to the OMe 

group. It can be seen from Table 2.8 that the styrene derivatives with para substituents 

produced co-trimers, whereas the ortho or pieta substituted derivatives did not. For 

example using 2-chlorostyrene (run 2.34 in Table 2.8) does not produce cotrimers, 

whereas using 4-chlorostyrene (run 2.28 in Table 2.8) does produce cotrimers, with a 

cotrimer productivity of 1363 g (g Cr h)"1 and a selectivity to cotrimers of 72.3 %. This 

may be because the derivatives with ortho substituents are too bulky to be incorporated 
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into the growing metallocycle, whereas the para substituted derivatives have less stcric 
bulk in the region adjacent to the vinyl group. 

Referring to Scheme 2.9, it can be seen that the route that forms cotrimer isomers 50 - 
52,55 and 56 involves the formation of chromacyclopentane 57 and 

chromacycloheptanes 60 or 62 from the 2,1 insertion of styrene (Figure 2.6). In both 

intermediates the aryl group is positioned so that the delocalised n-system may interact 

with the metal centre. Intermediates 58,60 or 62 with aryl groups with ortho 

substituents are much more hindered than when the R group is in the Para position. 

R 
Ar I\ I\ I\ 

Cr ---0 Cr Cr CR 

58 
R 

Ar I\ I\ I\ 

Cr -00- Cr 
R 

Cr DR 
60 

para meta ortho 
substituted substituted substituted 

Ar = Substituted phenyl group 
R= Substituent on styrene derivative 

Figure 2.6 - Effect of Position of R for Substituted Styrene Derivatives 

The ring-saturated version of styrene, vinyl cyclohexane, run 2.41, produced no 

cotrimers. This is surprising but suggests that having the phenyl ring is important and 

supports the theory that the phenyl ring interacts with the metal centre. 2-Vinylpyridine 

and 4-vinylpyridine are sterically equivalent to styrene and, like styrene, contain a 
delocalised n-system, but do not form cotrimers. It seems likely that the nitrogen binds 

irreversibly to the metal centre and shuts down catalysis. 
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Table 2.9 shows the product distribution of the different cotrimers for each of the 

successful styrene derivatives. 50 to 56 in Table 2.9 refer to the styrene/ethene cotrimer 

analogues, where here the substituted versions of these isomers are formers. 

Table 2.9 - Cotrimer Distribution of Cotri, nerisatioi: of Etbene with Substituted 

Styrene Derivatives 

Cotrimers Product Distribution (wt %) 

Run Comonomer In 55-56 

50 51 52 53- 55- Fraction" 
54 56 

AB 

2.22 styrene 54.5 8.6 22.2 0.0 14.7 7.8 6.9 

2.33 4-methylstyrene 44.4 7.4 25.9 0.0 22.2 12.0 10.2 

2.35 4-chlorostyrene 74.2 8.1 12.6 0.0 5.1 2.1 2.0 

2.36 4-methoxystyrene 48.7 9.5 25.0 0.0 16.8 8.8 8.0 
° 5.2 mol dm; 4-methylstyrene, total volume 44 mL. 

4-Methylstyrene and 4-methoxystyrene show a similar distribution to styrene. 

4-chlorostyrene has a higher percentage of the internal isomer, substituted version of 
isomer 50. It is unclear as to why this change in product distribution occurs, although 

referring to the mechanism in Scheme 2.9, the formation of the isomer 50 analogue is 

from intermediate 60, with ß-hydride elimination of 60 on the side of the phenyl group. 

This suggests that the larger chlorine substituent forces ß-hydride elimination in this 

position, also the electron donating properties of the chlorine into the phenyl group may 

weaken the chromium-phenyl interaction. 

2.4.2. [CrCI3(thf)31/N, N-bis(diphenylphosphino)isopropylamine, 19/111AO System 

At 45 bar of ethenc and 45 °C, the [CrC13(thf)3]/19/MAO system, reported by Bollmann 

and co-workers was found to tetramerise ethene to 1-octene, with a selectivity to C8 of 
68.3 %, of which 98.9 % is 1-octene and a productivity of 272,400 g (g Cr h)". 47 This 

system was chosen for the co-oligomerisation of styrene and ethene at an ethene 
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pressure of I bar and 25°C; the same general conditions were used as that for the 

[CrC13(thf)j]/1/MAO system, as shown in Scheme 2.13. 

Y 
/\N CP 

\P O) 
; PC13(thO31 

222 Ph 
2 

19 

1 bar Ph MAO, Toluene other isomers 
25 C 

Scheme 2.13 -ICrCl3(thnj1/19/RIAD System 

As with the [CrCl3(thf)3]/1/MAO system, GC analysis of the liquid product mixture 

showed that the products obtained were phenylhexene isomers, in contrast to the 

selectivity for tetramerisation products observed in ethene homo-oligomerisation seen 

for this catalyst. 47 The percentage selectivity to cotrimers is 100 %; no hexene was 

produced. Table 2.10 shows the results obtained from this system, using 0.02 mmol of 
[CrC13(thf)3], 0.02 mmol 19,1 bar of ethene and 6.0 mol dm'3 of styrene, at 25 °C for 

1 h. 

Table 2.10 - Styrene/Ethene Cotrinnerisation Using CCrCIj(tl:, n3J/191AIA0 System 

Overall Productivity /g (g Cr It)" Product Distribution (wt %) 
Run TOF 

/11,1 Overall Cotrimer 1-Ilexene 
tr m- C6 1-C6 C10 C14 

ers 

2.42 1232 3791 3791 0 100.0 0.0 0.0 0.0 0.0 

2.43° 821 2527 2527 0 94.5` 0.0 0.0 0.0 0.0 

2.446 786 2418 2418 0 100.0 0.0 0.0 0.0 0.0 

a 70 °C, cyclohexane used as solvent, ̀ 5.5 % unidentified oligomers. 

Run 2.42 shows that, in comparison, the TOF and overall productivity are half that of 

the [CrC13(thf)3]/l/MAO system. Increasing the temperature to 70 °C (run 2.43) or 

using cyclohexane as the solvent (run 2.44) seems to decrease the productivity. A small 

amount of unidentified higher oligomer products were observed with 19 as the ligand at 
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70 °C (run 2.43 in Table 2.10). It seems that at elevated temperatures that more than 

one styrene unit, or greater than three monomer units may be incorporated into the 

products, albeit with low selectivity. 

Table 2.11- Product Distribution of JCrCIJ(thn jJ/19/MAO System for 

Cotrinierisation 

Cotrimers Product Distribution (wt %) 

Run In 55-56 Fraction` 
50 51 52 53-54 55-56 

AB 

2.42 4.1 0.3 0.4 0.0 95.2 50.4 44.8 

2.43° 6.7 0.9 0.5 0.0 91.9 49.5 42.4 

2.446 11.4 0.7 0.6 0.0 87.3 46.4 40.9 

70 C. cyclohexane used as solvent, ̀overall selectivity. 

The product distribution, under standard conditions (run 2.42, Table 2.11) is 4.8 % 

(E/2)-1-phenyl-l-hexene, 50,51 and 6-phenyl-l-hexene, 52 and 95.2 % 4-phenyl-l- 

hexene, 55 and 3-phenyl-l-hexene, 56. There was no 2-phenyl-l-hexene, 53 or 
5-phenyl-l-hexene, 54 present. Although the products are still consistent with a route 
involving the 2,1 insertion of styrene, the selectivity of this system is different to that of 
[CrC13(thf)3]/l/MAO system, favouring the formation of more branched isomers over 
linear. The origin of this selectivity control is not clear leading to the investigation of a 

wider range of ligands in Section 2.4.3. Increasing the reaction temperature to 70 °C 

(run 2.43 in Table 2.11), decreased the selectivity to isomers 55 and 56 to 91.9 %. 
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2.4.3. Ligand Effects 

2.4.3.1. NN-bis(diarylpliosphino)alkylamine Ligands for Cotrimerisation of 
Etliene and Styrene 

A variety of PNP ligand were synthesised and tested for ethene and styrene 

cotrimerisation. The PNP ligands were synthesised using a variety of methods adapted 
from literature methods. 36,37' 41,42' 98 These syntheses are discussed further in Chapter 5. 

Unless otherwise stated the conditions used for catalysis were 0.02 mmol of 
[CrC13(thf)3], 0.02 mmol of PNP ligand, 300 equivalents of MAO cocatalyst, a 

temperature of 25 °C, 1 bar of ethene, and a reaction time of 1 hour. The results 

obtained are shown in Tables 2.12 to 2.16, the productivity in each table was 
determined from the mass gain of the reaction vessel and the cotrimer selectivity was 
determined from the GC data. For a comparison each table contains run 2.22 (originally 

from Table 2.5 in Section 2.4.1.3) showing the results from the [CrCl3(thf)j]/1/MAO 

system. 

Figure 2.7 shows a series of PNP ligands with alkyl substituents on the nitrogen back- 

bone. The [CrC13(thf)3]/19/MAO system, which was found to be highly active for 

ethene tetramerisation (see Section 1.3.1), was shown in Section 2.4.2 to form mainly 
55 and 56, leading to investigation into other PNP ligands. 55 The productivities and 

selectivities obtained from systems using these PNP ligands are shown in Table 2.13. 

1e 

(Q/N\ =P 
P\ý! 

2 17 

/N\ - 

63 

Y 
(O'-O, 

Figure Z7 - PNP Ligarads with Alkyl Substih, ents on the Nitrogen 
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Table 2.12 - Cotriiuerisation with the I'NP Ligands in Figure 2.7 

Cotrimers Product Distribution (wt %) 

Productivity TOr of In 55-56 Run Ligand /g (g Cr h) '. I Cotrimer 53- 55- Fraction" /11'1 50 51 52 54 56 
AB 

2.22 1 7926 2674 54.5 8.6 22.2 - 14.7 7.8 6.9 

2.45 17 6044 1961 24.4 10.3 7.2 - 58.1 28.0 27.8 

2.46 63 8049 2621 14.0 3.9 3.3 - 78.9 39.3 39.6 

2.42` 19 3791 1232 4.8 - 95.2 47.0 48.2 

a overall selectivity; Percentage too small to distinguish cotrimers; ̀ see Table 2.10 

PNP ligands with alkyl substituents on the nitrogen (Figure 2.7) were highly active for 

cotrimerisation, although generally less active than ligand 1, (Table 2.12). There is no 

obvious correlation between the size of the alkyl group and the activity, as in run 2.46 

ligand 63 gave a cotrimer TOF of 2621 h''. The selectivity is affected by the size of the 

alkyl group, the selectivity towards isomers 55 and 56 is 58.1 % for 17 (run 2.45 in 

Table 2.12), increasing to over 95 % for the bulkier ligand 19 (run 2.42 in Table 2.12). 

Therefore the larger the group on the nitrogen, the higher the selectivity is towards 

isomers 55 and 56. The optimum size for the group on the nitrogen, with respect to 

TOF, is an ethyl group, although it is not clear as to why this is the case. It is 

noteworthy that the profound effect of this group in ethene homotri/tetramerisation is 

not understood. 

Figure 2.8 shows PNP ligands with a-methylbenzyl groups on the nitrogen. 
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Table 2.13 - Cotrimerisation with PNP Ligands in Figure 2.8 

Cotrimers Product Distribution (wt %) 
TOF of 

Run Li and 
Productivity Cotrimer In 55-56 
/g (g Cr h)' / h' 50 51 52 53- 55- Fraction' 

54 56 
AB 

2.22 1 7926 2674 54.5 8.6 22.2 - 14.7 7.8 6.9 

2.47 64 2692 878 4.9b - 95.1 53.2 41.9 

2.48 65 3022 983 5.9b - 94.1 59.6 34.5 

2.49 66 3132 1018 1.1 3.9 5.4 - 90.0 49.8 40.2 

Calculated as a percentage of whole cotrimer product and not as percentage of 55-56 fraction, 
Percentage too small to distinguish cotrimers. 

Table 2.13 shows the results obtained for the PNP ligands 64 to 66 shown in Figure 2.8. 

Increasing the size of the group on the nitrogen to a a-methylbenzyl group decreases the 

TOF to 878 - 1012 h'', the selectivity to isomers 55 and 56 was over 90% for each PNP 

in Table 2.13. Cotrimer isomers 55 and 56 have a chiral centre and so enantomerically 

pure PNP ligands 64 and 65 were tested. Chiral GC showed that there was no control 

over chirality, with little change in the product distribution between the R/S isomer, 64, 

and the S isomer, 65 or the R isomer, 66. 

Figure 2.9 shows a series of PNP ligands in which the alkyl substituents on the aryl 

groups has been modified, with the results obtained for these ligands in Table 2.14. 
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Figure 2.9 - PNP Ligand with Alkyl Substituents on Aryl Groups 

Table 2.14 - Cotrinrerisation with PNP Ligands In Figure 2.9 

Cotrimers Product Distribution (wt %) 

Run Ligand Productivity 
.1 

TOF of 
Cotrimer 53 55 

In 55-56 
' /g (g Cr Ii) 

/11,1 50 51 52 - - Fraction 
54 56 

AB 

2.22 1 7926 2674 54.5 8.6 22.2 - 14.7 7.8 6.9 

2.45 17 6044 1961 24.4 10.3 7.2 - 58.1 28.0 27.8 

2.50 10 30 10 14.2 9.0 15.4 - 61.4 34.2 27.2 

2.51 job 0 0 - - - -- -- 

2.52 3 0 0 - - - -- -- 

2.53 11 24 3 - - - - 100.0 53.5 46.5 

2.54 67 0 0 - - - -- - 
Calculated as a percentage of whole cotrimer products and not as percentage of 57-58 fraction; ° 70 °C. 

Compared to 1 and 17 (with a phenyl groups), the productivity from these ligands is 

greatly reduced, with a TOF of only 10 h"1 for 10 (run 2.50 in Table 2.14). In run 2.52, 

ligand 3 is sterically similar to 1 although unlike 1, is not active for cotrimerisation, 

showing the reason for the high activity of I is not due to the steric bulk of the ligand. 

Cotrimerisation does not seem to occur with systems with alkyl substituents in the ortho 

position. As expected, the trimethyl derivative, 67, also showed no activity. A possible 
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reason for this low productivity may be because the alkyl groups in the ortho position of 

each phenyl ring can undergo cyclometallation stopping catalysts from proceeding or 

leading to decomposition, as shown in Figure 2.10. 

CI13 

9C112 

decompostion 
r-, I Arm P products 

-Np 
-. *, 

Cr -NP 
. 

Cr 

Are Are 

10 

Figure 2.10 - Cyclonretallation of Ligaöd 10 to Chromium Centre 

Due to the unique selectivity of 1 over other PNP ligands tested, a set of ligands were 

tested with oxygen donating substituents related to the OMe group in 1. The ligands 

tested are shown in Figure 2.11 and the results obtained are given in Table 2.15. The 

synthesis of 68 and 69 is discussed in Chapter 5. 
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Figure 1. ll - PNP Ligands with Oxygen Based Substituents 
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Table 2.15 - Cotrimerisation with PNP Ligands in Figure 2.11 

Cotrimers Product Distribution (vvt %) 

Productivity TOI' of In 55-56 Run Liganil /g (g Cr h)" Cotrimer 53- 55- Fraction" /11'1 50 51 52 54 56 
AB 

2.22 1 7926 2674 54.5 8.6 22.2 - 14.7 7.8 6.9 

2.55 4 4863 1581 15.5 10.9 8.9 - 64.8 32.1 32.7 

2.56 68 3077 1000 8.5 3.2 24.0 - 64.3 19.8 44.5 

2.57 69 0 0------- 
4' Calculated as a percentage of whole cotrimer product and not as percentage of 55-56 fraction, 

Ligand 4, in run 2.55 in Table 2.15, is the para substituted analogue of 1. A TOF of 

1581 h" was obtained, with a selectivity of 64.8 % to cotrimer isomer 55 and 56, 

whereas 1 is selective towards cotrimer isomers 50 - 52. It seems that the OMe effect is 

not simply electronic and it is important to have this group in the ortho position for 

selectivity towards cotrimer isomers 52 - 54. Ligand 68 (run 2.56 in Table 2.15) shows 

similar productivity and selectivity as ligand 4, suggesting that the slightly better donor 

properties and reduced steric bulk of an OMe group is essential in achieving the 

observed unique selectivity for this derivative. Clearly the structural parameters 

affecting selectivity are extremely subtle. Ligand 69 (run 2.57 in Table 2.15) was found 

to be inactive towards cotrimerisation, this may be due to the bulky acetal groups being 

too bulky, or a change in coordination mode may be observed, as previously reported by 

IIercaw and co-workers for PNP ligands with ortho SMe groups (Figure 1.5). 4° 

The two PNP ligands shown in Figure 2.12 were also tested for ethene/styrene 

cotrimerisation, the productivities and selectivities obtained are shown in Table 2.16.98 
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Figure 2.12 - Other PNP Ligands Tested for Cotrinrerisation 

Table 2.16 - Cotrinrerisatio, i wit!: Ligarad in Figure 2.12 

Cotrimers Product Distribution (wt %) 

Productivity TOF of In 55-56 Run Ligand /g (g Cr h)' Cotrimer 53- 55- Fraction' /11" 50 51 52 54 56 
AB 

2.22 1 7926 2674 54.5 8.6 22.2 - 14.7 7.8 6.9 

2.58 13 1758 574 2.9 4.2 9.0 - 83.9 46.0 38.0 

2.59 70 00------ 

a Calculated as a percentage of whole cotrimer product and not as percentage of 57 - 58 fraction, 

The system using ligand 13 (run 2.58 in Table 2.16), in which there is the possibility of 

OMe donation via the nitrogen substituent, produced a TOF of 574 h'' and had a 

selectivity to cotrimer isomer 55 and 56 of 83.9 %. Ligand 70 (run 2.59 in Table 2.16) 

has electron withdrawing group CF3 groups in the ortho position and is inactive towards 

cotrimerisation. An electronic and steric effect is the possible cause of this result. It 

should be noted that this derivative also gives very poor results for ethene homo- 

oligomerisation. 

From the range of ligand tested, 1, is the only PNP to show a high selectivity (84 %) to 

isomers 50 - 52. The remaining ligands that produced cotrimers showed a selectivity 

towards 3-phenylhexene 55 - 56, with these isomers contributing to over 95 % of the 

total products for ligand 4. Referring to Scheme 2.9 for ligand 1, it seems insertion into 

the more hindered site of the common metal lacyclopentane intermediate 58 is 

disfavoured. This is because the OMe on the PNP ligand can act as a pendant ligand to 
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the metal, increasing the bulk on the metal centre. In turn this leads to the formation of 

cotrimcr isomers 50 to 52 over 55 and 56. Insertion into the more hindered site is 

possible on systems where the ligand does not act as a tridentate system, producing 

cotrimer isomers 55 and 56. 

A further explanation for the selectivity towards cotrimers 55 and 56 for other PNP 

ligands may be due to the flexibility of the ligands. In 1 the Me group is weakly 

coordinating, reducing rotation of the phenyl rings so this system is selective towards 

cotrimers 50 to 52. In other ortho substituted ligands the other groups can rotate away 
from the metal centre reducing the effective steric bulk around the metal centre. 

At 1 bar of ethene, the ligand systems in this section, other then 1, have been shown be 

inactive for ethene trimerisation. 1'4'5 Therefore as expected, all systems which 

produced cotrimers gave a selectivity of 100 % towards cotrimers products and no 
1-hexene was produced. 

2.4.3.2. Bis(diarylphosphino)alkane Ligands for Cotrimerisation of Styrene and 
Ethene 

Bis(diphenylphosphino)ethane, dppe, 71 was previously found, by Bollmann and co- 
workers, to be active for ethene tetramerisation albeit with inferior performance to PNP 

ligands. ss Dppe and a range of derivatives were tested for styrene and ethene 

cotrimerisation, as shown in Figure 2.13. 

Ligands 71 to 73 were synthesised using a modified literature procedure. 33.41,47,99 The 

synthesis of these ligands is explained further in Chapter 5 along with the synthesis and 

characterisation of novel ligands 75 to 77. The ligand systems where cotrimerisation 

occurred are shown in Table 2.17. 
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Figure 2.13 - Bis(diarylphosphino)ethane Ligands Tested for Cotriuierisation 

Table Z17- Cotrinierisation Results for Ligairds in Figure 2.13 

Cotrimers Product Distribution (wt %) 

Productivity TOF of 
Run Ligand /g (g Cr h)ý Cotrimer 

/h' 

In 55-56 

50 51 52 53- 55- Fraction' 
54 56 

AB 

2.22 1 7926 2674 54.5 8.6 22.2 - 14.7 7.8 6.9 

2.60 71 495 164 20.9 4.7 6.1 - 68.3 37.4 30.9 

" Calculated as a percentage of whole cotrimer product and not as percentage of 57 - 58 fraction, 

Dppe, 71 (run 2.60 in Table 2.17) was found to give a low TOF of 164 h"' with the 

products consisting of 68 % cotrimer isomers 55 and 56. A range of ortho substituted 
derivatives of dppe, as illustrated, were tested but found to be inactive towards 

cotrimerisation. 

A range of derivatives of bis(diphenylphosphino)methane, dppm, were also tested for 

cotrimerisation and are shown in Figure 2.14. The ligands were synthesised using the 

same method as the dppe derivatives, using a modified literature method. 33,41.47.99 
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Figure 2.14 - Bis(diarylphosphiiro)methaºre Ligands Tested for Cotrüuerisatioir 

These ligands were also found to be inactive for cotrimerisation. Dppm derivatives are 

also inactive towards ethene trimerisation, where it is believed that the carbon in the 

backbone is deprotonated during catalyst activation, causing catalyst deactivation. 

Increasing the temperature to 70 °C had no effect on the activity. 

With only PNP ligands showing activity towards styrene and ethene trimerisation, and 

other ligands being inactive, it seems that the backbone of the ligand plays a crucial part 
in catalysis. 

2.5. Summary 

[CrC13(thO3]/PNP/MAO systems have previously been shown to be highly active 

towards ethene trimerisation, with the [CrCl3(thf)3]/1/MAO system showing the best 

results and a productivity of 1,033,000 g (g Cr h)"1. This [CrC13(thfj3]/1/MAO system 

was tested for the cotrimerisation of styrene and ethene and was found to form cotrimers 

consisting of one styrene and two ethene units, which were isomers of phenylhexene. 
With 0.02 mmol of [CrC13(thf)3], 0.02 mmol of 1,300 equivalents of MAO, a styrene 

concentration of 6.0 mol dm'3, at 25 °C and with a run time of 1 h, a TOF of 2468 h"1 

was obtained, with a selectivity to the cotrimer products of over 95 %. A selection of 

results from this chapter has been published. 93 

The possible isomers of phenylhexene produced could be determined from the 

postulated mechanism, which was adapted from the well established mechanism for the 

trimerisation of ethene. Firstly either two ethene or one ethene and one styrene 4 
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molecule coordinate to the metal centre and oxidatively couple to give a substituted 

chromacyclopentanc. This is followed by insertion of the either styrene or ethcne to 

give chromacyclohcptane. ß-hydride elimination followed by reductive elimination 

occurs to give seven different isomers of phenylhexene, (E/Z)-l-phenyl-l-hexcne, 50, 

51,6-phenyl-l-hexene, 52,2-phenyl-1-hexene, 53,5-phenyl-l-hexene, 54,4-phenyl-l- 

hexene, 55 and 3-phenyl-l-hexene, 56. From comparison of the cotrimer products with 

the 13C NMR and GC data of standards, it was found that the cotrimer mixture consisted 

of cotrimer isomers 50 - 52,55 and 56. Isomers 53 and 54 were not present, which 

suggested that, in the mechanism styrene inserts via a 2,1 regiochemistry, where the 

phenyl ring interacts with the metal centre. The [CrC]3(thf)3]/1/MAO system showed a 

selectivity to isomers 50 - 52 of 84.9 %. The factors affecting selectivity are very 

subtle and a full rationale remains elusive at this point. 

The effect of changing the reaction conditions was investigated. It was found that as the 

temperature of reaction was increased the overall productivity and cotrimer selectivity 

were decreased. The cotrimer selectivity was increased upon increasing the styrene 

concentration, although the productivity decreased. Also it was found that changing the 

ligand, changed the selectivity to cotrimer isomer 55 and 56, with a system using ligand 

19 showing selectivity towards 55 and 56 of 95.1 %. Ligand I was the only ligand to 

show selectivity to cotrimer isomers 50 - 52. 
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Chapter 3- Trinme'risation of 1,3-Dienes 

3.1. Introduction 

Oligomcrisation of 1,3-dienes has generated a significant amount of interest as an 

attractive direct route to such compounds as isoprenoids or terpenoids. 10° Isoprenoids 

are oligomers of isoprene, which are found in many essential oils and are extensively 

used in traditional and herbal medicines, perfumes, aromatherapy oils and as flavour 

additives in food. Terpenes are derived from isoprenoids and arc commonly found in 

nature, for example, in conifer wood, citrus fruits, eucalyptus, roses, rosemary, sage and 

thyme. As well as plant life, insects can metabolise terpenes to form pheromones. This 

shows the importance and extensive usage of isoprene oligomers and demonstrates the 

significance of research into syntheses of these compounds. 

Farnesene is the collective name of a group of terpenoids commonly found in nature. 

Two examples, shown in Figure 3.1, are a-farnesene (3,7,11-trimethyl-1,3,6,10- 

dodecatetraene), which is found in the coating of apples and Irans-ß-farnesene (7,11- 

dimethyl-3-methylene-1,6,10-dodecatriene), a constituent of essential oils and an 
intermediate in the synthesis of many sesquiterpenoids and ditcrpcnoids, for instance 

famesylacetone and squalene. 

\\//\\I/ 

a-(E, E)-Famesene ß-(E)-farnesene 
82 83 

Figure 3.1 - Isomers of Farnesene 

With a large commercial market for these compounds, there is a need for research into 

methods for selectively synthesising tcrpenoids. A great deal of research has been 

carried out on dimcrisation of 1,3-dienes, 10°'102 but there is very little research on 
selective trimerisation. '°3108 
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3.1.1.1,3-Butadiene Dimerisation and Trimcrisation 

The cyclo-dimerisation of 1,3-butadiene is a well-known process, with 

1,5 cyclooctadicnc (COD) and vinylcyclohexene being the main products, 

1,2-divinylcyclobutane can also be produced, see Scheme 3.1. Nickel phosphine 

catalysts have been shown to be highly effective for butadiene cyclo-dimerisation, 

although the ratio of each product depends greatly on the conversion of butadiene and 

the electronic properties of the ligand. 109 The mechanism will be explained further in 

Section 3.1.4.92 

C 
Ni Catalyst T rý 

º 2 Nip 
L 

ý- 
NrL 

-º 

COD 

Scheme 3.1 - Cyclodimerisatioi: of Butadiene 

A zerovalent `bare' nickel complex such as [Ni(COD)2] is used. 85 110 If the ligand 

tested is tri(cyclohexyl)phosphine, the selectivity is 40 % vinylcyclohexene, whereas for 

tris(2-biphenylyl) phosphate, the selectivity is towards 1,5-cyclooetadiene (97%). It has 

been found that going from butadiene to isoprene and then to 2,3-dimethyl-1,3- 

butadiene, thus increasing the number of methyl groups, causes a decrease in the 

selectivity towards cyclooctadiene derivatives, 1,5-dimethylcyclooctadiene (from 

isoprene) and 1,2,5,6-tetramethylcyclooctadiene (from 2,3-dimethyl-1,3-butadiene) and 
increases the selectivity towards vinylcyclohexene derivatives. , Iron complexes, such 

as diethylbis(dipyridyl)iron112 and FcC13/PPh3/AlEt3113 have also been shown to be 

active towards butadiene cyclo- and linear dimerisation. 

Table 3.1 shows a selection of results from catalysts used for the linear dimerisation of 
1,3-butadiene and isoprene. 111 
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Table 3.1 - Linear Dlnrerisation of 1,3-Dienes 

Product Distribution 
1,3-Diene Catalyst System Yield /% 

Product 
Selectivity / 

[Co(t13-C315)j] 93 100 

GS 
[Co(acac)3] + BuLi 77 

1,3-Butadiene 
Trimers 35 

30 
[FcC13] + PPh3 + 85 AlEt3 65 

Trimers 5 

[Pd(MaAn)2(PPh3)2] a\ 100 

43 

[TiC14] + AIRS + cyclodimers 

Isoprene Turners 39 

Tetramers 9 

Polymer 9 

[vo(oEt), ] + 50 
90 AICIEt2 

Trimcrs and higher 15 
oligomers 

BuLi - Butyl lithium; MaAn - Maleic Anhydride; ° not reported. 

It can be seen from Table 3.1 that the system using [Co(3n3-C3H5)3] is reported to have a 

selectivity of 100 % towards trans-3-methyl-1,4,6-heptatriene, whereas the selectivity 

towards dimers is reduced in the two systems using [Co(acac)j] and [FeCl3], with the 

observation of trimers and higher oligomers. 111 A similar trend is observed for the 
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linear dimcrisation of isoprcnc. The system using [Pd(MaAn)i(PPh3)2], where MaAn is 

maleic anhydride, shows a selectivity to 2,7-dimcthyl-1,3,6-octatricne of 100 %, 

whereas trimers, higher oligomers and polymer are observed in the systems using 

[TiCI4] and [VO(OEt)j]. 

In 1975 Takasago Perfumery Company developed palladium catalysts in order to 

dimerise substituted butadiene monomers, including isoprene, myrcene, and 

farnesene. 114 The catalyst system consisted of a palladium salt, of the formula [PdX21 

(X is a halogen, NO3, CN or -OCOCII3) or a palladium n-allyl complex, with the 

structure shown in Figure 3.2. Phosphines or arsines were used as the ligands, with the 

formula PR3 or AsR3, where R is an aromatic or alkyl group. 

Rl 
R1=H or CHZX 

ý-PdX X= a halogen 

R 
Isoprene Dimerisation -R= CH3 
Farnsene Dimerisation -R 

R 

Figure 3.2 - Dimerisation of Isoprenoids 

Squalene type hydrocarbons are formed from the dimerisation of farnesene (Figure 3.2), 

which are then used as a raw material for cosmetics and machine oils. Naturally 

occurring squalene was obtained by hydrogenation with Raney-Nickel under 112 at 

150 *C. h 4 

The trimerisation of 1,3-butadiene was first reported by Reed in 1954, with Wilke 

reporting the first practical synthesis of cyclododecatriene (CDT) in 1957. ' 15,116 

1,5,9-Cyclododecatriene is produced in large quantities and used as the starting material 

for synthesising lauryl lacturn and dodecanoic acid, which in turn are used to make 

polyamides, such as Nylon. As with 1,3-butadiene dimerisation, trimerisation uses 

Ni-allyl catalysts, formed from `zero valent' Ni complexes such as [Ni(COD)2]. The 

switch from dimerisation to trimerisation depends on the ligand, a variety of possible 

products are shown in Scheme 3.2. ' 17 
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0 Dimers 

n 

Trimers Oligomers 

Scheure 3.2 - Products from the Trimerisation of Butadiene 

Scheme 3.2 shows than range of products that can be obtained from the oligomerisation 

of butadiene, with linear and cyclic product obtainable. ' 17 The products depend greatly 

on the reaction conditions, for trimerisation small ligands are needed so the coordination 

sphere can accommodate three butadiene units but if phosphine ligands are added then 

dimerisation occurs. 118 A small change in the catalytic system can change the 

selectivity of the products from dimers to trimers and oligomers, showing the versatility 

of the system. 

1,3-Dienes are able to undergo homo-oligomerisation via photochemical reactions, 119 

anionic methods120 and metallacycles. 117,120 The products obtained depends on the 

mechanism of the catalyst, with linear and cyclic products possible. Scheme 3.3 shows 

examples of possible dimers, trimers and oligomers from the oligomerisation of 
butadiene to cyclic products. "7 
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Scheme 3.3 - Mechanism for Cyclodinterisatioii, Cyclotrimerisation of 1,3-Butadiene 

and the Cyclo-cotrimerisation of 1,2-Butadiene with Etliene 

Scheme 3.3 shows the mechanism for the cyclodimerisation (route a and b), 

cyclotrimerisation (route d) of 1,3-butadiene and the cyclo-cotrimerisation of 

1,3-butadiene with ethene (route c). When nickel phosphine complexes are used as the 

catalysts, the products obtained are greatly dependant on the ligand used. As previously 

stated there are three main products obtained from the dimcrisation of butadiene, which 

are cyclooctadiene (COD), methylcyclohexene and divinylcyclobutane. The 

mechanism goes via a zero valent 'bare' nickel, then 1,3-butadiene coordinates to the 

'bare' nickel. This then undergoes oxidative addition to give metallacyclopentane 85, 

which is analogous to the chromacyclopentane intermediate seen in the trimerisation of 

ethene. Next a second butadiene monomer inserts into intermediate 84 or 85 to give 

Ni-allyl species 86, this is the common intermediate in the dimerisation, trimerisation 

and cotrimerisation of butadiene. For butadiene dimerisation, the final product depends 

on the Ni-allyl species formed from intermediate 86 and this is governed by the 

electronic and steric properties of the phosphine ligand. If route a is taken, where a 

bulky phosphine is used, then reductive elimination of 86 occurs to give 87 then 
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vinylcyclohexene. For electron donating or less bulky phosphines, route b is observed, 

where intermediate 86 undergoes rearrangement to form the di-n-allyl-Ni species, 88, 

which then undergoes reductive elimination to give 1,5-cyclooctadicnc (COD). For 

trimcrisation a third butadicne monomer inserts into intermediate 86 to give route d. A 

C12 Ni-diallyl species, 90, is formed, which undergoes reductive elimination to give 

1,5,9-cyclododecatriene (CDT). Route c shows cotrimerisation of butadiene with 

ethene, where the insertion of ethene into intermediate 86 gives a C10 Ni-allyl 

intermediate, 89, followed by reductive elimination to give 1,5-cyclodecadiene (CDD). 

3.1.2. Isoprene Dimerisation and Trimerisation 

Dimerisation of isoprene is also known using hafnium122, cobalt'23, iron'23 and 

zirconium 124. A selection of results is shown in Table 3.2. 

Table 3.2 - Oligoinerisatioai of Isoprene128 -130 

Catalyst Precurser Solvent, Conversion Product Distribution /% 
(Catalyst: lsoprene Activator, / oho 

ratio) Ligand Dimer Trimer 

[Fe(acac)j] Bipyridine 100 92 Not Given 
(1: 100) AlEt31 90 °C 

[Hf(OBu)4] AICIEt2 45 20" 0 (1: 100) Benzene, 130 °C 

[Zr(OBu)4] AICIEt2 100 50 20 (1: 100) Benzene, 100 °C 
° mainly higher oligomers. 

Wilke extended the investigation to isoprenc and found that isomers of 

trimethylcyclododecatrienc were formed, along with a linear isoprene dimer. 109 

Morikawa and co-workers investigated isoprene dimerisation and trimerisation, with 

Ziegler type systems. A system consisting of [TiC141, AICIEt2 and a cyclic ether, 
dimerised isoprene, giving 2,4-dimethyl-4-vinylcyclohexene and 2,6-dimethyl-1,3,6- 

octatriene, with the ratio depending on the ligand. Linear isomers, including 

2,6,10-trimethyl-1,3,6,11-dodecatetraene, 2,7,11-trimethyl-1,3,6,11-dodecatetraene, 92, 

and cyclic trimers were produced by a Ni system using nickel octoate, AIEt3 and 
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phosphitcs. The structure of the trimcrs depended on the basicity of the ligands and as 

the bulkiness of the ligand decreases the selectivity towards trimers increases, as three 

isoprene monomers can coordinate to the metal centre. 125 

In 1977 and 1980 Mitsubishi Petrochemical Company filed patents on the trimerisation 

of isoprene using trivalent titanium halogen complexes with aromatic aldehyde groups 
126,127 

such as [Ti(C6HSC11O)2C13] and nickel complexes, such as [Ni(acac)2]. 

Organoaluminium compounds were used as catalyst activators. Both of these systems 

formed mainly cyclic trimers, with a high selectivity to 1,5,9-trimethylcyclo- 

dodecatriene. 

Akutagawa and co-workers developed nickel isoprene trimerisation catalysts forming 

linear isoprene trimers, as shown in Scheme 3.4.103.128 

-trans-farnesene - 82 

+ 

ý Ni Catalyst \I/ 
3 // \\ 500C, 10h 

2,6-dimethyl-l0-methylene- 

2 mot % Nito isoprene 
1,6-trans-11-dodecatrienc - 91 

2,7,11-trimethyl-1,3,6,11-dodccatetraene - 92 

Scheme 3.4 - Trimerisation of Isoprene Using NI Catalysts 

Table 3.3 shows results obtained by Akutagawa and co-workers in the trimerisation of 
isoprene. 103" 128 
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Table 3.3 - Catalyst Results from Ni Catalysts Developed by Akiutagawa and Co- 

workers 

NI Prod. 
Run Precatalyst / 

System g (g NI h)" 

Product Distribution / 

Trimers 
Dieners` C20+ 

Total 82 91 92 Cyc. 

3.1° [Ni(r13-C3Hs)], 2 12 85 1 71 d3 
PPh(NEt2)2 

3.2 a [Ni(acac)2], 
6 21 73 3 22 41 7G PPh3, Et3A1 

b 
[Ni13r(r13-C3H5) "predominantly 82 3.3 (PPh(NEt2)21, n- 4 21 58 

and 91 21 
C15H31 ONa 

°2 mol % Ni to isoprene used, 50 °C, 10 h, ref. 128; 1 mol % Ni to isoprene, 70 °C, 7 h, ratio base to 
catalyst is 2: 1, ref 103; ` dipentene, 1,5-dimethyl-5-vinyl-l-cyclohexene and 1,5-dimethyl-l, 5- 

cyclooctadiene; 
d 

not reported. 

The group found that three trimer isomers were obtained, as shown in Scheme 3.4, the 

selectivity depended on the catalyst with the [Ni(acac)2] system having a higher 

selectivity to isomer 92 of 41 % (run 3.2 in Table 3.3) and the [Ni(rl3-C3H5)] system 

having a higher selectivity to isomer 91 of 71 % (run 3.1 in Table 3.3). 128 In 1978 the 

group reported further investigations, where it was shown that the electronic properties 

of the ligands have a profound effect on the catalysis, with electron donating phosphines 

and arsincs needed for efficient catalysis. Mononuclear halide complexes were 
ineffective, although if the halide is replaced with an alkoxide group, linear trimers 82 

and 91 arc produced. The role of the alkoxide is to stabilise hydrogen abstraction from 

the hydride species formed in the catalytic cycle. There is a balance between getting a 
high conversion and producing the desired isomers 82 and 91, with a high conversion 

coming at the expense of selectivity to these isomers. 103 

Dzhcmilcv and co-workers investigated Ni borate complexes. 129 The system with 
(Ni(acac)j], ß(0C4119)3 and AlEt3, at 80 °C, gave a mixture of dimers and trimers, with 

an 87 % yield and a selectivity of 45 % to dimers, 50 % trimethyl-1,5,9- 

cyclododecatriene and 5%2,6,10-trimethyldodccatetraene. Tetramers and higher 

oligomers were also seen. 
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Akutagawa and co-workers proposed a mechanism for the trimcrisation of isoprene 

using Ni catalysts. The proposed mechanism is given in Scheme 3.5.103 

G7\ 

L-Ni 

LN+J 
ýNiV 

93 94 

1: ia", 96 

95 
C 

L-Ni+2 Ni 

82 

97 
L-Ni 

L 

91 

Scheine 3.5 - Trinrerisation of Isoprene using a Ni-allyl Catalyst 

The group found that the two main trimcr products were linear isomers 82 and 91.103.128 

It was reported that as the Ni catalytic system used was unable to isomerise 82 to 91 

then two routes must be competing to form the two isomers. In the first route, an 

isoprene monomer coordinates to the Ni centre and hydrogen migration occurs, forming 

rl3-allyl species 93. This is the least hindered and most stable q3-allyl species possible 

from the coordination of isoprene, as it contains a tertiary carbon. A second isoprene 

monomer inserts into the Ni-I! bond to give 94, this is followed by the insertion of a 

third isoprene monomer to give species 95. Finally reductive elimination occurs to give 
isomer 82 and regenerate the catalyst. It is important to state that although this 

mechanism appears to be selective towards trimer products, the mechanism is an 
insertion/elimination mechanism and so a Schultz Flory distribution is still seen. The 

selectivity towards trimer products is due to the rate of elimination being higher than the 

rate of insertion of the fourth isoprene monomer. 

The second route follows the formation of intermediate 96 from the coordination and 

oxidative coupling of two isoprene monomers. The next step is the coordination of a 

104 



Chapter 3- Trlnterlsation of 1,3-Dienes 

third isoprene monomer, along with nuclcophillic hydride attack on the secondary 

carbon in the 113-allyl group in intermediate 96, giving 97. Reductive elimination then 

occurs to give isomer 91. This mechanism does not take into account the formation of 

cyclic trimers, suggesting that other intermediates, similar to the intermediates seen in 

the cyclotrimerisation of butadiene are also involved. 

3.1.3. Background to Co-oligomerisation 

Wilke reported that adding ethene to the nickel allyl butadiene 

trimerisation/dimerisation systems can cause co-oligomerisation to occur., 16 It was 
found that the presence of ethene reduces the productivity of butadiene trimers and 

ethene was incorporated into products. The products consisted of two butadiene units 

and one ethene unit, giving cyclic and linear Cio compounds such as 1,5-cyclodecadiene 

and 1,4,9-decatriene. Co-oligomerisation is stereoselective, with cis-l-trans-5- 

cyclodecadiene and 1-trans-4,9-decatriene being the predominant products (Figure 

3.3). 109.110 

\/ 
Co 

I -trans-4,9-decatriene cis- l-trans-5-cyc lodecadiene 

Figure 3.3 - Product front Cotrimerisation of 1,3-B: Uadiene and Etleene 

Tobisch investigated the competition between the generation of linear and cyclic Cio 

materials. 110 The mechanism goes via the formation of [Ni°(rj2-CH2CHZCH2CH2)2 

(C2114)) with the bis(tl2-trans) isomer being the most stable (Figure 3.4), therefore 

insertion of ethene causes butadiene to go from 1,4 insertion to 1,2 insertion. 

[Ni°( 2-CN2C112CH2CH2)2(C2}14)] 

Figure 3.4 - Proposed Intermediate In ButadienelElhene Cotrinmerisation 
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Chapter 3- Trimerlsalloii of 1,3-Dienes 

Scheme 3.6, gives the mechanism for the formation of the linear and cyclic Cio 

products, cis-l-trans-5-cyclodccadiene and 1-trans-4,9-dccatricne. 110 

Ni 

98 99 

Ni 

[ 103 
100 

N i7- 

102 101 

Scheme 3.6 - Cotrinrerisation ofEthene and 1,3-Butadiene 

After the formation of [Ni°(r12-CH2CH2CH2CH2)2(C2H4)), 98, the mechanism continues 

via the oxidative coupling of the two butadiene units, forming a Ni-allyl species 99, this 

is followed by the insertion of ethene to give the intermediate 100. Intermediate 100 

can then either undergo reductive elimination to give 103 then the cyclic product, or 

ß-hydride elimination to give 101, followed by reductive elimination to give the linear 

product. 
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3.2. Aim of Research 

Chromium NN-bis(diarylphosphino)alkylamine complexes have been shown to be 

highly active towards ethene trimerisation. One of the best systems, shown in Scheme 

3.7, was developed by Wass and co-workers using ligand I as the ligand, [CrCI3(thf)3] 

was used as the catalyst precursor, MAO as the activator and toluene as the solvent. 1.4 

In chapter 2 this system was shown to form 1-phenylhexene isomers from the 

cotrimerisation of ethene and styrene in high selectivity and productivity. 4 93 

Me 
p_ \P 

P) + [CrCh(thf)31 
22 

R2 OMe MeO 

31 
MAO, Toluene 

70 °C 

Butadiene - R'=R2=H 
Isoprene - R'=Me, R2=11 
2,3-Dimethylbuta-1,3-diene - R'=R2=Me 

Trimcrs 

Scheine 3.7- General Scheine for 1,3 Diene Trimerisation 

The aim of this chapter is to investigate the use of chromium PNP complexes for the 

trimerisation of isoprene. This will include the identification of the products obtained, 

by NMR and gas chromatography (GC) and determining how the productivity and 

selectivity is affected by the reaction conditions, such as temperature, isoprene 

concentration, reaction time and the ligand used. The investigation will be extended to 

1,3-butadiene and 2,3-dimethyl-1,3-butadiene. 
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Chapter 3- Trrnserisation of 1,3-Dienes 

3.3. Trimerisation of Isoprene 

3.3.1. Standard Reaction Conditions and Methodology 

The catalytic system shown in Scheme 3.8 was tested for the ability to trimerise 

isoprene. The method used for the trimerisation of isoprene was adapted from the 

literature method for using Cr PNP complexes to trimerise cthene and from using 

Ni-n-allyl complexes for the trimerisation of isoprene. 4' 93,103.62 

Me 
I 

V+ 
[CrCl3(th43] 

2 
OMe MeO 

3I Trimers 
300 eq MAO, Toluene 

O 

6.8 mol dm 3 70 C, Ih 
Total volume - 44 mL 

Scheine 3.8 - General Scheure for Isoprene Trünerisatioii 

Unless otherwise stated, the standard conditions were: 0.02 mmol of [CrCI3(thf)j], 0.02 

mmol of ligand 1,300 equivalents of MAO, 6.8 mol dm-3 of distilled isoprene and 

toluene was used as the solvent. The reaction was completed at 70 °C and with a 

reaction time of one hour. 93.103.128 Under these conditions this system gave promising 

results, with selectivity of 79.9 % towards C15 products and a productivity of 
826 g (g Cr h)'', which translates into a turnover frequency (TOF) of 660 h''. Previous 

reports of isoprene trimerisation by Akutagawa and co-workers, using a nickel catalyst 

only gave a TOF of between about 2 to 4 h" or productivities of between 2 to 

6g (g Cr h)" and selectivities of 50 to 80 % towards isoprene trimer materials. 10J' 131 

The [CrC13(thf)3]/1/ MAO system produced a TOF which is about 200 times better than 

that previously reported, with comparable selectivities. 
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3.3.2. Product Analysis and Identification 

The GC data from the trimcrisation of isoprene, using the system shown in Scheme 3.8, 

showed that the product mixture contain unknown compounds with a high boiling point 

(see Appendix 8.2 for the GC trace). The next stage was to identify these products. 

Initially the products were compared to the GC retention times of a range of 

commercially available n-alkanes, to determine whether the products were dimers or 

trimers. It was found that the products were isoprene trimcrs, which was also supported 
by GC-MS data. Therefore it was shown that the [CrC13(thf)3]/1IMAO system was able 

to trimerise isoprene, with the GC trace containing four main trimer peaks and higher 

oligomer peaks. 

3.3.2.1. Proposed Mechanism For Formation of Possible Isomers 

As with the cotrimerisation of styrene and ethene (Chapter 2), the possible trimers could 
be predicted from looking at the proposed mechanism. This was adapted from that 

proposed for the Ni catalysed trimerisation of 1,3-butadiene and the trimerisation of 
isoprene, as described in Section 3.2.85, It also takes into account the metallacycle 

mechanism proposed for the trimerisation of ethene using Cr catalysts. 1,4 The 

mechanism for the trimerisation of 1,3-dienes is proposed to go via metal-allyl species, 

as shown in Scheme 3.9.1 11 The labelling system for isoprene used in explaining the 

mcchanism is shown in Figurc 3.5. 

tail head 
S 

Carbon Numbering 32 / System 
41 

Figure 3.5 - Naming and Numbering Syslenr for Isoprene 
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Chapter 3- Trb»erisatiott of 1,3-Dieses 

In Scheme 3.9, the first isoprene coordinates to the Cr centre via 1,4 insertion to give 

104. Intermediate 104 can undergo oxidative addition to form metallacyclopcntane 105, 

which is similar to the metallacycle mechanism for ethene trimerisation. Next a second 
isoprene monomer inserts into intermediate 104, to form the di-allyl chromium species 

106. Isoprene can insert two ways, depending on the position of the methyl group. 

Referring to the labelling Scheme in Figure 3.5, isoprene can insert via 1,4 insertion, 

where the methyl group is nearest the metal centre, or via 4,1 insertion where the methyl 

group is furthest away from the metal centre, as shown in Scheme 3.11. 

// \\ 

#ýý 

head side 1,4 insertio 

Cr 
106 

104 4,1 insertion 
tail side Cr 

107 

Scheme 3.11- Isoprene Insertion into the Tail Side of Cr-allyl Species 104 

The 1,4 insertion of isoprene is likely to be favoured because this forms the more stable 

2-methyl-allyl group. Intermediate 104 is unsymmetrical due to the methyl group of 

isoprene, therefore insertion of isoprene either side of the metal forms different 

intermediates 106,107, and 108. This is denoted by assigning the side of isoprene with 

the methyl group as the `head' and the side without the methyl group as the `tail'. For 

example if isoprene inserts via a 1,4 insertion into the tail side of intermediate 104 then 

106 is formed, if insertion occurs at the head side of 104 then 107 is formed. 

The next step is the insertion of a third isoprene monomer into intermediates 106,107 

and 108 to give 109 - 112. As with the insertion of the second isoprene monomer, 
insertion of the third can occur via 1,4 or 4,1 insertion and either side of the metal 

centre, leading to four isomers of the seven-membered Cr-allyl intermediates, 109 - 112. 

Intermediates 109 - 112 then undergo rearrangement, followed by ß-hydride elimination 

and reductive elimination to give four structural linear isomers of isoprene trimers, 
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Chapter 3- Trimerlsntion of 1,3-DI 'iuc's 

2,6,11-trimethyldodccatetracne, 113,2,7,10-trimetliyldodecatctracne, 114,2,6,10- 

trimcthyldodccatctracnc, 115,3,6,10-trimcthyldodccatetracnc, 116. An cxamplc of the 

rearrangement and reductive elimination of intemicdiates 109 - 112 is shown in Scheme 

3.10. In the example shown intermediate 109 undergoes rearrangement either side of 

the Cr centre to give 117 or 112, followed by ß-hydride elimination to give Cr-allyl 

hydride species 119 and 120.119 and 120 can then undergo reductive elimination 

either at the I- or 2-carbon position to give eight different isomers of 113 - 113a to 

11311. The double bond in the 6 position is more likely to be a cis double bond, due to 

the constraints of the ring in intermediates 109 to 112 and so only one other double 

bond can have a cis or trans conformation giving the different isomers of 113. Each of 

the intermediates 109 to 112 will undergo rearrangement, then (1-hydride elimination 

and finally reductive elimination to give a total of 40 different isomers of 113,114,115 

and 116 (See Appendix 8.2 for full isomer list of isomers). 

Scheme 3.10 only shows the formation of linear trimers, cyclic trimers arc also possible, 

as shown in Scheme 3.12. 

Reductive 
CElimination 

109 

110 

2121 

:: ýk 

111 

112 
122 

Scheute 3.12 - Formation of Isomers of Trinnetl:, yylc}yclododecatrienre 
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Chapter 3- Trlmerlsatlon of 1,3-Dlenies 

Direct reductive elimination of intermediates 109,110,111 and 112 causes coupling of 

the two 'ends' of the chain to form cyclic trimcrs, giving 1,5,10-trimethyl-1,5,9- 

cyclododccatricne, 121, and 1,5,9-trimethyl-1,5,9-cyclododccatricnc, 122. 

Therefore overall there are four possible structural linear isomers and two possible 

cyclic isomers, depending on the position of the methyl groups. Although 42 different 

trimer isomers are possible if the position and stereochemistry of the double bond is 

taken into account. 

3.3.2.2. Trimer Identification 

The GC trace from an isoprene run, using the general conditions shown in Scheme 3.8, 

showed four trimer peaks and peaks for higher oligomers. As with the cotrimerisation 

of styrene and ethene (Chapter 2), in order to simplify the identification of the trimer 

products, hydrogenation of the trimer mixture was done in a autoclave, using palladium 

on carbon as the catalyst, under 5 bar of 112, as shown in Scheme 3.13.94 The possible 
isomers are 2,6,10-trimethyldodecane (2,6,10-TMD), 123,2,6,11-trimethyldodecane 

(2,6,11-TMD), 124,2,7,10-trimethyldodecane (2,7,10-TMD), 125,3,6,10- 

trimethyldodecane (3,6,10-TMD), 126,1,4,8-trimethylcyclododecane (1,4,8-TMD), 127 

and 1,5,9-trimcthylcyclododecane (1,5,9-TMD), 128 (Scheme 3.13). 

123 - 2,6,10-TMD 
3ý 

Cr Cat 
Pd/C 

124 - 2,6,11 -TM D 
127 - 1,4,8-TMCD 

Turners 
5 bar }I2 + 

125 - 2,7,10-TMD 

128 - 1,5,9-TMCD 

126 - 3,6,10-TMD 

Scheure 3.13 - Possible Ilydrogenated'flka, re Products frone Isoprene Tritnerisation 
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Upon hydrogenation, the GC trace of the trimcr mixture showed that the four isoprene 

trimer peaks (unhydrogcnatcd trimcr products) had become two peaks (hydrogenated 

trimer products), corresponding to two different alkanc products. The alkanc trimcrs 

were then identified via comparison with the GC data and 13C NMR spectroscopy of 

commercially available linear and cyclic standards 2,6,10-TMD, 123, and 1,5,9- 

trimethyl-1,5,9-cyclododecatriene (a mixture of isomers), which was hydrogenated 

using Pd/C and H2 to give 1,4,8-trimethylcyclododecane. 94 From this data it was 
deduced that the isomer with the lowest boiling point was a linear isomer and the other 

was a cyclic isomer. From the GC trace the product distribution of linear isomers to 

cyclic isomers was found for the [CrCI3(thf)3]/1/MAO system, this is shown in Table 

3.4, the standard conditions shown in Scheme 3.8 were used. 

Table 3.4 - Product Distribution of Hydrogenated Alkalies 

Isomer Product Distribution / 

Linear Isomer 55.2 

Cyclic Isomer 23.9 

Oligomers 20.9 

From Table 3.4 it can been seen that the trimer mixture was made up of 55.2 % linear 

isomers, 23.9 % cyclic isomers and 20.9 % oligomers. The 13C NMR data of the 

hydrogenated trimer mixture and the 2,6,10-trimethyldodecane standard are shown in 

Figures 3.6 and 3.7 respectively. The 13C NMR spectrum of the 2,6,10-TMD, 123, 

alkane standard was assigned using literature values (see Experimental, Chapter 6, for 

carbon numbering System). 132 

115 



;s 

80 8Z- 

fi 
0 
a 
o, 

d 

E 
i 

0 
4` 
ä 

fi 

fi 

b 
ý'1 
L 

ý; o 



; 0-< s 

.. h 

rl 

06 LZ- 

b 
b 
it 
d 

h 

b 

r 

ýi. 

ti 
0+ý 
b 
V 

ti 

ßiß 

t-ý 

Vw- 

o, i v 



Chapter 3- Trinrerisation of 1,3-Dienes 

The 13C NMR spectrum of 2,6,10-TMD, 123, in Figure 3.7 shows a peak at 11.32 ppm, 

corresponding to the terminal C113 group, C67, this is a characteristic peak for terminal 

CH3 groups joined to a secondary C112 group. Linear isomers 2,6,10-TMD, 123,2,7,10- 

TMD, 125 and 3,7,10-TMD, 126, all have this terminal CH3 group and would therefore 

have a peak at about 11 ppm in the 13C NMR spectrum. As can be seen in Figure 3.6 

the 13C NMR spectrum of the hydrogenated trimer mixture does not contain this peak, 

suggesting the linear alkane trimer peak is 2,6,11-TMD, 124. Also other peaks on the 

spectrum of the alkane trimer (Figure 3.6) show similar shifts as that for carbons 70 to 

80 from the 2,6,10-TMD, 123, standard, suggesting that this end of the molecule is the 

same for both the standard and the linear trimer isomer. From this data it was deduced 

that the linear isomer in the hydrogenated trimer mixture is 2,6,11-TMD, 124, as this is 

the only isomer without a terminal CH3 group attached to a CH2 group and carbons 55 

to 65 have the same structure as carbon 70 to 80 of the standard, shown in Figure 3.8 

)-I-- 
124- 2,6,11-trimethyldodecane 

(2,6,11-TMD) 

Figure 3.8 - Linear Isomer in Hydrogenated Trimer Alrxture 

The mechanism that forms the linear isomer 2,6,11-TMD is shown in Scheme 3.14. 
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121 
or 

20 
+ isomers 

113 

reductive 
elimination 

cIC 

109 104 

C 

106 

ii ti 
oxidative Cr 
addition 

105 

I isoprene 
insertion 

fN 

Scheine 3.14 - Proposed Mechanism for Isoprene Trimerisatioi: 

The cycle goes via Cr-allyl intermediates 106 and 109, which both have two 2-methyl- 

allyl groups, as shown in Figure 3.9. The 2-methyl-allyl group is more stable than the 

3-methyl-allyl group because the methyl group stabilises the delocalisation of electrons 

within the group. 

ý. T 

106 

2-methyl-allyl group 
~1 

3-methyl-allyl group 

ýr--. 

108 

Figure 3.9 -Methyl-; r-ally! Group in Intermediates 106 and 108 

This formation of 2,6,11-trimethyldodecatetraene, 113 is consistent with the formation 

of intermediates with the 2-methyl-allyl groups, although it is not possible to deduce the 

exact position or stereochemistry of the double bonds in the linear isomer. 
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Chapter 3- Tri, nerisation of 1,3-Dienes 

The structure of the cyclic isomer can be determined from this mechanism and from the 

comparison of the GC trace of the 1,5,9-trimethyl-1,5,9-dodccatricnc (mixture of 
isomers) standard. It was deduced that the cyclic isomer is 1,5,10-trimetlhyl-1,5,9- 

cyclododecatriene, 121. Therefore the trimer products from the trimerisation of 
isoprene using the [CrC]3(thf)3]/1/MAO system are shown in Figure 3.10. 

+ other isomers 

2,6,11-trimethyldodecatetraene 1,5,10-trimethyl-1,5,9-cyclododecatriene 
113 121 

Figure 3.10- Isoprene Tri, ners from jCrCl j(thfl3J/1/MAO system 

It was then possible to determine which peaks on the GC for the isoprene trimer mixture 

corresponded to the linear and cyclic trimer isomers from the reaction mixture. It was 

found that there were three peaks for 2,6,11-trimethyldodecatetraene, 113, and one peak 

for 1,5,10-trimethyl-1,5,9-cyclododecatriene, 121. 

From Scheme 3.10 it can be seen that eight isomers of 2,6,11-trimethyldodecatetraene, 

113, can be obtained (113a to 11311). It is not possible to say which of these isomers is 

in the trimer mixture or which peak in the GC corresponds to which isomer; the GC 

peaks for two or more isomers may coincide. The product distribution of trimer isomers 

under standard conditions is shown in Table 3.5. 
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Chapter 3- Trinrerisatlon of 1,3-Dienes 

Table 3.5 - Product Distribution of Tri, ner Mixhure fron: lCrCl3(thn3J/1/M l0 System 

Trimers Product Distribution / 

C 12.7 
Linear Trimers 

113 D 26.9 

E 15.6 

Cyclic Trimer, 121 23.9 

Oligomers 20.9 

Table 3.5 shows that the [CrC13(thf)3]/1/MAO System give an overall selectivity of 

12.7 % towards linear isomer C and 26.9 % and 15.6 % towards D and E respectively. 

An overall selectivity of 23.9 % towards the cyclic trimer was obtained and 20.9 % 

towards higher oligomers. 

3.3.3. Effect of Changing Reaction Conditions on Products and Productivity 

The aim of this section is to investigate how the productivity and selectivity of the 

products from the trimerisation of isoprene is affected by changing the conditions of the 

reaction. As stated in Section 3.1.1 the [CrC]3(thf)3]/1/MAO system (Scheme 3.7) was 

used and the standard conditions used were 0.02 mmol of [CrC13(thf)3], 0.02 mmol of 

ligand 1,300 equivalents of MAO, 6.8 mol dm'3 of distilled isoprene and toluene was 

used as the solvent. The reaction was done at 70 °C and the reaction time was one 

hour. 93,103,128 The volume of each run was kept constant by changing the volume of 

toluene added compared to isoprene. The productivity was calculated from the mass of 

non-volatile products obtained from each run and the product distribution was 

calculated from GC data. 

Table 3.6 shows the product distribution and selectivity from various catalytic runs 

where reaction conditions were changed. The distribution of linear and cyclic trimers is 

given as a percentage of the all the products. 
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Table 3.6 - Tri, nerisation of Isoprene Using Ligand 1 

Run /Imol 
dm 

s 
Temper- 

ature Prod. ' . 
/11-1 

Product Distribution / wt % 

Trimers 
Oligo- 

Linear Cyclic mers Total Trimersb Trimersb 

3.4 0.5 70 73 56 82.0 26.6 55.4 18.0 

3.5 2.3 70 510 390 86.9 53.2 33.7 13.1 

3.6 4.5 70 530 405 68.8 52.9 15.9 31.2 

3.7 6.8 70 826 632 79.1 55.2 23.9 20.9 

3.8 6.8 57 400 306 74.7 56.2 18.5 25.3 

3.9 6.8 45 349 267 68.2 60.0 8.2 31.8 

3.10 6.8 25 19 15 100.0 72.9 27.1 0.0 

3.11` 6.8 70 0 0 0 - - - 

3.12d 6.8 70 0 0 0 - - - 
a productivity /g (g Cr h)"'; 0 overall selectivity; `no [CrCI3(thf)3] added; a no MAO added. 

Run 3.11 and 3.12 in Table 3.6 are control runs, where in run 3.11 no [CrC13(thf)3] was 

added and in run 3.12, no MAO was added, this was to show that the production of 

isoprene trimers was due to catalysis using [CrCl3(thf)j], the PNP ligand and MAO and 

was not due to only MAO or [CrC13(th f 3]. As can been seen there were no trimers 

present in either of these runs. 

Run 3.4 to 3.7 show how the productivity of isoprene trimerisation changes with 
isoprene concentration, these results are shown graphically in Figure 3.11. 
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900 , 

800 

700 
Ü 600 
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400 

. 300 
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100 
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Figure 3.11 - Change in Productivity will: Isoprene Cottcentration 

The graph in Figure 3.11 shows that productivity increases linearly with isoprene 

concentration. This is because increasing the isoprene concentration causes the rate of 

the reaction to increase. There are many methods in which the catalyst may be 

deactivated; one method is that at a high concentration of isoprene other Cr-allyl 

complexes may be formed, where isoprene irreversibly binds to the metal centre. 

Another method may be that there is a small concentration of a catalyst poison in 

isoprene which increases in concentration along with isoprene. Figure 3.10 implies that 

the effect of catalyst deactivation is small in this system because there is no evidence of 

a reduction in rate of increase in productivity. Also Figure 3.11 suggests that the 

productivity is first order in relation to isoprene concentration. 

Figure 3.12 shows how the product distribution changes with isoprene concentration. 
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" Total Trimer 
100 

A Linear Trimer 
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80 "" Oligomer 
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Figure 3.12 - Change in Product Distribution with Isoprene Concentration 

From Figure 3.12 is can be seen that the overall product distribution of the linear and 

cyclic trimers is shown. It can be seen that generally as the concentration of isoprene is 

increased the total percentage of trimer deceases and the percentage of oligomers 

present increases. The formation of trimers is due to the rate of reductive elimination 

(cyclic isomer) or rearrangement (linear isomers) of intermediate 109 (see Section 

3.3.2.1) being higher than the insertion of another isoprene unit. If the concentration of 

isoprene is increased then the probability of the insertion of isoprene into the catalytic 

cycle becomes higher and therefore increasing the percentage of oligomers in the 

reaction mixture. Also if there is any incorporation of trimers back into the catalytic 

cycle, the increase in productivity with concentration would cause the likelihood of this 

happening to increase and in turn increase the percentage of oligomers produced. 

The ratio of linear trimers to cyclic trimers increases with isoprene concentration, where 

as the percentage of linear isomers increases and the percentage of the cyclic isomer 

decreases. The formation of the linear isomers over the cyclic isomer depends on the 

rate of reductive elimination of intermediate 109 to give the cyclic isomer (Scheme 

3.12), compared to that of the rearrangement to form intermediates 117 and 118 

(Scheme 3.10). This suggests that the reductive elimination of 109 is slower than the 
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rearrangement to form 117 and 118 and so a lower concentration of isoprene allows the 

slower reductive elimination of 109 to occur because the whole reaction is slowed 

down. 

Figure 3.13 shows how the productivity of isoprene trimerisation changes with 

temperature. Generally the productivity increases at a linear rate with temperature. 

900 

800 

700 

U 600 
oc 

500 
lEE 

100 

0 

Figure 3.13 - Change in Productivity with Temperature 

At 25 °C only a small productivity of 19 g (g Cr h)'' is seen, whereas at 70 °C a 

productivity of 826 g (g Cr h)" is seen. Unlike ethene trimerisation, where for the 

[CrC]3(thf)3]/1/MAO system a productivity of 8900 g (g Cr h)"1 is obtained at 25 °C, a 

higher temperature is needed for isoprene trimerisation to occur. This may be because 

the allyl intermediates formed in the mechanism (see Section 3.3.1.2) may be more 

stable than the metallacyclopentane or metallacycloheptane intermediates formed in 

mechanism of ethene trimerisation (see Section 1.5.1). 

Figure 3.14 shows the change in product distribution with respect to reaction 

temperature. 
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Figure 3.14 - Change in Product Distribution with Reaction Temperature 

As with increasing the concentration, increasing the temperature increases the 

percentage of oligomers and decreases the total trimer fraction. Generally the ratio of 

linear to cyclic trimers decreases with temperature, where the percentage of linear 

trimers decreases and the percentage of cyclic trimer increases, which is the opposite to 

what happens when isoprene concentration is increased. This suggests that increasing 

the temperature increases the rate of reductive elimination of intermediate 109 (Scheme 

3.12) more than the rate of rearrangement to 117 and 118 (Scheme 3.10), thus 

increasing the percentage of cyclic trimers compared to linear trimers. 

Table 3.7 shows the product distribution of linear and cyclic trimers within the trimer 

fraction. The table shows linear trimers C, D and E, this refers to the three peaks on the 

GC trace and not specific trimers. This is because it is not known exactly how many 

trimer isomers are produced; as the peaks of two different isomers may coincide on the 

GC trace and appear as one. The percentage selectivities given for C, D and E are 

within the linear trimer fraction. 

126 



Chapter.? Trimeri. salion o/ 1,; -/)ienes 

Table 3.7 - Product Distribution of Isoprene Trimers 

Run 
Isoprene 

/ mol dm-3 

Temper- 

ature 
/ OC 

Product Distribution of Trimers /% 

Linear Trimers Cyclic 
Trimer" 

Total" Ch D" Eh 

3.4 0.5 70 32.4 36.1 30.6 33.3 67.6 

3.5 2.3 70 61.2 31.3 42.9 25.8 38.8 

3.6 4.5 70 76.9 32.8 41.9 25.3 23.1 

3.7 6.8 70 69.7 23.0 48.7 28.3 30.2 

3.8 6.8 57 75.2 31.8 43.9 24.3 24.8 

3.9 6.8 45 87.9 37.2 42.8 20.0 12.1 

3.10 6.8 25 72.9 20.5 46.7 32.8 27.1 

° within trimer fraction; ° within linear trimer fraction. 
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Figure 3.15 - Change in Distribution within Linear Trimer Fraction with Isoprene 

Concentration 
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Figure 3.15 shows how the product distribution within the trimer fraction changes with 
isoprene concentration. As the concentration of isoprene is increased the percentage of 
linear trimers C and E decrease, whereas the percentage of D increases. It is not 

possible to state why this occurs because the linear trimer labels refer to the three linear 

trimer peaks on the GC trace and not to a specific isomers of 
2,6,11-trimethyldodecatetraene. 

3.3.4. Trimerisation of Isoprene with Systems Using Other PNP Ligands 

A variety of PNP, bis(diarylphosphino)ethane and bis(diarylphosphino)methane ligands 

were synthesised and tested. The conditions used were 0.04 mmol of [CrCl3(thf)3], 

0.04 mmol of ligand, 300 equivalents of MAO co-catalyst, a temperature of 70 °C and a 

reaction time of for 1 hour. The concentration of isoprene used was 6.8 mol dm 3 and 

toluene was used as the solvent, with a total volume of 44 mL for each run. The results 

obtained are shown in Tables 3.8 to 3.12, the productivity in each table was determined 

from the mass gain of non-volatile products from each run and the product distribution 

was determined from the GC data. For a comparison, each table contains run 3.7 from 

Table 3.6, which are the results from the [CrC13(thO3]/1/MAO system. The ligands are 

shown in Figures 3.16 - 3.21, all ligands, apart from ligands 68,69 and 75 to 77, are 
known in the literature and were synthesised by literature methods. 36,37,41,42 The 

selectivity to linear and cyclic trimers is given within trimer fraction and the selectivity 

towards specific linear trimers C, D and E is given with the linear trimer fraction. 
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Figure 3.16 - PNP Ligaeids with Alkyl Substituents on Nitrogen 
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Table 3.8 - Isoprene Tri, nerisatioii ivitls Ligands in Figure 3.15 

Product Distribution (wt %) 

Run Ligand Prod. " TOF Trimers 

b Linear Trimers cyclic CZO+ 
Total' C 

Total` C" D" E" 

3.7 1 826 632 79.1 70.0 33.2 48.9 17.9 30.0 20.9 

3.13 17 370 283 6.6 76.1 28.5 41.3 30.2 23.9 93.4 

3.14 63 315 241 13.1 73.4 32.3 43.7 24.0 26.6 86.9 

3.15 19 298 228 28.7 49.8 27.3 37.8 35.7 50.1 71.3 

3.16 64 375 287 
No Trimer - 3.17 65 577 441 100 % oligomers to polymer 

3.18 66 423 323 
a Productivity /g (g Cr h)-'; b 

overall selectivity; ` within trimer fraction; within linear trimer fraction; 

Table 3.8 shows how the substituent on the nitrogen backbone affects the productivity 

and product distribution. As the size and bulk of the substituent on the nitrogen is 

increased, the selectivity towards trimer products decreases. This suggests that having 

bulky substituents on the nitrogen, changes the selectivity of the reaction from isoprene 

trimerisation to isoprene oligomerisation or polymerisation. This is consistent with the 

insertion of isoprene being faster than the rearrangement or reductive elimination, in 

systems using PNP ligands with bulky nitrogen substituents. This is seen with ethene 

trimerisation, where increasing the bulk of the nitrogen substituent increases the 

selectivity to octene over hexene, although it is unclear as to why this occurs. 41,48 

Generally as the size of the nitrogen substituent increases the productivity decreases 

with 370 g (g Cr h)" for ligand 17, with a methyl group on the nitrogen and 

298 g (g Cr h)'' for ligand 19, with an isopropyl group on the nitrogen. The percentage 

of cyclic to linear trimer is highest for run 3.15, ligand 19, suggesting that the reductive 

elimination of intermediate 109 is favoured over the rearrangement to 117 and 118 for 

ligands with bulky groups on the nitrogen. 
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The productivity for ligand 17 is 370 g (g Cr h)" compared to 826 g (g Cr h)'1 for ligand 

1, showing that the OMe groups on ligand 1 plays a large part in catalysis. This lead to 

the testing of a range of PNP ligands with ortho alkyl groups on the phenyl ring, as 

shown in Figure 3.17 and the results are shown in Table 3.9. 
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Figure 3.17 - PNP Ligands with Alkyl Substituents 

Table 3.9 - Isoprene Trimerisation will: Ligacds in Figure 3.16 

Product Distribution (wt %) 

Run Ligand Prod. ' TOF 
/h 

Trimers 

Tntalb 
Linear Trimers 

Cyclic" 
CZO+b 

Total` Cd Dd Ed 

3.7 1 826 632 79.1 70.0 33.2 48.9 17.9 30.0 20.9 

3.19 10 663 507 94.9 74.2 27.0 44.3 28.7 25.8 5.1 

3.20 3 701 536 71.2 78.3 25.3 45.0 29.7 21.7 29.8 

3.21 11 697 533 59.6 79.5 26.3 46.5 27.2 20.5 40.4 

3.22 67 769 588 66.5 76.3 19.6 33.3 23.5 23.7 33.5 
a Productivity /g (g Cr h)"'; overall selectivity; ` within trimer fraction; ` within linear trimer fraction; 

It was found that bulky ortho groups on the phenyl rings of the PNP ligands give higher 

productivity and higher selectivity to trimeric products than PNP ligands without the 

ortho groups. This may be because the bulky ortho groups cause the rate of 
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rearrangement of diallyl intermediate 109 to 117 and 118 to increase and become 
favoured over insertion of further isoprene units. Ligand 67 showed the most promising 

results, out of this group of ligands, with a productivity of 769 g (g Cr h)'', this ligand 

has methyl groups on the ortho positions in each aryl group so is more sterically 
hindered than PNP ligands with one ortho group on each aryl ring. Figure 3.18 shows 
how the PNP ligand may be positioned in intermediate 109. 

109 

i Me I/ 
RAR 

'P 
/ 

R 

ýCr 

R 
"_ 

Figure 3.18 - Interaction Between Ligarad and Intermediate 109 

It may be expected that as the size of the R group is increased from Me to iPr then the 

selectivity towards the trimer product would increase because further isoprene insertion 

would become more difficult. Table 3.9 shows that this is not the case, the selectivity 
towards the trimer product is 94.9 % for ligand 10, whereas the selectivity is 59.6 % for 

ligand 11 where R is iPr. The product distribution within the trimer fraction stays 

constant, although compared to run 3.7, the percentage of linear trimer is slightly 
higher. Run 3.7, with ligand 1 still shows a higher productivity than this group of 
ligands, which then leads on to the testing of other PNP ligands with oxygen donor 

substituents in the ortho position on the aryl rings, as shown in Figure 3.19. 
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Figure 3.19 - PNP Ligarads with Oxygen Based Substitnei: ts 
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Table 3.10 - Isoprene Trinnerisation with Ligarads in Figure 3.18 

Product Distribution (wt %) 

TOF Trimers 
Run Ligand Prod. " h 

Linear Trimers Cio+" 
Totain Cyclicb 

Total` C`' Dd Ed 

3.7 1 826 632 79.1 70.0 33.2 48.9 17.9 30.0 20.9 

3.23 68 576 440 89.7 68.9 27.5 47.3 25.2 20.8 10.3 

3.24 69 1,370 1,048 79.0 60.8 31.9 48.5 19.6 18.2 21.0 

a Productivity /g (g Cr h)"; overall selectivity; ` d 
within trimer fraction; within linear trimer fraction; 

Table 3.10 shows the results obtained from the systems using PNP ligands with oxygen 
donor substituents in the ortho position on the aryl rings. Compared to 1, ligand 68 

with ethoxy groups on the aryl ring gave a lower productivity of 576 g (g Cr h)'', 

although the trimer selectivity was higher at 89.7 %. Ligand 69 gave a productivity of 

1,370 g (g Cr h)"', this may be because the acetal groups on the aryl rings are bulky and 

so as previously stated from the PNP ligand in Figure 3.17, the bulkier the substituent in 

the ortho position of the aryl groups, the higher the productivity towards isoprene 

trimerisation. The selectivity towards the trimeric products for 69 is 79.0 %, with a 

selectivity of 60.8 % to linear trimers within the trimer fraction. 

A range of bis(phenylphosphino)ethane, dppe, derivatives were also tested for isoprene 

trimerisation, shown in Figure 3.20. Ligand 71, dppe, has previously been shown to 

have a low activity for ethene trimerisation. 47 
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Figure 3.20 - Bis(diarylphosphino)ezhane Ligands Tested for Isoprene 

Trimerisation 

Ligands based on dppe were found to be inactive towards isoprene trimerisation. Other 

than dppe, these ligands were found to be inactive for ethene trimerisation or 
tetramerisation and in Chapter 2, these ligands were also inactive towards ethene and 

styrene cotrimerisation. 4 
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Figure 3.21 - Bis(diarylphosphino)ethane Ligai: ds Tested for Isoprene Trimerisation 

A selection of bis(diphenylphosphino)methane derivatives (Figure 3.21) were also 

tested for isoprene trimerisation and were found to be inactive. This may be because the 

carbon backbone is deprotonated during catalyst activation, causing the catalyst to 
become inactive or decompose. 4 
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3.4. Trimcrisation or Oligomcrisation of other 1,3-Dienes 

The [CrC13(thf)3]/1/MAO system in Scheme 3.8 was also tested for 1,3-butadiene and 
2,3-dimethyl-1,3-butadiene trimerisation. 

3.4.1.1,3 Butadiene 

The trimerisation of 1,3-butadiene was attempted using the system shown in Scheme 

3.15. Unlike isoprene, 1,3-butadiene is a gas so a different method was used to prepare 

the catalytic run. 1,3-Butadiene was bubbled through a solution of [CrC13(thf)3], ligand 

1 and MAO in toluene for 10 minutes and then the reaction mixture was heated to 70 °C 

and stirred for I h. 

Me 

\ (cI/N\ 
PP 

_ ,2+ 
[CrC13(thO3] 

2 
OMe MeO 

I Poly(butadiene) 
300 eq MAO, Toluene 

70 °C, Ih 
Total volume = 44 niL 

Scheme 3.15 - Polymerisation of 1,3-Butadiene 

It was found that the system actually polymerised butadiene, with no oligomers 
observed in the GC trace. The polymer was isolated from the toluene solution by the 

addition of methanol. The 'H and 13C NMR spectra of the polymer were compared to 

literature values and from this the polymer structure was determined, the 13C NMR 

spectrum for the polybutadiene is given in Table 3.11.133 - 135 

134 



Chapter 3- Trlmerlsatlon of 1,3-Dienes 

Table 3.11-'3C NAIR Spectrum Assignment of Polybutadiene114 

Chemical Shift 8/ ppm Percentage 
Structure" Literature Observed 

Integration 

(CDCI3) (CDCI3) 
/% 

,, -- 
25.3 25.2 1.6 

c 

-" ., 27.8 27.5 2.7 
c tort 

30.6 30.2 2.0 

I 

t cort 
. and 

Gort 

33.2 32.8 2.7 

34.5 34.3 1.0 

Gort " 

t 

and 

cor t 

cor I 

36.0 35.8 1.6 

38.7 38.6 7.5 

39.1 38.8 10.9 

40.5-42.4 40.1-42.4 19.9 

43.9 43.8 0.6 
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" 
114.8 114.4- 115.1 20.7 

cor t 

/ 

cor t 

and / 130.1 129.5 - 130.7 9.4 

c or I 

., \ 
143.2 142.9 - 143.5 19.5 

cort 
"' denotes carbon with which peak refers to and c is cis and t is trans double bonds. 

Table 3.13 shows the assignment of the 13C NMR spectrum for the polybutadiene 

produced by the [CrC13(thf)3]/1/MAO system, with the integration of each peak as a 

percentage. From this it was determined that the structure of the polymer was mainly a 

1,2-monomer microstructure, with 60 % 1,2-, 33 % cis 1,4- and 7% trans 1,4-monomer 

units. 134,135 Molecular weight and polydispersity of the polymer is unknown due to the 

poor solubility of the polymer formed. A productivity of 1125 g (g Cr h)'' was 

obtained, which was calculated from the mass of polymer produced. 

The polymerisation of 1,3-butadiene using chromium catalysts is known, such as 
[Cr(acac)31, with MAO as the activator. 135 Ricci and co-workers investigated a number 

of chromium catalysts with bidentate phosphine ligands with carbon backbones, which 

gave high activities and polybutadiene with a high percentage of 1,2 units. 136' 137 A 

system using [CrC12(dmpm)2] (dmpm = bis(dimethylphosphino)methane) with MAO 

gave 90 % 1,2-polybutadiene. This system was also shown to polymerise isoprene to 

give 3,4-polyisoprene. 

3.4.2.2,3-Dimethyl-1,3-butadiene 

The trimerisation of 2,3-dimethyl-1,3-butadiene (DM8) was attempted using the system 

shown in Scheme 3.16.0.04 mmol of [CrC13(thf)3] and 0.04 mmol of 1 were used, with 
300 equivalents of MAO, 5.3 mol dm'3 of distilled 2,3-dimethyl-l, 3-butadiene and 
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toluene as the solvent. As with the trimerisation of isoprene the reaction was run at 
70 °C for I h. The results obtained from the trimerisation of 2,3-dimethyl-l, 3-butadiene 

are shown in Table 3.12. 

lYle 

/\N 
p 

\P Q)2 
+ ICCCI3(thf)3] 

2 
We MeO 

1 10 Trimers 
300 eq MAO, Toluene 

5.3 mol dm'3 70 °C, 1h 
Total volume = 44 ml. 

Scheute 3.16 - Trimerisatio, i of 2,3-Dimet/iyl-1,3-Butadiene 

Table 3.12 - Trinierisation of 2,3-Dimethyl-1,3-Butadiene 

DAMB Productivity Product Distribution (wt %) 
Run / mol dm 3/g (g Cr h)" Trimers Oligomers 

3.34 5.3 1096 89.9 10.1 

Table 3.12 shows that oligomerisation of 2,3-dimethyl-1,3-butadiene formed trimeric 

products in a high selectivity of 89.9 % and a productivity of 1096 g (g Cr h)-l. The GC 

trace showed one peak for trimeric products and one peak for oligomeric products. 

Using the same mechanism as was used for isoprene trimerisation (Scheme 3.9 and 
3.10) the possible isomers could be determined. This is shown on Scheme 3.17, unlike 
isoprene, where more than one route is possible, the mechanism for the trimerisation of 
2,3-dimethyl-1,3-butadiene is much simpler, due to the symmetry of the monomer. 
Only one route is possible, reducing the total number of trimer isomers produced. 
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Scheme 3.17- Formation of Trierers of 2,3-diinethyyl-1,3-butadiene 

The GC data showed that there was only one peak for trimer products and from Scheme 

3.17 it can be seen that the trimer products are isomers of 2,3,6,7,10,11- 

hexamethyldodecatetraene, 129. There are four different linear isomers of 

2,3,6,7,10,11-hexamethyldodecatetraene, 129, possible and one cyclic isomer, which are 

shown in Figure 3.22. 
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Linear 
Isomers 

129a 

129c 

129b 

129d 

2,3,6,7,10,11-Hexamethyldodecatetraene 

Cyclic 
Isomer 

130 

1,2,5,6,9,1 0-Hexamethyl- 
cyclododeca- 1,5,9-triene 

Figure 3.22 - Possible Isomers from Trimerisation of 2,3-dimetlz}y1-1,3-butadiei: e 

As previously stated, the GC trace of the trimerisation products contains one trimer 

peak, although this peak may be for more than one isomer which come at the same 

retention time. The cyclic isomer, 130, has a higher boiling point than the linear 

isomers and so would have a different retention time, therefore if the trimer peak 

corresponded to the cyclic isomer, this would be the only isomer seen in the 13C NMR 

spectrum of the products, shown in Figure 3.23. The 13C NMR spectrum would contain 

six peaks due to the three fold symmetry of the ring and can therefore be ruled out as the 
13C NMR of the products contains eighteen main peaks. A 13C 135 DEPT NMR 

experiment showed that the isomer contained six CH3 groups, five CH2 groups, two CH 

groups and five quaternary carbons. From this data it was hypothesised that the linear 

isomers present were isomers of 2,3,6,7,10,11-hexamethyl-1,3,6,11-dodecatetraene, 

129a and 129b. It is not possible to suggest whether just one or both of these isomers is 

present. 

In conclusion the trimerisation of 2,3-dimethyl-1,3-butadiene using the 
[CrC13(thf)3]/1/MAO system formed either one or both of the cis or trans isomers of 
2,3,6,7,10,11-hexamethyl-1,3,6,11-dodecatetraene. 
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3.5. Summary 

In Chapter 2 the [CrC13(thfj3]/1/MAO system was shown to cotrimcrise ethenc with 

styrene and is known to selectively trimerise ethene to 1-hexene. 4' 93 Therefore this 

system was tested for the trimerisation of 1,3-dienes. First to be tested was isoprene and 

it was found that the [CrC13(thf)3]/1/MAO system was able to trimerise isoprene. Using 

0.02 mmol of [CrC13(thf)3], 0.02 mmol of 1,300 equivalents of MAO, an isoprene 

concentration of 6.8 mol dm-3, at 70 °C, a productivity of 826 g (g Cr h)1 was obtained, 

with a selectivity to the trimer products of 79.1 %. A selection of results from this 

chapter has been published. 130 

The possible trimer isomers were determined from looking at the mechanism, where 

isoprene inserts into the activated chromium centre to form a five membered 

chromametallacycle. This is followed by the insertion of two further isoprene units, to 

give a chromium diallyl species. Due to isoprene being unsymmetrical, insertion can 

occur via a 1,4 or 4,1 insertion, giving more than one possible route. The next stage can 
involve direct reductive elimination to give cyclic isomers, or rearrangement followed 

by ß-hydride elimination and reductive elimination to give the linear isomers. From this 

it was discovered that there are 42 possible isomers. To reduce the number of isomer in 

the trimer mixture, the mixture was hydrogenated to give the corresponding alkanes. 

The 13C NMR spectrum of the alkane mixture was compared to commercially available 

standards and from this is was found that the mixture contained one linear and one 

cyclic alkane isomer, which were determined to be 2,6,11-trimethyldodecane and 1,4,8- 

trimethylcyclododecane. These isomers come from the 1,4 insertion of isoprene into 

the mechanism, which is favoured due to the formation of the more stable 2-methyl- 

allyl group. Once the alkane structures were known, the isoprene trimers could be 

named as isomers of 2,6,11-trimethyldodecatetraene, 113 and 1,5,10-trimethyl-1,5,9- 

cyclododecatriene, 121. It was not possible to determine to position of the double 

bonds on the linear isomers or state which of the eight possible isomers of 113 were 
formed. 

The effects of changing reaction temperature, time and isoprene concentration were 
investigated. It was found that isoprene trimerisation only occurred above about 45°C 
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and gave the highest productivity at 70 T. Productivity increased with isoprene 

concentration, with the ratio of cyclic to linear trimers also increasing. A range of 

ligands were tested and each of the successful ligands showed the same products as the 

system using ligand 1. Increasing the size of the substituent on the nitrogen increased 

the selectivity to higher isoprene oligomers, whereas increasing the size of the 

substituent on the ortho position of the aryl group, increased the selectivity to isoprene 

trimers. 

2,3-Dimethyl-1,3-butadiene and 1,3-butadiene were also used as substrates with the 

[CrC13(thO3]/1/MAO system. 2,3-Dimethyl-1,3-butadiene formed one trimer isomer 

and higher oligomers, with an 89.9 % selectivity to the trimer isomer. From the 13C 

NMR spectrum of the trimer, it was found to be either one or both of the cis or trans 

isomers of 2,3,6,7,10,11-hexamethyl-1,3,6,11-dodecatetraene, 129a or 129b. 

1,3-Butadiene formed polybutadiene with a productivity of 1125 g (g Cr h)"', consisting 

of 60 % 1,4 units. It is not known as to why this catalytic system switches between 

polymerisation and trimerisation for 1,3-dienes but these results suggest that the steric 

bulk of the ligand and the substrate have a large effect on the outcome. 1,3-Butadiene, 

which has no methyl groups, is the least bulky substrate and forms polymer. Whereas 

the most bulky substrate, 2,3-dimethyl-1,3-butadiene, with two methyl groups, 

selectively forms a trimeric product. 
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Chapter 4- Chromium(l) Carbonyl Complexes 

4.1. Introduction 

As stated in Section 1.4, Manyik and co-workers' and Kohn and co-workersS8 proposed 

a metallocycle mechanism for ethene trimerisation involving a Cr(I)/(III) system. In 

this mechanism the chromium precursor has an oxidation state of +111, which becomes 

+1 upon activation. Two ethene molecules coordinate to the Cr(I) centre and undergo 

oxidative coupling to give the chromacyclopentane, with a Cr(III) centre. The Cr(I) 

centre is regenerated by reductive elimination of the chromacycloheptane, releasing 

1-hexene. This is shown in Scheme 4.1. 
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Scheune 4.1- Activation of Chromium Catalyst by RMAO, PNP Ligand has been 

Omitted for Clarity and Ar is o-OMeC6lls. 

In the [CrCl3(th03]/1/MAO system the key Cr(I) di-alkene species is believed to be 

produced by methylation of the trichloride precursor, followed by methide abstraction 

and reductive elimination of ethane. ' 4 Bercaw and co-workers have evidence for this 

mechanism by synthesising [CrPh3(1)], 7, and [CrBr(o, o'-biphenyldiyl)(1)], 33. Upon 

activation of compound 33 (Scheme 1.22) with Na[B(C6H3(CF3)2)4], or [CrPh3(1)], 7 

with [H(Et20)21[B(C6H3(CF3)2)41, followed by exposure to ethene, 1-hexene was 

produced in comparable productivities and selectivities to the [CrCl3(thf)3]/1/MAO 

system (see Scheme 1.15). From this work the activation of the Cr(III) catalyst with 

MAO can be extended, as shown in route b in Scheme 4.1, where ethene coordinates to 

the chromium centre and inserts into the Cr-Me bond. This is followed by ß-hydride 

elimination and reductive elimination to give the Cr(I) species. This group reported the 

synthesis of chromium carbonyl PNP complexes such as [Cr(CO)4(Ar2PN(Me)PAr2)], 
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where Ar = (o-CD3)-C6115. These complexes were oxidised using C6115IC12, I3r2 or 12 to 

yield [Cr(PNP)X3], Cr(III) complexes. 39 

McGuinness and co-workers previously investigated the use of alternative cocatalyst 

systems to MAO, such as [Ph3C][B(C6F5)3] with A1Et3.52 It was reported that 

cocatalysts with large, weakly coordinating anions gave the highest productivities and 

selectivities, although these catalysts had shorter lifetimes. The research was then 

extended to aluminate systems to find catalyst systems with longer lifetimes, such as 
[Ph3C][Al(OC(CF3)3)4]. It was suggested that AlEt3 is needed for alkylation of the 

Cr(III) centre and [Ph3C]+ is used as an alkyl abstracting agent. 

As an alternative approach to generate an active catalyst, we propose a route involving 

the one electron oxidation of a Cr(O) species. This would be followed by ligand 

substitution to generate the Cr(I) di-alkene species (Scheme 4.1) and thus enter the 

catalytic cycle. The various different routes of catalyst activation are shown in Scheme 

4.2. 

Cr(O) oxidation Cr(I) 

ligand 
substitution 

Bercaw and Co-workers5 Wass and Co-workers2 
[II(Et2O)2][B(C6Hj(CF3)2)a] MAO Cr(III) Cr1\+ Cr(III) 

or Na[B(C6H3(CF3)2)4] 
% Cr(I) 

Scheme 4.2 - Routes to For nation of Cr(I) Di-alkene Species 

4.1.1. Background to the Synthesis of Chromium Carbonyl Complexes 

The synthesis of group 6 metal carbonyl N, N-bis(diarylphosphino)alkylamine (PNP) 

complexes was first described by Payne and co-workers. '39,140 It was reported that the 

thermal reaction of PNP ligands with [M(CO)6] produced complexes with the formula 

[M(CO)4(PNP)], where M is molybdenum or tungsten. Nixon and co-workers13' and 
King and co-workers141 143 investigated the reaction of F2PN(R)PF2 ligands with group 
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6 metal carbonyls (R = Me, Et or Ph). There methods were developed for the synthesis 

of metal carbonyl PNP complexes and the products given depended upon the method 

and ligand used. A selection of complexes and methods for synthesis are shown in 

Scheme 4.3 using F2PN(R)PF2 as the ligand)44 

One method of synthesis is by displacement of a labile ligand such as norbornadiene 

(NBD) from [Cr(CO)4(NBD)] or cycloheptatriene (CHT) from [Cr(CO)3(CHT)]. When 

two equivalents of the ligand is used, [Cr(CO)4(FZPN(R)PF2)2], 131, is formed, where 

each PNP ligand is coordinated to the metal centre via one phosphorus; or 
[Cr(CO)3(FZPN(R)PF2)2], 132, is formed, where one ligand is bidentate and the other is 

monodentate. Another route is photolysis, which is reacting the ligand with [Cr(CO)6] 

under ultraviolet light. A third route is co-condensation, where the ligand is reacted 

with chromium vapour. When F2PN(R)PF2 is used as the PNP ligand, both photolysis 

and co-condensation give [Cr(F2PN(R)PF2)3], where all of the CO ligands are displaced 

by PNP ligands. Reactions with molybdenum and tungsten were also reported with a 

wide range of possible complexes, including the formation of complexes with two or 

more metal centres. 
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Scheme 4.3 - Synthesis of Various Chromium Carbonyl (FIPN(R)PFz) Complexes 

Balakrishna and co-workers reported the synthesis of a range of metal carbonyl PNP 

complexes. 145 PNP ligands with the formula R'2PN(R)PR'2 were investigated, where R 

and R' are: R=Me and R'=OMe or OPh; R=Ph and R'=OPh and OCH2CF3; R=iPr and 
R'=Ph (Ligand 19). The PNP ligand is reacted with either [Cr(CO)4(NBD)] or 
[Cr(CO)6], giving [Cr(CO)4(R'2PN(R)PR'2)], as shown in Scheme 4.4. 
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R 
[Cr(CO)4(NBD)] + 

R, P 
N, 

PR 2 '2 

R 
[Cr(CO)6] +R P'N, PR 

dichloromethane 
25 °C 

NBD 

2CO 

toluene 
reflux 

C 
ýP�I, CO 

R-N� 
P, 

1.1 
CO 

R'2 CO 

R=Me, R'=OMe or OPh 
R=Ph, R'=OPh or OCH2CF3 
R='Pr, R'=Ph (19) 

Scheme 4.4 - Synthesis of ICr(CO)4(R'2PN(R)PR'2)1 

In one route, the PNP ligand was reacted with [Cr(CO)6] in toluene under reflux for 

30 h. In the second route PNP ligands were reacted with [Cr(CO)4(NBD)] in 

dichloromethane at room temperature for 2 h. It was found that only one PNP molecule 

binds to the metal centre and no further displacement of CO is observed, even under 

reflux and the presence of excess ligand. Exposure of the [Cr(CO)4(PNP)] complexes to 

ultra-violet light or the addition of trimethylamine-N-oxide (TMNO), in the presence of 

free ligand, did not lead to further CO replacement. The infrared (IR) spectra of these 

complexes showed four CO stretching frequencies in the range 2060 - 1890 cm's. The 

molybdenum and tungsten analogues of [Cr(CO)4(PNP)] were also reported. The 

molecular structures of [Mo(CO)4((PhO)2PN(Ph)P(OPh)2)] and [W(CO)4(19)] (ligand 

19 is Ph2PN(iPr)PPh2) were given and showed an octahedral arrangement of ligands 

around the metal centre. 145 

4.1.2. Background to Oxidation of Cr(O) Complexes to Cr(I) Complexes 

Connelly and co-workers showed that the oxidation of [Cr(CO)4(dppe)] or 
[Cr(CO)4(dppm)] produces a 17 electron species [Cr(CO)4(dppe)]+ or [Cr(CO)4(dppm)]+ 

which are isolable but unstable; it was suggested that the oxidation was a one electron 

reversible process. 146,148 The group also found that the reaction of Ag[BF4] with 
[Cr(CO)4(dppm)] gives [Cr(CO)4(dppm)][BF4]. 148 Bond and co-workers investigated 

the oxidation of a range of [Cr(CO)4(PAr3)2] complexes, using [NO][PF6] or 
141 Ag[C10a]. It was found that the oxidation of the complex can cause a rearrangement 
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of ligands around the metal centre from a cis to trans conformation, although the 

product depended on the size and electronics of the ligand. It was suggested the trans- 

(Cr(CO)4(PAr3)2] configuration was favoured. This work was extended to 

geometrically constrained bidentate phosphine systems such as [Cr(CO)4(dppm)], 

cyclic voltammetry indicated that [Cr(CO)4(dppm)] undergoes a reversible one electron 

oxidation. 149 Oxidation of [Cr(CO)4(dppm)] using oxidative-controlled potential 

electrolysis gave [Cr(CO)4(dppm)]+, which was shown to decompose over time. The 

decomposition product was shown by IR spectroscopy to contain [Cr(CO)4(dppm)] and 
by 31P NMR spectroscopy to contain free dppm. This suggests a disproportionation 

mechanism is occurring, as shown in Scheme 4.5. 

Ph2 ýp +1 Ph2 cp 
2 

Pi ýCO < Pý 
r, ' Co 

+ Ph2P ̂ M2 + Cr(II) + 4C0 

Ph2 Cp 
CO PPh2 

Cp 
CO 

Scheine 4.5 - Decomposition of [Cr(CO)4(dpp, nt)I 

The oxidation of [M(CO)4L2], where M= Cr, Mo, W and L= monodentate ligand, to 

[M(CO)4L2]+ is more stable that for [M(CO)4(L-L)], where L-L is a bidentate ligand. 150 

This is because for [M(CO)4L2]+ the trans configuration is favoured over the cis 

configuration. [M(CO)4(L-L)] is geometrically constrained to the cis configuration and 

therefore, when oxidised, the complex cannot rearrange to form the more stable trans 

configuration. This means that the bidentate complexes may be more likely to undergo 

side reactions to relieve the strain, making [M(CO)4(L-L)]+ more reactive and less 

stable than [M(CO)4L2]`. 

Connelly and co-workers investigated the oxidation of chromium carbonyl phosphine 
complexes with [NO][IIF4]. 's' It was found that under certain conditions NO replaces a 
CO ligand, as shown in Scheme 4.6. 
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Ph2 CO 

Scheme 4.6 - Reaction of JCr(CO), j(dppe)J with INOJJBF4J 

The IR spectra of mer-[Cr(CO)3(NO)(dppm)][BF4] contained the shift for NO at 

1749 cm's, with CO stretches at 2025 cm'' and 2089 cm'1, showing that the oxidation of 
[Cr(CO)4(dppe)] with [NO][BF4], results in NO replacing a CO ligand, forming an 18 

electron complex with a positive chromium centre and BF4 as the anion. 

In general the 18 electron chromium carbonyl diphosphine complexes can be oxidised 
to the 17 electron species but the product is unstable and decomposes back to 50 % of 

the equivalent amount of the 18 electron complex, as shown in Scheme 4.3. 

4.2. Objectives 

The objective of this chapter is to investigate the use of chromium (0) complexes as an 

alternative route into the active Cr(I) catalyst in the trimerisation of ethene. MAO 

suffers a number of drawbacks including its expense, incompatibility with polar 

substrates and difficulty in studying the active species; the discovery of new activation 

methods therefore has potential advantages. The oxidation of chromium (0) complexes 

to Cr(I) species may be a new, MAO free, route to the active species. This route may 

also be used to further investigate the mechanism for ethene trimerisation. 
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4.3. Chromium(O) Carbonyl Complexes 

4.3.1. Synthesis of Chromium(O) Carbonyl Complexes 

Chromium carbonyl complexes were synthesised using a method reported by 

Balakrishna and co-workers. 145 Scheme 4.7 shows the method for the formation of 
[Cr(CO)4(1)], 133 and [Cr(CO)4(19)], 134. 

Are O 

CI Toluenes .. CO , PýY133 - [Cr(CO)4(1)) Cr CO)61 + R-N,, 
_Crý Ar2P' PAr2 24-48 h- pI CO 134 - [Cr(CO)4(19)] 

Ar2 CO 

Me y 

(1/N\) 
(/N\) 

zz 
OMe MeO 

1 19 

Scheme 4.7-Synthesis of Chromium Carbonyl PNP Complexes 

Two chromium (0) carbonyl PNP complexes were synthesised, [Cr(CO)4(1)], 133 and 
[Cr(CO)4(19)], 134. [Cr(CO)4(5)] was also synthesised, where ligand 5 is the dppm 

analogue of ligand 1, with a carbon backbone. Chromium hexacarbonyl, [Cr(CO)6], and 

the PNP ligand were dissolved in toluene under nitrogen and heated under reflux for 24 

to 48 hours. The reaction was monitored by 31P NMR spectroscopy. The synthesis of 
[Cr(CO)4(5)], 135, is shown in Scheme 4.8. 

(Cr(CO)61 + 
(-'- 

OMe 

/\z 

MeO 
5 

Are CO 
Toluene 

` 
P-ý, ico 

24 h<ý CO Är2 
CO 

135 - Ar = o-OMe-C6H5 

Scheme 4.8 - Synthesis of JCr(CO)4(S)J, 13S 
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[Cr(CO)4(5)], 135 was synthesised using the same method as [Cr(CO)4(1)], 133 and 
[Cr(CO)4(19)], 134. The 31P NMR data for complexes 133,134 and 135 is shown in 

Table 4.1. 

Table 4.1 - 
31P NAIR Shifts for Synthesised Chromium Carbonyl Complexes 

Ligand 31P Shift / ppm 

[Cr(CO)a(1)], 133 102.0 

[Cr(CO)4(19)], 134 114.0 

[Cr(CO)4(5)], 134 19.9 

31P NMR data for complexes 133,134 and 135 is consistent with chromium carbonyl 

PNP and dppe complexes, with the 31P NMR shift for [Cr(CO)4(dppm)] being 

26.0 ppm. 152 The data shows a single peak for each complex, which is due to the two 

equivalent phosphorus atoms. The NMR data is also consistent with that reported for 

[Cr(CO)4(19)], 134 by Balakrishna and co-workers. 145 

4.3.2. Molecular Structures of Chromium Carbonyl PNP Complexes 

This section reports the molecular structures of complexes 133,134 and 135. The 

hydrogen atoms and solvent molecules are omitted from each structure for clarity. The 

molecular structures of complexes 133,134 and 135 were consistent with the molecular 

structures of [Mo(CO)4((OPh)2PN(Ph)P(OPh)2)] and [W(CO)4(19)] reported by 

Balakrishna and co-workers. 145 

The molecular structure of [Cr(CO)4(1)), 133, is shown in Figure 4.1. 
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Figure 4.1 - Molecular Structure of [Cr(CO)4(1) j, 133 

Yellow crystals of [Cr(CO)4(1)], 133 were grown from dichloromethane at -30 °C. 

Complex 133 crystallises with one molecule of dichloromethane in the asymmetric unit 

and adopts an octahedral arrangement of ligands around the chromium centre. The 

complex has a fold angle of 2.6°, which is the difference between the CrP2 plane and the 

P2N plane, this implies that the Cr-P(1)-N(1)-P(2) plane is almost flat. The sum of the 

angles around the nitrogen atom is 356.6°, suggesting that the nitrogen is sp 2 hybridised 

and that the lone pair on the nitrogen is delocalised over the P(1)-N(1)-P(2) bonds. Also 

there is a short intra-molecular distance between 0(7), in a methoxy group, and 0(1), in 

a carbonyl group, of 3.02 A. A selection of bond angles and lengths are given in Table 

4.2. 

The molecular structure of [Cr(CO)4(19)], 134, is shown in Figure 4.2. 
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Figure 4.2 - Molecular Structure of [Cr(CO)4(19)/, 134 

Complex 134 crystallises with two molecules in the asymmetric unit. The phenyl rings 

adopt a similar conformation in each molecule; with the difference appearing in the 

orientation of the isopropyl group. It is suggested that this is due to the difference in 

fold angle between the two molecules of 10.9° and 4.9°. The sum of the angles around 

the nitrogen atom is 356.9", implying that, as with complex 133, the nitrogen is sp 2 

hybridised. 
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Table 4.2 - Baud Lengths and Angles for Chromium Carbonyl PNP Complexes 

[Cr(CO)4(1)], 133 [Cr(CO)4(19)[, 134 

Cr(1)-C(1) 1,878(3) 
Cr(1)-C(2) 1.891(3) 

Cr(1)-C(2) 1,878(3) Cr(1)-C(3) 1.862(3) 
Cr(1)-C(3) 1.891(3) Cr(1)-C(4) 1.858(3) 
Cr(1)-C(4) 1.862(3) Cr(2)-C(32) 1.885(3) 
Cr(1)-C(5) 1.858(3) Cr(2)-C(33) 1.883(3) 

Cr(2)-C(34) 1.858(3) 
Cr(2)-C(35) 1.863(3) 

C(1)-O(1) 1.152(3) 
C(2)-O(2) 1.149(3) 

C(2)-O(1) 1.156(4) C(3)-0(3) 1.153(3) 
Bond Lengths C(3)-O(2) 1.154(4) C(4)-O(4) 1.158(3) 

/A C(4)-O(3) 1.146(4) C(32)-O(5) 1.156(3) 
C(5)-O(4) 1.155(4) C(33)-O(6) 1.151(3) 

C(34)-O(7) 1.150(3) 
C(35)-O(8) 1.153(3) 

Cr(1)-P(1) 2.353(11) 
Cr(1)-P(1) 2.356(12) Cr(1)-P(2) 2.346(11) 
Cr(1)-P(2) 2.368(10) Cr(2)-P(3) 2.326(9) 

Cr(2)-P(4) 2.352(10) 

P(1)-N(1) 1.714(2) 
P(1)-N(1) 1.700(15) P(2)-N(1) 1.715(2) 
P(2)-N(1) 1.704(15) P(3)-N(2) 1.715(2) 

P(4)-N(2) 1.713(2) 

P(1)-Cr(1)-P(2) 68.45(3) P(1)-Cr(1)-P(2) 67.82(4) 
Angles P(3)-Cr(2)-P(4) 67.87(3) 

/0 
P(1)-N(1)-P( 2) 102.04(13) 

P(1)-N(1)-P(2) 99.86(11) 
P(3)-N(2)-P(4) 99.44(11) 

C=O IR Stretches / 1869,1888, 1889 (br), 1919, 
cm'' (CI12CI2) 1907,2003 2006 

The Cr-P and Cr-CO bonds of 133 do not differ significantly from 134, suggesting that 

the effect of the methoxy group (133) is small. The Cr-CO bond lengths of the CO 

ligands trans to phosphine ligand are slightly shorter than the CO ligands trans to other 
CO ligands, which is due to the weaker trans effect of CO ligands over phosphines. 

The carbonyl stretching frequencies of both complexes are typical of chromium 

carbonyl phosphine complexes. 153 Complex 133 shows the expected four bands in the 

IR spectrum, although complex 134 only shows three bands, but this may be due to the 
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overlap of two bands. Complex 133 has lower carbonyl stretching frequencies (1869, 

1888,1907 and 2003 cm's) than complex 134 (1889.1919 and 2006 cm"' ). This 

suggests that ligand 1 is more basic than ligand 19, as a lower stretching frequency 

indicates that complex 133 has more back-bonding from the metal centre to the 

carbonyl groups than complex 134. This may be due to the methoxy groups on ligand 

1. The P-N-P angle and P-Cr-P bite angle of 134 are slightly smaller than that of 133, 

which may be due to ligand 1, with OMe groups, being a more sterically demanding in 

1 than the phenyl groups in ligand 19. 

The molecular structure of [Cr(CO)4(5)], 135 is shown in Figure 4.3. Hydrogen atoms 

and dichloromethane molecules are omitted for clarity. 

Figure 4.3 - Molecular Structure of fCr(CO)4(5)/, 135 
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As with [Cr(CO)a(1)], 133, [Cr(CO)4(5)], 135 crystallises with two molecules in the 

asymmetric unit, with two molecules of dichloromethane. Two methoxy groups are on 

one face of the Cr-P-C-P plane pointing towards the metal centre. The other two OMe 

groups lie on the other side of the Cr-P-C-P plane, pointing away from the metal centre. 
Table 4.3 shows a selection of bond lengths and angles of [Cr(CO)4(5)]. 

Table 4.3 -Selected Bond Angles and Lengths of f Cr(CO)4(5)J, 135 

[Cr(CO)4(5)], 135 

Cr(1)-C(2) 1.875(3) 
Cr(1)-C(3) 1.882(3) 
Cr(1)-C(4) 1.845(3) 
Cr(1)-C(5) 1.868(3) 
Cr(2)-C(35) 1.885(3) 
Cr(2)-C(36) 1.889(3) 
Cr(2)-C(37) 1.865(3) 
Cr(2)-C(38) 1.846(3) 

Bond Lengths 
/A 

C(2)-O(1) 1.156(3) 
C(3)-O(2) 1.150(4) 
C(4)-0(3) 1.156(4) 
C(5)-0(4) 1.147(3) 
C(35)-O(9) 1.150(3) 
C(36)-O(10) 1.142(4) 
C(37)-O(11) 1.150(4) 
C(38)-O(12) 1.155(3) 

Cr(1)-P(1) 2.362(16) 
Cr(1)-P(2) 2.368(17) 
Cr(2)-P(3) 2.366(16) 
Cr(2)-P(4) 2.369(17) 

P(1)-C(1) 1.848(3) 
P(2)-C(1) 1.846(2) 
P(3)-C(34) 1.847(3) 
P(4)-C(34) 1.848(3) 

P(1)-C(1)-P(2) 96.92(12) 
Angles P(3)-C(34)-P(4) 97.04(12) 

P(l)-Cr(1)-P(2) 71.52(5) 
P(3)-Cr(2)-P(4) 71.55(5) 

C=O IR Stretches / 1861,1888,1906,2002 
CM' (CI12CI2) 
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The Cr-P-C-P plane in 135 is less planar than complex Cr-P-N-P plane in complex 133. 

The fold angles of the Cr-P-C-P rings are 16.9° and 15.8°, which is higher than complex 

133, although the Cr-P bond length is similar to the Cr-P bond in 133. The P-C bond is 

smaller than the P-N bond in 133, leading to a smaller P-C-P angle than the PNP 

analogue. Also the bite angle (P-Cr-P) angle is larger for complex 135 than 133 or 134. 

The carbonyl stretching frequencies of complex 135 (1861,1888,1906 and 2002 cm') 

are similar to that of complex 133 (1869,1888,1907 and 2003 cni 1). This indicates 

that the nitrogen backbone of complex 133 is more electron rich than expected based on 

simple electronegativity arguments. This is likely to be due to the delocalisation of the 

nitrogen lone pair over the P-N-P chelate. 

4.3.3. Cyclic Voltammetry of Complexes 133,134 and 135 

The oxidation of complexes 133,134 and 135 was investigated by cyclic voltammetry, 

as shown in Figure 4.4. Cyclic voltammetry was conducted using a 1.0 x 10'3 mol dm '3 

solution of the complex in dichloromethane, with a 0.1 mol dm-3 of [NBu"4][PF6] as the 

supporting electrolyte and [Fe(rls-CSMes)2] as the internal standard. (Ep)red, (Ep)ox and 
E°' values are reported at a scan rate, v of 200 mV s"' and versus a saturated calomel 

electrode (SCE). 
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Figure 4.4 - Cyclic Voltammagram of Complexes 133,134 and 135 

Complexes 133,134 and 135 show a reversible oxidation. The (Ep)red, (Ep)0 and E° 

values for each complex is given in Table 4.4. 

Table 4.4 - (Ep), ed, (Ep)0X and E°' Values For Synthesised Chromium Carbonyl 

Complexes 

[Cr(CO)4(1)], 133 [Cr(CO)4(19)], 134 [Cr(CO)4(5)], 135 

E°/ V 0.53 0.79 0.42 

(Ep)red /V 0.61 0.86 0.35 

(Ep)0 /V 0.45 0.72 0.49 

Table 4.4 shows that complex 133 has a lower E°' value of 0.53 V than 134 (0.79 V), 

implying that 133 is easier to oxidise than 134. This suggests that ligand 1 is more 

electron rich than ligand 19 and so (Y-donation to the metal centre is higher, making the 

Cr centre more electron rich and so easier to oxidise. This is supported by the IR CO 

stretching frequencies in Section 4.4, where complex 133 had lower CO stretching 
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frequencies than 134, leading to the suggestion that ligand 1 is more basic than ligand 

19. 

As with the CO stretching frequencies of complexes 135 and 134, the E°' value of 

complex 135 (0.42 V) is closer to complex 134 than 133. This supports the theory that 

the nitrogen in the backbone of ligand 19 does not have as high an impact on the ligand 

electronics as thought, compared to the carbon backbone of ligand 5. The E°' value of 

[Cr(CO)4(dppm)] and [Cr(CO)4(dppe)] is 0.80 V and 0.79 V respectively (vs Ag/AgCI 

and ferrocene standard), suggesting that complexes 134 and 135 are easier to oxidise 

than [Cr(CO)4(dppm)] and [Cr(CO)4(dppe)], with complex 133 showing a similar E°' 

value. '49 

4.3.4. Chromium Nitrosyl Complexes 

In order to use chromium carbonyl complexes for trimerisation of ethene, the metal 

centre must have a vacant site for ethene to bind. This requires the removal of carbonyl 

ligands and it was hypothesised that the substitution or removal of CO ligands would 

occur more readily if the back-bonding to each CO ligand from the metal centre is 

reduced. [Cr(CO)3(NO)(1)][BF4], 136 is an 18 electron complex with an NO+ ligand. 

The cationic nature of the complex results in less electron density on the chromium 

centre compared to the neutral analogue complex 133. This reduces the 7t back-bonding 

to the carbonyl ligands, which in turn weakens the metal carbonyl bond; as a 

consequence substitution of the carbonyl ligands may be expected to occur more 

readily. 

[Cr(CO)3(NO)(1)][BF4], 136 was synthesised using a method developed by Connelly 

and co-workers, as shown in Scheme 4.9.151 
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Scheme 4.9 - Synthesis of /Cr(CO)3(NO)(PNP)JIBF4J 

[Cr(CO)3(NO)(1)], 136, was synthesised by reacting [Cr(CO)4(1)] with nitrosyl 

tetrafluoroborate, [NO][BF4] in a mixture of toluene and methanol (10: 1 ratio). It was 

found that using the mixed solvent system stabilised the formation of the chromium salt, 

136, compared with using only toluene. The complex was isolated by the addition of 

diethyl ether to precipitate a yellow solid. 

Crystals of 136 were formed by slow diffusion of hexane into a concentrated 

dichloromethane solution of the complex at -30 °C. The molecular structure of 

[Cr(CO)3(NO)(1)], 136, is shown in Figure 4.5. 

Figure 4.5 - Molecular Structure of fCr(CO)4(NO)(1)J, 136, Counterion Omitted for 

Clarity 
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As with complex 133, the molecular structure of complex 136 shows an octahedral 

arrangement of ligands around the chromium centre. The NO+ ligand is positioned 

trans to the phosphine ligand and the aryl groups are arranged with all four methoxy 

groups facing the metal centre. There is one molecule of the BF4 counterion in the 

asymmetric unit. 

NO can bond to the metal via one of two routes as shown in Figure 4.6.154 

Mode A Mode BL,, C -N0 0= 160° - 180° Lý, Cr=N=O 0= 120° - 1400 

Figure 4.6 - Bonding Modes of the NO Ligand 

In mode A the NO ligand acts a3 electron donor to the metal centre, meaning that the 

Cc=N=O angle is between 160° and 180°. In mode B the NO ligand acts as a one 

electron donor to the metal centre where there is a lone pair on the nitrogen and the 

bond order of the N-O bond is 2. In complex 136 NO bonds in mode A, where the 

Cr(1)-N(2)-O(1) angle is 177.6°. A selection of bond angles and lengths are shown in 

Table 4.5. 
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Table 4.5 - Selected Bond Angles, Bond Lengths and IR Stretches of 

1Cr(CO)j(NO)(1)J, 136 

[Cr(CO)3(NO)(1)], 136 

Cr-C(2) 1.944(4) 
Cr-C(3) 1.928(4) 
Cr-C(4) 1.840(3) 

Cr-N(2) 1.774(3) 

C(2)-O(3) 1.137(4) 

Bond Lengths C(3)-O(4) 1.132(4) 
/A C(4)-0(2) 1.132(4) 

N(2)-O(1) 1.164(3) 

Cr-P(1) 2.430(11), 
Cr-P(2) 2.382(9) 

P(1)-N(1) 1.700(2) 
P(2)-N(1) 1.693(2) 

Short N(2)-0(8) 2.953 
Intramolecular 

Distances O(1)-O(8) 3.000 

/A 0(3-0(7) 2.994 

P(1)-Cr-P(2) 67.55(3) 
Angles 

P(1)-N(1)-P(2 )104.07(13) 

Cr-N(2)-O(1) 177.6(3) 

C=O IR Stretches / 1755 (N°O), 2024 (C=O), 
cm, (CI12Cl2) 2091 (C=O) 

The IR spectrum of complex 136 shows a stretch at 1755 cm"' for the NO bond, which 

is typical of NO bonded to a metal. 154 The carbonyl stretching frequencies of complex 

54 are higher than that of complex 133, presumably due to the presence of the NO+ 

ligand reducing the electron density of the metal centre. This in turn decreases the n- 

back-bonding to the n* orbital of the C=O bond in each CO ligand. This is supported 

by the longer C=O bond lengths and shorter Cr-C bond lengths in 136 compared to 133. 

There are three short intramolecular distances between N(2)-0(8), O(1)-0(8) and 0(3)- 

0(7) of 2.95 A, 3.00 A and 2.99 A respectively. The Cr-P bonds in 136 are slightly 
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longer than in complex 133, this is due to the trans effect of the NO+ ligand in 136 

compared to a CO ligand in 133. The effect of the NO ligand is also shown in a longer 

Cr-P bond of 2.43 A trans to the NO ligand, compared to 2.38 A for Cr-P trans to CO 

and the Cr-NO bond is shorter than the Cr-CO bonds,. The Cr(l)-P(1)-N(1)-P(2) plane 
is flat with a fold angle of 2.4°. As with complex 133, the nitrogen is in spe 
hybridisation with the sum of the angles surrounding the nitrogen being 357.5°. 

[Cr(CO)3(NO)(19)], 137, was synthesised using the same method as complex 136, as 

shown in Scheme 4.9, by reacting [Cr(CO)4(19)] with [NO][BF4] in a mix of toluene 

and methanol. The reaction was monitored by IR spectroscopy in dichloromethane and 

the data is shown in Table 4.6. X-ray quality crystals of this complex proved elusive. 

Table 4.6 - IR Data of (Cr(CO)3(NO)(19)J, 137 

Bond IR Stretching Frequency / cm's 
(CII2C12) 

N=O 1760 

C=O 2022,2092 

The IR spectrum of complex 137 shows a stretch at 1760 cm-1 for the NO bond, with 

carbonyl stretching frequencies of 2022 cm"' and 2092 cm's. The IR carbonyl stretching 
frequencies of complexes 136 and 137 are similar. This suggests that compared to 

complexes 133 and 134, the PNP ligand has less influence on the back-bonding from 

the metal centre to the carbonyl ligands in complexes 136 and 137. Complex 136 was 
tested for ethene trimerisation and the results are reported in Section 4.5. 

4.4. Chromium(I) Carbonyl Complexes 

4.4.1. Oxidation with Acetyl Ferrocinium Tetrafluoroborate 

The in situ oxidation of the chromium carbonyl PNP was investigated using a method 

reported by Connelly and co-workers. 148 The information from the cyclic 

voltammagram in Section 4.3.3 for the carbonyl complexes 133,134 and 135 indicated 
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that acetyl ferrocinium tetratluoroborate [Fe(rls-CSH4(COMe))(rl5-C51I5)][BF4] would 

oxidise the chromium (0) carbonyl PNP complexes to chromium (1) complexes. The 

method for oxidation of [Cr(CO)4(1)], 133, [Cr(CO)4(19)], 134 and [Cr(CO)4(5)], 135, 

is shown in Scheme 4.10. 

Are p , 
ýjýCOMe Are 0 

P\1 , CO ý_Dichloromcthane ýJiCO 
R-NAP- 

I r-co + IDF4) RT R N(pý(Co [DF41 

Are CO 

e 

ýCOMB 
Are CO 

133 - Ar=(o-OMePh), R=Me 138 - Ar=(o-OMePh), R=Me 
134 - Ar=Ph, R=iPr 

e 

139 Ar=Ph, R=iPr 

Scheune 4.10 - Oxidation of 133 and 1341Vit/i fFe(rf -CSII, (COMe))(ri-CSII, LJfBF4J 

Complex 133 was reacted with [Fe(r15-CSH4(COMe))(rl5-CSH5)][BF4] ([AcFe][BF4]) in 

dichloromethane at room temperature. [AcFe][BF4] is light sensitive, so the reaction 

vessels were covered with aluminium foil. The reaction shown in Scheme 4.10 was 

monitored by IR spectroscopy and the data is given in Table 4.7. The isolation of the 

oxidised products was unsuccessful as an insoluble black solid was obtained upon the 

removal of dichloromethane. 

Table 4.7 - IR Data of JCr(CO)4(1)JIBF4J, 138 and JCr(CO)e(19)J1BF4J, 139 

IR Carbonyl Stretching 
Complex Frequencies / cm'' 

[Cr(CO)4(1)][BF4], 138 1965,2026,2083 

[Cr(CO)4(19)][BF4], 139 1963,2033,2087 

As expected the carbonyl stretches shift to a higher wavenumber upon oxidation of 133, 

from 1869 cm", 1888 cm's, 1907 cm" and 2003 cm" for [Cr(CO)4(1)], 50, to 1965 cm-', 

2026 cm"' and 2083 cm"' for [Cr(CO)4(1)][BF4], 138. This is a result of reducing the 

back-bonding to the 7* orbitals of the C=O bonds upon oxidation from Cr(O) to Cr(I). 

This in turn shortens the bond length and strengthens the bond, meaning that more 

165 



Chapter 4- Clironnlru»(1) Carbonyl Complexes 

energy is needed to vibrate the bond, producing a higher stretching frequency for the 

CO ligands in the IR spectrum. 

The same pattern is seen for the oxidation of [Cr(CO)4(19)], 134, with IR carbonyl 

stretches of 1889 (br) cm", 1919 cm" and 2006 cm"', to [Cr(CO)4(19)][BF4], 139, with 

IR carbonyl stretches of 1963 cm", 2033 cm" and 2087 cm". The oxidation of 

[Cr(CO)4(5)], 135, to [Cr(CO)4(5)][BF4], was unsuccessful, although this may be 

because the product formed decomposed before the solution was analysed by IR 

spectroscopy. Decomposition may be due to the acidic methyl protons on the carbon 
backbone or cleavage of the P-C bond. '55 

The oxidation products 138 and 139 decomposed slowly over time under a nitrogen 

atmosphere, giving a half life of about 24 h at room temperature. These complexes are 

much more stable than the dppm or dppe analogues, with a half life of about four hours, 

showing that the oxidised PNP carbonyl complexes are more stable than the dppm 

analogues. "" 149 

Are CO Are CO 
Pý I , CO decomposition 

1111 
P�, I �CO 

R 
2 R-N Cr R-N Cr + Ar Pý 

N_ 
PAr + Cr(II) + 4C0 ýPý 1 NCO ýPý 1 "'CO zz Are CO Are CO 

Scheine 4.11 - Decomposition of Complexes 138 and 139 

The IR spectrum of the decomposed product shows the existence of complexes 133 and 
134, suggesting a disproportionation pathway (see section 4.1.2) is operating, as shown 
in Scheme 4.11. Where 138 or 139 decompose to give 133 and 134 respectively, along 

with free ligand, a Cr" fragment and free CO. 31P NMR of the decomposed product 

showed free ligand was present. 
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4.4.2. Attempted In Sit: Reaction for Removing CO from Chromium Carbonyl 

Complexes using Amine Oxides 

Using amine oxides to remove CO ligands is well known for metal complexes and an 

example is shown in Scheme 4.12.156,157 

Xx 
L,, RICO 

+ 
`zk 

+ Me3NO -º 
j Rü CO 

+ CO2 + Me3N 
x CO NLx 

Scheme 4.12 - Removal of CO by Addition of Trim etliylanrine-N-oxide (TMNO) 

The use of this method with chromium carbonyl complexes also known where 

trimethylamine-N-oxide is added to a mixture of [Cr(CO)&] and dppm, to assist in the 

formation of [Cr(CO)4(dppm)]. 153 

Removal of the CO ligand occurs via oxidation to CO2. Scheme 4.13 shows how this 

occurs. ' 58 

Are CO Are CO 
P-� , CO I 

+, , P, I , CO 
R-NP, 

ir, CO 
+N -º R NP, 

ir eo + 
(1), 

Art CO O Are CO 0+ 
N 

Are CO 
Pý,, I "Co R-N,, 
Pamir 
Are COý COZ 

vacant site 

Scheike 4.13 - Removal of CO Ligands 

The first compounds tested for removal of CO ligands were trimethylamine-N-oxide 

(TMNO) and pyridine-N-oxide (PyNO). The attempted reactions are shown in Scheme 

4.14.158 
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Scheine 4.14 - Removal of Carbonyl Ligands with PyNO or TMNO 

It can be seen from Scheme 4.14 that the removal of CO ligands using TMNO or PyNO 

was unsuccessful. As stated in Section 4.1.1, Balakrishna and co-workers found that the 

addition of TMNO to [Cr(CO)4(PNP)] complexes in the presence of free ligand, did not 

lead to further CO replacement. 145 Therefore it is not surprising that this method of CO 

removal was unsuccessful. 

4.4.3. Oxidation using an Oxidising Agent with a Weakly Coordinating Anion 

McGuinness and co-workers showed that using chromium PNP systems with 

Ag[Al(OC(CF3)3)4] as the cocatalyst and AlEt3 as an alkylating agent gave an active 

trimerisation catalyst. 52 Therefore we hypothesised that using an oxidising agent with a 

large weakly coordinating anion may result in a more active catalyst. The oxidising 

agent chosen was [N(p-BrC6H4)3][B(C6F5)4], 142 (Figure 4.7), with a weakly 

coordinating [B(C6F5)4]" anion. [N(p-BrC6H4)3][B(C6F5)4] was chosen as the compound 

was available in the department and was donated by Neil Connelly and group. 
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Figure 4.7 - [N(p-BrC61I4)3J[B(C6Fs)4J 

Due to the small quantity of the compound available, no in situ reactions were 

completed, the system was directly tested for ethene trimerisation at high pressure, see 

Section 4.5.3. 

4.4.4. Attempted In Situ Reactions for Removing CO from Chromium Carbonyl 

Complexes using Alkyl Aluminium Compounds 

The Tosoh Corporation reported a number of Cr(O) tricarbonyl based systems, with a 

wide range of ligands. 1S9 Triisobutyl aluminium (Al(iBu)3) was used as the cocatalyst 

and the catalysts were activated by irradiation with UV light, suggesting that Al(iBu)3 is 

used to remove CO ligands. Therefore the use of an alkyl aluminium compound, AlEt3, 

as a CO scavenger was investigated. A series of in situ reactions were completed, 

where AlEt3 was reacted with complexes 133 and 134, as shown in Scheme 4.15. 

Are CO 300 eq 
P, ý, I 

"CO AlEt3 
_ complete removal . 01 R-NAP i 

CO toluene of CO ligands 
Are CO 25 °C 

133 - Ar=(o-OMePh), 
R=Me 

134 - Ar=Ph, R=iPr 

Scheme 4.15 - Removal of CO Ligands with AIEt3 

A toluene solution of AlEt3 was added to a toluene solution of the carbonyl complex 

and the reaction was monitored by IR spectroscopy. After 15 mins the IR spectrum of 

the reaction showed that all four CO ligands had been removed. The product was not 
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isolated and the species formed is unknown. It is not known how AlEt3 abstracts the 

CO ligands, although AlEt3 may acts as an alkylating agent or as a Lewis acid. 

4.5. Ethenc Trimcrisation with Chromium Carbonyl Complexes 

Complexes 133,134,135 and 136 were tested for ethene trimerisation. Various 

catalytic systems were tested involving acetyl ferrocinium tetrafluoroborate, 

[AcFe][BF4] as the oxidant. Three sets of conditions were investigated as shown in 

Scheme 4.16. 

1 bar C21I4 
25 °C, toluene 

l bar C2114 3\ 40 bar CZH4 
70 °C, toluene 60 °C, toluene 

Scheme 4.16 - Reaction Conditions for Ethene Trinnerisation 

The reaction conditions are: I bar of ethene at 25 °C or 1 bar of ethene at 70 °C. High 

pressure ethene catalytic tests were conducted in a multi-cell autoclave under 40 bar of 

ethene at 60 T. Each of the following reaction schemes (Scheme 4.17 to Scheme 4.19) 

were tested using each of the reaction condition shown in Scheme 4.16. 

4.5.1. Ethene Trimerisation using [AcFej[BF4] as Oxidant, with Amine Oxides 

The method tested is shown in Scheme 4.17, with the catalyst system and the reaction 

conditions used. [Cr(CO)4(1)] and [Cr(CO)4(19)] were used as the chromium 

precursors. The chromium carbonyl precursor was stirred with [AcFe][BF4] in 

dichloromethane for 10 minutes to oxidise the chromium centre. Next the solution was 

placed under ethene and stirred for three hours. In each case 0.5 mmol of 
[Cr(CO)4(PNP)] was used with 1.2 equivalents of the oxidant, [AcFe][BF4] and toluene 

was used as the solvent. 
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P 
Ar2 CO ý-coMe 

10, P (-CO 
+ Fe [BF4] R-NA 

Are CO \/ 
133- Ar=(o-OMePh), R=Me 
134 - Ar=Ph, R=iPr 

icýCOMe 
Fe 

Are O 
Pýy, CO 

, r,, [BF, ] 
toluene p CO 

[RN 

- 

10 min Are CO 

138 - Ar=(o-OMePh), R=Mc 
139 - Ar=Ph, R=iPr 

4C0 

Pr2 
,% 

I+ý 

R-N, 
/ 10 min N 

0 Är2 

4C0 or Me3NO 

Scheme 4.17- Ethene Trimerisation Using fCr(CO)4(PNP)J, [AcFel[BF`J and 

Amine Oxides. 

The production of hexene was not observed for this system using only the chromium 

precursor and [AcFe][BF4]. 

To use chromium carbonyl PNP complexes for ethene trimerisation, removal of the CO 

ligands is needed so that a vacant site is available for ethene coordination. It was 
hypothesised that under the conditions shown in Scheme 4.17, this was not occurring. 
Therefore TMNO or PyNO were added to the system to remove CO ligands, although 

this had little effect on the activity of the system, which is not surprising given the 

results observed in Section 4.4.2. The production of hexene was not observed at either 
I bar at room temperature or 40 bar of ethene at 60 °C. This suggests that, as with the 

in situ reactions (Section 4.4.2), the addition of TMNO or PyNO does not promote the 

removal of CO ligands from the chromium centre to allow trimerisation to occur. 

4.5.2. Ethene Trimerisation using Chromium Carbonyl Nitrosyl Complexes 

[Cr(CO)3(NO)(1)][BF4], 136 and [Cr(CO)3(NO)(19)][BF4], 137 were synthesised by 

reacting [Cr(CO)4(1)] and [Cr(CO)4(19)] with [NO][BF4], as reported in Section 4.3.4. 

It was hypothesised that the presence of the NO+ ligand decreases the electron density 

around the metal centre. This in turn will decrease the back-bonding from metal centre 
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to the carbonyl ligands and decrease the strength of the metal-carbonyl bonds. The 

reaction schemes tested are shown in Scheme 4.18. 
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Scheine 4.18 - Reaction of [Cr(CO)3(NO)(1)JjBF4j and CCr(CO)3(NO)(19)JIBF4J ºvitli 

TAfNO or PyNO 

As shown in Scheme 4.18, complexes 136 and 137 were reacted with TMNO or PyNO 

and then the reaction vessel was placed under ethene. Again no hexene was observed. 

Pýýý NO 
R-N.. 01 

[BF4] + 

Är2 

CO 
CO 

136 - Ar=(o-OMePh), R=Me 
137 - Ar=Ph, R=iPr 

Are 

R-K Cr\ - 

Ar2 

S, ýCOMe 

[BF4] 

or Me3NO N 

0 

,; ýCOMe 
Fe 

Are 0 
P 

-N,, 
p 
ýý; 

CO 

NO 
R -N,, 

Are CO 

Scheste 4.19 - Systent Using ICr(CO)3(NO)(PNP)J With IAcFeJfBF4J 

In Scheme 4.19 complexes 136 and 137 were reacted with [AcFe][BF4] and TMNO or 
PyNO and placed under ethene. As with the reaction in Scheme 4.10, there was no 
evidence of the formation of hexene. 
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4.5.3. Ethene Trimerisation using Oxidant with Weakly Coordinating Anion and 

AlEt3 

It was hypothesised that an oxidant was needed with a large weakly coordinating anion 

(see Section 4.4.3). The reaction scheme followed is shown in Scheme 4.20.160 
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Scheure 4.20 - Catalytic System with JCr(CO)4(PNP)J, JN(p-BrC6f1thJf B(C6Fý)4J. 142 

and AlEtj 

In Scheme 4.20 A1Et3 is used as a CO scavenger to remove CO ligands from the 

chromium carbonyl complexes, as shown in Section 4.4.2. 

The experimental procedure for the trimerisation/tetramerisation of ethene with the 

system shown in Scheme 4.20 is as follows. First the chromium carbonyl PNP complex 

was oxidised by [N(p-BrC6H4)3][B(C6F5)4] to give [Cr(CO)4(PNP)][B(C6F5)4]. Next 

300 molar equivalents of AlEt3 in toluene was added to remove the CO ligands from 

[Cr(CO)4(PNP)][B(C6F5)4]. Finally the reaction was heated to 60 °C and placed under 

40 bar of ethene. The products were analysed by GC and compared to an internal 

mesitylene standard. The number of moles and volumes of reaction components are 

5 pmol [Cr(CO)4(PNP)], 5 pmol of oxidant, 1.5 mmol of AlEt3 (1.9 M in toluene) and 4 

mL of toluene. 

Table 4.8, runs 4.1 to 4.4 shows that results obtained from ethene 

trimerisation/tetramerisation using a catalytic system with [Cr(CO)4(PNP)], 
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[N(p-BrC6H4)3][B(C6F5)4] and AlEt3. The GC trace showed that a-alkenes were present 

in the reaction mixture. 

Table 4.8 - Results frone Catalytic System with [Cr(CO)4, (PNP)J, Oxidant and AlEt3 

Product 
Chromium Productivity Distribution /% Run Precursor Oxidising Agent /g (g Cr Ii)" 

C6 Cs 

4.1 [Cr(CO)4(1)] [N(p-BrC6H4)3][B(C6F5)4] 710 80 20 

4.2 [Cr(CO)4(19)] [N(p-BrC6H4)3][B(C6F5)4J 210 >99 - 

4.3 [Cr(CO)4(5)] [N(p-BrC6Ha)3J[B(C6F5)4J 0-- 

4.4 [Cr(CO)4(1)] None 0-- 

4.5' [Cr(CO)4(1)] [N(p-BrC6H4)3][B(C6F5)4] 0-- 

° no AIEt3 added 

The highest productivity came from run 4.1, with a productivity of 710 g (g Cr h)", 

using [Cr(CO)4(1)], this system showed a selectivity to hexene of 80 % and to octene of 

20 %. Whereas the same system using [Cr(CO)4(19)] (run 4.2) gave a selectivity to 

hexene of over 99 % but only gave a productivity of 210 g (g Cr h)". Due to the low 

productivities of the catalysts shown in Table 4.8, the selectivity towards I-hexene and 

1-octene could not be obtained. It is not possible to give accurate selectivity results due 

to the octene peak coinciding with the solvent peak on the GC trace. 

In run 4.3 the system using [Cr(CO)4(5)] was found to be inactive towards ethene 

trimerisation. Run 4.4 shows that no hexene or octene is formed if the oxidising agent 

in not present, supporting the theory that the active catalyst has a Cr(I) centre and 

trimerisation does not occur if the metal centre is not oxidised from Cr(O) to Cr(I). Run 

4.5 shows that no hexene is produced if AlEt3 is not present. 
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4.5.4. Comparison with Work Published During This Investigation 

4.5.4.1. Results Published by McGuinness and Co-worker 

During the course of our studies, a similar approach was independently described by 

McGuinness and co-workers, their results being published shortly after ours. 155 The 

group investigated a selection of Cr(O) carbonyl PNP complexes. One of the systems 
developed by McGuinness and co-workers is shown in Scheme 4.21. 
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Scheute 4.21 -Synthesis of JCr(CO)4(19)JJAI(OC(CF3)3)4 

[Cr(CO)4(19)] was synthesised by reacting [Cr(CO)6] with ligand 19. This was then 

reacted with Ag[Al(OC(CF3)3)4], to give [Cr(CO)4(19)][Al(OC(CF3)3)4], which was 
isolated as a purple solid. The reaction of [Cr(CO)4(dppm)] with Ag[Al(OC(CF3)3)4] 

does not give [Cr(CO)4(dppm)][Al(OC(CF3)3)4], but another unidentified product. It is 

suggested that the formation of another product or the fast decomposition of 
[Cr(CO)4(dppm)][Al(OC(CF3)3)4] is due to either the acidic methyl protons on the 

backbone of dppm or cleavage of the P-C bond. [Cr(CO)4(19)][BF4] and 
[Cr(CO)4(19)][PF6] were also synthesised for comparison with [Cr(CO)4(19)] 

[Al(OC(CF3)3)4] when used for ethene tetramerisation. 

The group previously suggested that both an alkylating and alkyl abstracting agent is 

needed for trimerisation or tetramerisation to occur, when using Cr(III) catalyst 

precursors. This is not the case for the Cr(I) carbonyl route, although a method is 

needed to remove CO ligands so that a vacant site is left for ethene coordination. Three 
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methods of CO removal are: by UV photolysis, via a reaction with AIR3 and by a 

reaction with TMNO. It was found that in in situ reactions, the addition of AIRS to 

[Cr(CO)4(19)] or exposure to UV light, the removal of CO ligands was observed by IR 

spectroscopy, although photolysis did not results in complete CO ligand removal. The 

reaction of TMNO with [Cr(CO)4(19)] resulted in no loss of CO ligands. Therefore the 

addition of AlEt3 and exposure to UV light were examined with respect to 

tetramerisation. A selection of results from the tetramerisation of ethene is shown in 

Table 4.9. 

Table 4.9 - Ethene Tetramerisation with Cr(I) Carbonyl Catalysts 

Run Catalyst AIRS Prod. ' Product Distribution 
E uiv C6 I-C6' C8 1-C8' PE 

4.6 [Cr(CO)4(19)][57] 
(2AlEt3 00) 

4.7 [Cr(CO)4(19)][57] (4 0)3 

4.8 [Cr(CO)4(19)][BF4] AlEt3 
(400) 

4.9 [Cr(CO)4(19)][PF6] AlEt3 
(400) 

A1P. _ 

139,800 21.4 78.1 72.4 99.0 1.1 

28,400 21.2 79.0 72.7 99.0 2.4 

o----- 

0----- 

4.10 [Cr(CO)4(19)] ""41.3 1,600 15.5 65.1 20.6 35.4 59.4 (100) 

4.11 
[Cr(CO)4(dppe)] AIEt3 6 000 24.2 51.8 46.7 100.0 10 4 [Al(OC(CF3)3)4] (200) ' . 

4.124 [Cr(CO)4(19)] 
-0---- - [Al(OC(CF3)3)4] 

4.13d [Cr(CO)4(19)] AIEt3 85 000 21.4 76 9 71 6 98 7 1 2 [A1(OC(CF3)3)4] . . . (400) ' . 
0.05 mmol Cr Catalyst, 10 ml. toluene, 90 mL methylcyclohexane, 60 °C, 40 bar ethene, 1 h; a 

productivity /g (g Cr h); b 
selectivity within C6 fraction; ` selectivity within C8 fraction; d under 

photolysis for 10 min. 

The system with the best results is in run 4.6, using [Cr(CO)4(19)][Al(OC(CF3)3)4] and 
200 equivalents of AlEt3. A productivity of 139,800 g (g Cr h)" was obtained with a 
selectivity to hexene of 21.4 % (78.1 % to 1-C6) and to C8 of 72.4 % (99.0 % to 1-C8). 
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Using AliBu3 (run 4.7) resulted in a lower productivity than AlEt3, although selectivity 

was unchanged. Run 4.12, using photolysis and no AIEt3 resulted in an inactive 

catalyst, although the combination of AlEt3 and photolysis gave a productivity of 
85,000 g (g Cr h)'1 (run 4.13). 

[Cr(CO)4(19)][BF4] (run 4.8) and [Cr(CO)4(19)][PF6] (run 4.9) were found to be 

inactive, this may be because the BF4 and PF6 counteranions are too strongly 

coordinating. [Cr(CO)4(19)] (run 4.10) was found to be slightly active when activated 

with AlEt3, although the selectivity towards polyethylene increases to 59.4 %. 

[Cr(CO)4(19)][57] and A1Et3 gave a productivity of 6,000 g (g Cr h)", with a selectivity 

to C6 of 24.2 % (51.8 % to 1-C6) and 71.6 % to C8 (98.7 % to 1-CS). It was found that 

the amount of AIEt3 added affected the productivity with 200 equivalents giving the 

highest productivities. 

4.5.4.2. Ethene Trimerisation Using Ag[AI(OC(CF3)3)41 for Comparison with 

Work by McGuinness and Co-workers 

To compare the results obtained in our investigation of chromium carbonyl complexes 

with the results obtained by McGuinness and co-workers, a series of ethene 
trimerisation tests were carried out using Ag[Al(OC(CF3)3)4] as the oxidising agent. 'ss 

The results obtained are shown in Table 4.10. 
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Table 4.10 - Results frort Catalytic System with ICr(CO)4(PNP)J, Ag[Al(OC(CF )3), 1 

and fllEtj 

Product 

Run Chromium Oxidising Agent 
Productivity Distribution / 

1I VUuI UI 1; lii %-A IA) 
C6 Cg 

4.14 [Cr(CO)a(1)] Ag[A1(OC(CF3)3)4] 210 > 99 0 

4.15 [Cr(CO)4(19)] Ag[Al(OC(CF3)3)4] 230 70 30 

4.16 [Cr(CO)4(5)] Ag[Al(OC(CF3)3)4] 0-- 

4.17° [Cr(CO)4(1)] Ag[Al(OC(CF3)3)4] 110 -- 

4.18 [Cr(CO)4(1)] None 0-- 

cyclohexane used as the solvent 

Table 4.9 shows that results obtained from ethene trimerisation/tetramerisation using a 

catalytic system with [Cr(CO)4(PNP)], Ag[Al(OC(CF3)3)4] and AlEt3. As with the 

system using [N(p-BrC6H4)3][B(C6F5)a] in Table 4.9, the production of 1-hexene was 

observed, although the productivities are lower than for [N(p-BrC6H4)3][B(C6F5)4] for 

the [Cr(CO)4(1)] system. The best results came from run 4.15, with a productivity of 

230 g (g Cr h)"', using [Cr(CO)4(19)], this system showed a selectivity to hexene of 

70 % and to octene of 30 %. Whereas the same system using [Cr(CO)4(1)] (run 4.14) 

gave a selectivity to hexene of over 99 % but only gave a productivity of 

210 g (g Cr h)''. In run 4.16 the system using [Cr(CO)4(5)] was found to be inactive 

towards ethene trimerisation. Run 4.17 shows that no hexene or octene is formed if the 

oxidising agent in not present, supporting the theory that the active catalyst has a Cr(I) 

centre and trimerisation does not occur if the metal centre is not oxidised from Cr(0) to 

Cr(I). Run 4.4 shows that no hexene is produced if A1Et3 is not present. 

The productivities obtained by our systems are much lower than that obtained by 

McGuinness and co-workers. This may be due to differences in experimental technique 

or the grade of chemicals used. 
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4.6. Summary 

A Cr(I)/Cr(III) mechanism has been proposed for the trimerisation of ethene. 6,58 

Bercaw and co-workers showed evidence for this mechanism by synthesising 

[CrPh3(thf)3] and [CrBr(o, o'-biphenyldiyl)], 35 40 McGuinness and co-workers 

investigated new activation systems which could be used as an alternative to MAO and 

found that system using aluminates along with AIEt3 produced the best results. 52,8' 

Systems using aluminates with weakly coordinating anions, such as Ag[Al(OC(CF3)3)4] 

showed high activities towards ethene tetramerisation and were stable over long periods. 

A selection of results from this chapter has been published. 160 It was suggested that 

another route to the Cr(I) species is from Cr(O) complexes followed by oxidation to 

Cr(I). In this chapter the use of chromium(O) carbonyl PNP complexes for ethene 

trimerisation was investigated. Cr(O) complexes [Cr(CO)4(1)], 133, [Cr(CO)4(19)], 134 

and [Cr(CO)4(5)], 135, were synthesised and the molecular structure of each complex is 

reported. Complexes 133,134 and 135 show an octahedral arrangement of ligands 

around the chromium centre. In comparing complexes 133 and 134, it was suggested 

that ligand 1 is more basic than ligand 19, this was supported by the IR data of the two 

complexes. Complex 135 showed similar IR stretching frequencies, bond lengths and 

angle to complex 133, showing that the nitrogen in the backbone of 19 or 1 does not 
have a large impact on the bonding. The molecular structure and IR spectrum of 
[Cr(CO)3(NO)(1)] 

, 136 showed that the presence of the NO ligand decreases the 

strength of the metal-carbonyl bond. 

The oxidation of complexes 133,134 and 135 was investigated, where the cyclic 

voltammagram of each complex showed a reversible oxidation. Complexes 133,134 

and 135 were reacted with acetyl ferrocinium tetrafluoroborate and were shown by IR 

spectroscopy to undergo oxidation. For chromium carbonyl PNP complexes to be used 
for ethene trimerisation, a method for removing the carbonyl ligands is needed. In this 

chapter TMNO or PyNO were tested and found to be inactive towards removing CO 

ligands, even at elevated temperatures. 
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A number of systems using complexes 133,134 and 135 were tested for ethcne 

trimerisation and it was found that an oxidising agent with a weakly coordinating anion 
is needed, along with a CO scavenger. Using [AcFe][BF4] and TMNO or PyNO 

showed no evidence of hexene production. The best results were produced by a system 

using [Cr(CO)a(1)], [N(p-BrC6Ha)j][B(C6F5)4] and AlEt3, giving a productivity of 

710 g (g Cr h)'', at 45 °C and 45 bar of ethene. 

Although the activity of chromium carbonyl PNP catalysts is lower than the Cr(III) 

analogues, the benefit of these systems is the low cost of AlEt3 compared to MAO. 
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Chapter 5 -13Jdentate J! hospülne Ligands 

5.1. Introduction 

5.1.1. Background to Phospiiinc Ligands for Ethene Oligomerisation 

Chromium N, N-bis(diarylphosphino)alkylamine systems have been shown to be highly 

active towards ethene trimerisation and tetramerisation (in Section 1.2.1.3). One of the 

best systems to date was developed by Wass and co-workers, using [CrCI(thf)3], 

N, N-bis(di-ortho-methoxyphenylphosphino)methylamine, I and methylaluminoxane 

(MAO), Scheme 1.8, which was highly selective 1-hexene formation at low ethene 

pressures, with a productivity of 1,033,000 g (g Cr h)" and an overall 1-C6 selectivity of 

89.9 %. 1'4 The equivalent bis(di-ortho-methoxyphenylphosphino)methane, 5, and 

bis(di-ortho-methoxyphenylphosphino)ethane, 6, ligands, shown in Figure 5.1, were 

also tested and found to be inactive for trimerisation at low ethene pressure. 1,4 

Me 
I N C/ \2 

P 
\P P/2 (_'' 

p- 
)-P- 

ý\ý4 
)2 (OMe 

MeO OMe MeO OMe MeO 
156 

Figure 5.1 - Bider: tate Plrosphine Ligands with Oxygen Donors 

Bercaw and co-workers extended the work into ligand 1 and found that one of the OMe 

groups on the phenyl rings acted as a pendant ligand to the chromium centre, giving a 

six coordinate octahedral complex, the molecular structure is shown in Figure 1.2.5 It is 

suggested that the unique ability of 1 ligand to become a tridentate system, stabilises the 

catalytic cycle and increases the selectivity towards the formation of I -hexene. 

The sulphur equivalent of 1 was investigated, where the OMe groups were replaced 

with SCD3 groups, 8. The molecular structure of [CrPh3(8)], 9, is shown in Figure 1.5 

showing that the ligand bonds via two sulphur atoms and one phosphorus from one side 

of the PNP ligand and not via the two phosphorus atoms. This was also shown to occur 

for ligand 143, with N112 groups, where the ligands bond via two nitrogen atoms and 

one phosphorus. 36 
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Ye 

sI 
SCD3 D3CS 

8 143 

Figure 5.2 - Other PNP Ligands with Ortho Donor Groups 

This shows that currently only the OMe group of 1 has been shown to act as a pendant 

donor the metal centre. Ligand 8 was not tested for ethene trimerisation and ligand 143 

was found to be inactive. 36 A donor group is needed which does not preferentially bond 

to the metal centre over the two phosphorus atoms, but will act as a pendant ligand. 

This means that there is a fine balance between a group acting as a pendant ligand and 

bonding to metal centre over phosphorus. The possible route to developing new ligands 

is via more subtle changes to oxygen donor groups. 

Bolmann and co-workers carried out extensive research on ethene trimerisation and 

tetramerisation on PNP ligands with various substituents on the nitrogen and phenyl 

groups. 41,42,47,50, 

ye 

p I, 
22 

Et E 
3 19 

XN,., 
P-0)2 

(04 ý2 
p 

29 

Figure S. 3 - Ligarads Tested by Bollmann and Co-workers 

For ethene trimerisation, at 45 bar of ethene and 45 °C, 3 gave a productivity of 

324,110 g (g Cr h)"', with a selectivity to C6 of 90.7 %, of which 90.4 % is 1-C6.4' For 

ethene tetramerisation one of the best systems is [CrC13(thO3]/l9/MAO 
. 
42,47 At 30 bar 

of ethene and 60 °C, this system gave a productivity of 272,400 g (g Cr h)"' and a 

selectivity of 68.3 % towards octene, of which 98.9 % is 1-octene. The system using 29 

gave one of the highest productivities observed, of 2,279,200 g (g Cr h)" at 45 bar of 

ye 
N 

p P-Q)2 

i 
NMe2 Me2N 

Y_ 
(D/N\P 

ý/2 
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ethene and 60 °C, with a selectivity to C8 of 63.7 %, of which 99.5 % is 1-Cs (see 
49 reaction 1.47 in Table 1.14). 

The advantage of ligand 1 over the other ligands tested is that a high productivity and 

selectivity to 1-hexene is produced at 1 bar of ethene and room temperature. Therefore 

the aim of this chapter is to investigate PNP and dppe ligands with oxygen donor groups 

on the ortho position of the phenyl rings, with the aim to find other ligands that can 

trimerise ethene at I bar of ethene and room temperature. 

5.1.2. Background to Ligand Synthesis 

A range of methods for synthesising PNP ligands have been reported by Dossett and co- 

workers, 33 Cooley and co-workers, 34 Bollmann and co-workers41' 42' 47 and Balakrishna 

and co-workers. 145 

The first general method involves the formation of the PNP backbone by reacting 

phosphorus trichloride, PCl3, with alkylamine hydrochloride salt, 112R'N. HCI giving 
C12PN(R')PCI2, this involved refluxing the mixture in 1,1,2,2-tetrachloroethane at 

150 °C for 7 days. The synthesis of C12PN(R)PC12 compounds was reported by Nixon, 

where R is an alkyl group. 161.162 In the next stage bis(dichlorophosphino)methylamine, 

C12PN(R')PCI2, is reacted with four equivalents of the arylmagnesium bromide, 144, in 

tetrahydrofuran, to give the PNP ligand, shown as reaction (b) and (c) in Scheme 5.1. 

Scheme 5.1 shows the formation of PNP ligands with ortho substituents on the aryl 

groups, para and meta substituted aryl groups are also possible. 
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i 
(a) 112RýN. HC1 +N1,1,2,2-tetrachloroethane ý 

N` 

reflux C12P PC12 

31 1C1 

r gBr 
R2 thf b\ R2 

(b) 
+ Mg 

reflux, 2h 

144 

[5R2 

Rý 
l 

1- 

4+ thf rZ P 
NAP 

Q)2 (c) 
C12P' N, 

PC12 z 
144 4 MgBrC1 R2 R2 

Scheme 5.1 - General Method 1 of Synthesis of PNP Ligands 

This method is limited to forming PNP ligands with small substituents on the aryl 

groups. PNP ligands with large substituents, such as an isopropyl group, cannot 

generally be formed via this route as only one, two or three equivalents of the Grignard 

reagents will react with C12PN(R')PCI2 under reflux. 

PNP ligands with unsubstituted phenyl rings are simpler to synthesise as 
diphenylphosphine chloride is commercially available. This method is shown in 

Scheme 5.2 and is classed as general method 2. This method was reported by Bollmann 

and co-workers. 41,42,47 

/ NEt3 

R-NI! 2 +2 P-cl 
Dichloromcthanc 

-30 °C 

211C1 

R 
I 

(CO)2 

4ý 

Scheine 5.2 - General Method 2 for Synthesis of PNP Ligands with Unsubstituted 

Phenyl Rings 

In this method (Scheme 5.2) the primary amine is reacted with diphenylphosphine 

chloride, Ph2PC1, in dichloromethane at -30 °C. The amine chosen depends on the 
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desired group on the nitrogen of the PNP ligand. Triethylaminc is added in excess to 

promote abstraction of the proton from the amine and remove hydrochloric acid from 

the solution, giving triethylammonium chloride salt. This method is limited to PNP 

ligands with phenyl groups and cannot be used for PNP ligands with substituted aryl 

groups. 

Bollmann and co-workers developed a series of methods for synthesising PNP 

ligands. 41,42,47 One method is shown in Scheme 5.3. This method was adapted from a 

method developed by Balakrishna and co-workers. 132 This method involves the reaction 

of PC13 with two equivalents of the Grignard reagent, arylmagnesium bromide to give a 

diarylphosphine chloride, 145. Phosphorus tribromide can be used is place of PC13. 

This is followed by reacting two equivalents of the diaryl phosphine chloride, 145, with 

a primary amine (see Scheme 5.3). As with method 2, triethylamine is added to abstract 

the proton from the primary amine and remove HCl from the solution. 

1 gCl 
R thf 

-- 
R PC13 

R 

4I\+4 Mg 
reflux, 2h4I\2 Cl 

4 MgCIZ 2 

ýÖ) 

145 

p 
NAP - NEt3 2 HCl 

RNH2 
thf 

RR 

Scheuire 5.3 - General Method 3 for Synthesis of PNP Ligands 

The problematic stage of this method is the formation of the diarylphosphine chloride, 
16, as the formation or triaryl phosphines is possible from the excess addition of the 

Grignard reagent. A modified version of this method of forming compound 145, shown 
in Scheme 5.4, was reported by Rajan Babu and co-workers, where 
N, N-diisopropylphosphoramide dichloride, is first synthesised and reacted with the 

Grignard reagent instead of PC13, this reaction is more controlled as the formation of 

triaryl phosphines is prevented. 163 
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Cl }- MgC12 iPr 

Cl 
1iC1 

2 NN 
145 

(iPr)2 

Scheme 5.4 - PNP Synthesis via NN-diisopropylphosphoraumide Dichloride 

Firstly diisopropylamine is reacted with PC13 at -10 °C in toluene, as shown in Scheme 

5.4. The resulting diisopropylphosphoramide dichloride, is then reacted with the 

Grignard reagent, followed by the addition of hydrochloric acid to give diarylphosphine 

chloride. This method can be used for PNP ligands with bulky substituents on the 

phenyl rings. 

The method used to synthesise specific PNP ligands depends on the substituents and 

steric bulk of the desired PNP ligand. 

5.1.3. Background to Chromium and Platinum Complex Synthesis 

The synthesis of chromium carbonyl phosphine complexes is reported in Chapter 2. 

Platinum PNP complexes are known, Gallo and co-workers showed the synthesis of 
[PtC12(PNP)] complexes with long chain alkyl groups on the nitrogen backbone, an 

example is given in Scheme 5.5. The complex was formed by reacting the ligand with 
[PtC12(COD)] in dichloromethane. 164 
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Scheine 5.5 - Synthesis of fP1C12(PNP)J complexes 

It was found that along with [PtC12(PNP)], the formation of a bis-chelated species 

occurs, where two ligands coordinate to the metal centre. To prevent the formation of 
this species, a slow addition of the ligand to [PtC12(COD)] is needed. The 31P NMR 

shifts given for the [PtC12(PNP)] complexes ranged from 17 ppm to 20 ppm, with 

phosphorus-platinum coupling constants of about 3300 Hz. 164 

5.2, Objectives 

This chapter aims to investigate the synthesis of PNP and dppe ligands with ortho 
oxygen donor groups. These ligands are then coordinated to [Cr(CO)6] or 
[PtC12(COD)]. The activity of the ligands for ethene trimerisation will be tested using 
[CrC13(thf)3] and MAO as the activator. 
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5.3. Synthesis of Bidentate Phosphorus Ligands with Oxygen Donor 

Groups 

5.3.1. Synthesis of N, N-Bis(diarylphosphino)methylamine (PNP) Ligands 

The target PNP ligands are shown in Figure 5.4. 
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Figure 5.4 - Target PNP Ligands with Oxygen Donor Groups 

N, N-bis(di-ortho-ethoxyphenylphosphino)methylamine 68 and N, N"bis(di-ortho- 

isopropoxyphenylphosphino)methylamine 146 contain alkoxy groups, which are similar 

to NN-bis(di-ortho-methoxyphenylphosphino)methylamine 1. The size of the alkoxy 

group is increased from an OMe group to an OEt in 146 and OiPr group in 147. This 

may prevent the oxygen binding to the metal centre and change to selectivity of the 

catalyst system when used in ethene trimerisation. N, N-bis(di(2,3-dihydrobenzofuran)- 

phosphino)methylamine 147 has dihydrobenzofuran groups attached to the phosphorus 

atoms, this forces the oxygen into one position with respect to the five membered ring. 
N, N-Bis-(di-ortho-(1,3-dioxolan-2-yl)phenyl)phosphino)methylamine 69 has dioxolane 

groups attached to the phenyl rings, this allows the possibility of either oxygen bonding 

to the metal centre. Ligand 68 has been previously reported although no NMR or 

trimerisation data was reported, ligands 69,146 and 147 are novel. 36 
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The PNP ligands were synthesised using general method 1, although the first stage is to 

synthesise the substituted bromobenzene starting materials as shown in Scheme 5.6. 

2-Bromoethoxybenzene, 148, and 2-bromoisopropoxybenzene, 149, were synthesised 

using a method reported by Reitz and co-workers. 165 7-Bromo-2,3-dihydrobenzofuran, 

150, was synthesised using a method reported by Thomas and coworkers. 166 

2-(2-Bromophenyl)-1,3-dioxolane, used to synthesise 151, was commercially available. 

Br 

(d) 
I 

OII + RBr 
K2C03 OR 

Dimethylformamide 

148 - R=Et (68) 
149 - R=iPr (69) 

(e) 
Oll 

Br, ý Br NaOII 
&Br H2O 

NaI 

FO 

151 (69) 

Br nBull Br 

(L(0Br ýý nBuLi ý 
thf 

Br hexane 

(68) - Number in brackets shows the 
PNP made from this material 

Scheme 5.6 - Synthesis of Substituted Bromobenzene Starting Materials 

In route (d) in Scheme 5.6 2-bromoethoxybenzene, 148, and 2-bromoisopropoxy- 

benzene, 149, were synthesised by reacting bromophenol with bromoethane, in the 

presence of potassium carbonate in dimethylformamide (DMF). Route (e) in Scheme 

5.6 shows the synthesis of 7-bromo-2,3-dihydrobenzofuran, 150. This was achieved by 

reacting 2,6-dibromophenol with 1,2-dibromoethane in water to give 1,3-dibromo-2-(2- 

bromoethoxy)benzene, then adding n-butyllithium to cause cyclisation to occur and 
form 7-bromo-2,3-dihydrobenzofuran, 150. 

Substituted bromobenzene compounds 148,149,150 and 151 were used to synthesise 

PNP ligands 68,146,147 and 69 respectively as shown in Scheme 5.7.161.162 
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Scheune S. 7- Synthesis of PNP Ligands with Oxygen Donor Groups 

The synthesis of PNP ligand 68 and 69 were successful and the 31P NMR data of these 

two ligands is shown in Table 5.1, which also includes the 31P NMR shift for N, N- 

bis(di-ortho-methoxyphenylphosphino)-methylamine, 1.37 31P NMR spectra of PNP 

ligands 68 and 69 show a singlet peak as both phosphorus atoms are equivalent. 

Table 5.1 - 
31P NMR Shifts for Novel PNP Ligands 

Ligand 31P Shift / ppm 

1 52.3 

68 56.3 

69 53.9 

The 31P NMR shifts of ligands 68 and 69 are 56.3 and 53.9 ppm respectively which is 

consistent with the shift shown for 1. The synthesis of PNP ligands 146 and 147 was 

unsuccessful and it is unknown as to why this occurred. PNP synthesis has previously 

proved to be unpredictable depending on specific substitution patterns. It was thought 

that the ligands with bulky ortho substituents would be the difficult ligands to 

synthesise, but ligand 69 has the substituent with the highest steric bulk. 
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5.3.2. Synthesis Bis(diaryipliosphino)etliane (rippe) Ligands 

The target dppe based ligands to be synthesised are shown in Figure 5.5. 
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Figure 5.5 - Dppe Ligands with Oxygen Donor Groups 

Bis(di-ortho-ethoxyphenylphosphino)ethane, 75, bis(di-ortho-isopropxyphenyl- 

phosphino)ethane, 76 and bis(di-ortho-(1,3-dioxolan-2-yl)phenylphosphino)ethane, 77 

were synthesised using general method 1, as shown in Scheme 5.8, using a similar 

method as the synthesis of PNP ligands in Scheme 5.7. Bis(di-ortho- 

ethoxyphenylphosphino)ethane, 75 has been previously reported but ligands 76,77 and 
152 are novel. 173 The ortho substituted bromobenzene derivatives, 2- 

bromoethoxybenzene (synthesis of ligand 75), 2-bromoisopropoxybenzene (synthesis of 
ligand 76) or 2-(2-bromophenyl)-1,3-dioxolane (synthesis of ligand 77) starting 

materials were reacted with magnesium to form the corresponding Grignard reagent. 
Four equivalents of the Grignard reagent were then reacted with 
bis(dichlorophosphino)ethane in tetrahydrofuran to give the dppe ligand. The synthesis 

of ligand 152 was unsuccessful and as with the unsuccessful PNP ligands, it is unknown 

to why this synthesis was unsuccessful. 
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Scheme 5.8 - Synthesis of Dppe Ligands with Oxygen Donor Groups 

As with PNP ligands, the 31P NMR of dppe ligands 75 to 77 show a singlet due to 

equivalent phosphorus atoms, the values are shown in Table 5.2. The table includes the 
3'P NMR shift for bis(di-ortho-methoxyphenylphosphino)ethane, 6.173 

Table 5.2 - 31P NMR Shifts for Dppe Ligand 75 - 77 

Ligand 31P Shift / ppm 

6 -30.5 
75 -23.1 
76 -24.1 
77 -38.0 

The 31P NMR shifts for ligands 75,76 and 77 are -23.1 ppm, -24.2 ppm and 38.0 ppm 

respectively, which is consistent with ligand 6. Ligand 77 shows the most negative 

shift, suggesting the phosphorus atoms are less deshielded for this dppe ligand than the 

other dppe derivatives shown. This may be because the 1,3-dioxolane groups in the 

ortho position of the phenyl rings is more electron donating than the methoxy, ethoxy or 

isopropoxy groups. 

The molecular structure of ligand 77 is shown in Figure 5.6. The hydrogen atoms are 

omitted for clarity. 
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Figure 5.6 - Molecular Structure of Ligand 77 

The molecular structure of ligand 77 shows the arrangement of 1,3-dioxolane groups 

around the ligand, with two phenyl groups in the plane of the carbon backbone and two 

phenyl ring in the plane of the P-C bond. A selection of bond lengths and angles are 

shown in Table 5.3. 

Table 5.3 - Selected Bond Angles and Lengths of Bis(di-ortho-(1,3-dioxolan-2- 

y! )phenylphosphino)ethane 77 

Ligand 77 

P(1)-C(19) 1.849(15) 
P(1)-C(1) 1.846(15) 

Bond Lengths /A P(1)-C(10) 1.849(15) 

C(19A)-C(19) 1.531(3) 

P(1)-C(19)-C(19A) 110.15(12) 

Angles 
C(10)-P(1)-C(1) 101.45(6) 
C(10)-P(1)-C(19) 101.46(7) 
C(1)-P(1)-C(19) 103.08(6) 

The P(1)-C(19) bonds of 1.849(15) A are consistent with a phosphorus-carbon single 

bond. The C(19A)-C(19) bond of 1.531(3) A is consistent with a carbon-carbon single 

bond. The angle P(1)-C(19)-C(19A) of 110.15(12)° is in accordance with a tetrahedral 

arrangement of groups around the phosphorus atoms. 
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5.4. Chromium Carbonyl Phosphine Complexes 

5.4.1. Synthesis 

Chromium carbonyl complexes were synthesised using a method reported by 

Balakrishna and co-workers. 145 The chromium carbonyl complexes of 68 and 75 were 

synthesised as shown in Scheme 5.9 and Scheme 5.10. 

Me 
1 Are CO 

P/N\P 
Toluene i P\ I �CO [Cr(CO)bj + 

(Q2 
\ /) 16 h 

Me-Ný r 
P CO 

2 Are CO 
OEt 68 EtO 153 - Ar = o-OEt-C6H5 

Scheine 5.9 - Synthesis of [Cr(CO)4(68)J, 153 

The synthesis of [Cr(CO)4(68)], 153, was achieved by refluxing [Cr(CO)6] with the 

ligand in toluene overnight, giving a yellow solution. The compound was isolated by 

removal of the toluene under vacuum and the resulting solid was washed with dry 

methanol, giving a yellow solid. X-ray crystals were formed by slow diffusion of 

methanol into a concentrated dichloromethane solution of the complex. 

Art CO 

2pp 

Toluene (P\ I �CO [Cr(CO)6] j +\/ 16 hPI CO z A Are CO 
OEt 75 EtO 154 - Ar = o-OEt-C6H5 

Scheme S. 10 - Synthesis of [Cr(CO)4(7S)% 1 S4 

[Cr(CO)4(75)] was synthesised using the same method as [Cr(CO)4(68)], using 

[Cr(CO)6] and ligand 75, as shown in Scheme 5.10. The 31P NMR spectra of complexes 

153 and 154 showed one singlet peak, as the two phosphorus atoms are equivalent, the 

values are shown in Table 5.4, which also shows the 31P shift for [Cr(CO)4(1)J (see 

Table 4. I ). 
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Table 5.4 - 
"P NMR Shifts for Complexes 153 and 154 

Ligand 311' Shift / ppm 

[Cr(('O) (1)1 102.0 

[Cr(CO)4(68)1.153 103.8 

[Cr(CO)4(75) I, 15 4 76.3 

Bonding ligand 68 to [Cr(CO)6] causes the 31P NMR peak to shift from 56.3 ppm, for 

the free ligand, to 102.0 ppm, for the complex. This is due to electron density from the 

phosphorus being donated to the metal centre and so the two phosphorus atoms become 

more deshielded. A similar shift is observed in comparing the 31P NMR spectrum of 
ligand 75 to complex 154. 

5.4.2. Molecular Structures of Chromium Phosphine Carbonyl Complexes 

The molecular structure of [Cr(CO)4(68)], 153 is shown in Figure 5.7. The hydrogen 

atoms and a dichloromethane molecule are omitted for clarity. 

Figure 5.7 - Molecular Structure of /Cr(CO)4(68)/, 153 

Complex 153 adopts an octahedral arrangement of ligands around the chromium centre 

and crystallises with one molecule of dichloromethane in the asymmetric unit. The fold 

angle, which is the difference between the CrP2 (P(1)-Cr(1)-P(2)) plane and the P2N 
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(P(1)-N(1)-P(2)) plane, is 0.91' and comparing this to [Cr(('O)4(1)1,133 with a fold 

angle of 2.6°, complex 153 has a very flat P(l)-Cr-P(2)-N(l) ring. As with complex 

133, the nitrogen is in sp 2 hybridisation, with the sum of the angles around the nitrogen 

atom being 359.90. The bond angles and lengths are given in Table 5.5. 

The molecular structures of [Cr(CO)4(75)], 154 is shown in Figure 5.8. The hydrogen 

atoms are omitted for clarity. A selection of bond lengths and angles are shown in 

Table 5.5. 

Figure 5.8 - Molecular Structure of /Cr(CO)4(75)/, 154 

Complex 154 crystallises with two molecules in the asymmetric unit. The aryl rings 

adopt a similar conformation in each molecule, the difference appears in the orientation 

197 



Chapter S- Bidentate I'hosp/: ii: e Ligands 

of carbon backbone in the ligand. The fold angle between the P(1)-Cr(l)-P(2) plane and 

the P(1)-C(34)-P(2) plane in structure I is 17.63° and between the P(1)-Cr(1)-P(2) plane 

and the P(1)-C(35)-P(2) is 5.71°. Whereas the fold angles for P(3)-Cr(2)-P(2) and P(3)- 

C(71)-P(4) or P(3)-C(72)-P(4) in structure 2 are 12.22° and 18.26° respectively. Unlike 

the nitrogen in the backbone of the ligand in complex 153, the two carbons in the 

backbone of the ligand in complex 154 have a sp 3 hybridisation. 

Table 5.5 shows a selection of bond lengths and angles for chromium carbonyl 

complexes 153 and 154, along with the carbonyl stretching frequencies for both 

complexes. For comparison the table also contains the data for [Cr(CO)4(1)]. 

It can be seen from Table 5.5 that the bite angle for 153 of 68.08(19)° is smaller than 

154, with a bite angle of 84.71(13)°; this is expected because 153 has a four-membered 

ring and 154 has a less strained five membered ring, which would give a larger bite 

angle. The C=O bond lengths for complexes 153,154 and 133 are similar, suggesting 

that the back-bonding from the metal centre to the carbonyl groups is similar for each 

complex; this is also shown in the comparable IR stretching frequencies of the carbonyl 

groups for each complex. Complex 153 only shows three carbonyl peaks, but the peak 

at 1885 cm-1 is broad and may incorporate another carbonyl stretch. The P-N bonds in 

complex 153 are 1.699(18) A and 1.693(15) A, whereas the P-C bonds in complex 154 

are about 1.84 A, suggesting that the P-N bond is stronger than the P-C bond. 

The bite angle and C-P-Cr angle of chromium tetracarbonyl bis(diphenylphosphino)- 

ethane, [Cr(CO)4(dppe)] are 85.1° and 107.5° respectively. 168 Within error the bite 

angle of dppe is similar to complex 154, therefore adding the ethoxy groups does not 
have a significant effect, whereas the C-P-Cr angle is slightly smaller for complex 154. 

The IR carbonyl stretches for [Cr(CO)4(dppe)] are 1877 cm'', 1899 cm's, 1914 cm'I, 

2009 cm-1, compared with 1870 cm's, 1888 cm", 1905 cm'', and 2002 cm"' for complex 

154.169 This shows that there is more back-bonding from the chromium centre to the 

carbonyl ligands in complex 154 than [Cr(CO)4(dppe)]. 
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Chapter 5- Bidentate P/rosphlne Ligarads 

5.5. Platinum Chloride Phosphine Complexes 

This section investigates a series of platinum chloride PNP complexes. These 

complexes were synthesised to look at the structure of the ligand. Also the synthesis of 

the chromium carbonyl complexes of these ligands was unsuccessful as the ligands are 

too bulky. 

5.5.1. Synthesis 

Ligand 69, was reacted with [PtC12(COD)] in dichloromethane under nitrogen, where 
COD is 1,5-cyclooctadiene, to give [PtC12(69)]. The reaction scheme is shown in 

Scheme 5.11. 

ý. 
, C1 

pt, 
cl 

by 

(I 

R)2 

Dichloromcthre ' 
P\ 

'Cl 
2h 

Me-N,. 
, 
Pt 

ZP 
Cl 

(&R)2 

OJ 
155-R= --ý 

0 

Scheme 5.11 -Synthesis of JPtC12(69)J, 155 

A white solid was obtained on removal of dichloromethane, which would only re- 

dissolve into dimethylsulfoxide (DMSO). The growth of crystals was attempted via a 

slow diffusion method, using a range of solvent systems and was unsuccessful. 

The same method was used to synthesise [PtC]2(76)], 156, and [PtC12(77)], 157, as 

shown in Scheme 5.12. 
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Pt 
Cl 

+kp\ /ý 
Dichlo2 

h 
cth. 1c 

, C1 22 
RR 

76 -R= OiPr 

-eD 77-R= -- 
0 

R)2 

CPSt 'cl Pt 
P 'Cl 

R 

2 

156 -R= OiPr 
0 

157-R=-""{ 
0 

Scheme 5.12 - Synthesis of [PtC 2(76)/, 156 acid [PtC12(77)J, 157 

The 31P NMR of complexes 155,156 and 157 gave a singlet peak, due to equivalent 

phosphorus atoms, with platinum satellites. The 31P NMR data in deuterated 

chloroform at 25 °C, is given in Table 5.6, along with the literature values for 

[PtC12(dppe)]. 170 

Table 5.6 - 
31P NAIR Shifts for Novel Platinum PNP or Dppe Complexes 

Ligand 
31P Shift / ppm Coupling Constant 

(CDCI3) (JPPt) / Iiz 

[PtC12(69)], 155 16.2 3340 

[PtC12(76)], 156 47.6 3659 

[PtCI2(77)], 157 44.6 3646 

[PtC12(dppe)] 40.9 3618 

The 11P NMR shifts for complexes 156 and 157 are consistent with the literature values 

for [PtC12(dppe)]. The 31P NMR shift for complex 155, has a lower shift that the dppe 

analogue, 157, suggesting that the phosphorus atoms in complex 157 is more deshielded 

than complex 155. The P-Pt coupling constants for the three complexes are typical of 

the coupling constants for Pt-phosphine complexes with a cis arrangement; which is 

expected due to the bidentate phosphine ligands. 170 
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5.5.2. Molecular Structure of 1PtCl2(76)I 

X-ray quality crystals of [PtC12(76)], 156, were grown from a slow diffusion of acetone 

into a concentrated DMSO solution of the complex, giving white crystals, the molecular 

structure is shown in Figure 5.9. Hydrogen atoms have been removed for clarity. 

Figure 5.9 - Molecular Structure of [PtCl2(76)], 156 

The molecular structure of [PtC12(76)], 156, shows a square planar arrangement of 

ligands around the metal centre, with the aryl groups of the ligand above and below the 

plane of the molecule. In Figure 5.9 P(4) has been mislabelled and should be P(2), P(2) 

will be used when referring to this atom. 

As expected, the carbon backbone of the phosphine ligand is bent with C(4) above the 

plane of the metal-chlorine bonds and C(5) below the plane. The fold angle between the 

P(1)-Pt(1)-P(2) plane and the P(1)-C(4)-P(2) plane is 6.48° and between the P(1)-Pt(1)- 

P(2) plane and the P(1)-C(5)-P(2) is 5.54°. A selection of bond length and angles is 

shown in Table 5.6. 

203 



Chapter 5- Bidentate Phosphine Ligands 

Table S. 7- Selected Bond Angles and Lengths of /l'1C12(76)J, 156 

[PtCI2(76)] 156 

Pt-CI(1) 2.38(16) 
Pt-Cl(2) 2.37(15) 

Bond Pt-P(1) 2.23(16) 
Lengths Pt-P(2) 2.22(16) 

/A P(1)-C(4) 1.82(9) 
P(2)-C(5) 1.84(9) 

C(4)-C(5) 1.53(6) 

P(1)-Pt-P(2) 87.97(4) 

Pt-P(1)-C(4) 110.1(3) 
Pt-P(2)-C(5) 109.9(3) 

Angles P(1)-Pt-C1(1) 90.43(7) 
P(1)-Pt-C1(2) 178.99(6) 
P(2)-Pt-C1(1) 178.40(6) 
P(2)-Pt-C1(2) 91.07(6) 

C1(1)-Pt-CI(2) 90.53(4) 

The bite angle, P(1)-Pt-P(2) is 87.97(4)°, which is similar to the P(1)-Cr-P(2) angle in 

[Cr(CO)4(75)], 134. The P(1)-C(4), P(2)-C(5) and C(4)-C(5) bond lengths are also 

similar to the corresponding bond lengths in complex 134. 

5.6. Ethene Trimerisation With PNP and Dppe Ligands 

PNP ligands 68 and 69 and dppe derivatives 75 to 77 were tested for ethene 

trimerisation using the system shown in Scheme 1.8.2 For runs 5.1 to 5.6,0.02 mmol 

of [CrCl3(thf)j], 0.02 mmol of ligand and 300 eq of methylaluminoxane (MAO) were 

used, under I bar of ethene at room temperature. The productivity was calculated from 

the mass gain of the reaction vessel for runs 5.1 to 5.6. The 1-hexene (1-C6) selectivity 
is given within the C6 fraction. 
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Table 5.8 - Ethene Trimerisation with PNP and Dppe Ligands 68,69 and 75 - 77 at 

Low Ethene Pressure 

Run Li and 
Productivity" Product Distribution / wt % 

i; (g / Cr h)' C6 1-C6` Coo C14+ 

5.1 68 7404 63.2 91.2 33.3 3.5 

5.2 69 0---- 

5.3 75 0---- 

5.4 76 0---- 

5.5 77 0---- 

5.6 1 8654 73.0 86.1 25.0 2.0 
° within C6 fraction 

Table 5.8 shows the results for ethene trimerisation using ligands 68,69 and 75 to 77. 

Run 5.6 gives the results for 1 as a comparison. Ligand 68 was found to be active for 

ethene trimerisation, with a productivity of 7404 g (g Cr h)-' obtained. The system 

showed a selectivity of 63.2 % towards C6 fraction, of which 91.2 % was 1-hexene. 

Ligand 68 gives a lower productivity than 1, although the selectivity towards 1-C6 

within C6 fraction was 91.2 % for 68, whereas for 1 the selectivity is 86.1 % under the 

same conditions. Unlike other PNP ligands previously tested (apart from 1), a high 

productivity towards ethene was given at room temperature and under 1 bar of ethene. 
Other PNP ligands tested by Bollmann and co-workers41' 42,47 and Wass and co-workers 

needed a high ethene pressure for hexene to be produced. '' 4' Ligand 69 was shown to 

be inactive for ethene trimerisation under 1 bar of ethene. Ligands 75 to 77 were also 
inactive for ethene trimerisation, this is consistent with the data reported by Wass and 

co-workers, where ligand 5 (bis(di-ortho-methoxyphenylphosphino)ethane) was 
inactive under 1 bar of ethene. 

The same set of ligands was tested for trimerisation at a high ethene pressure. The 

results are shown in Table 5.9. The reaction conditions for the high pressure runs is 

0.01 mmol of [Cr(acac)3], 0.01 mmol of ligand and 300 equivalents of MAO, under 
45 bar of ethene at 45 T. Mesitylene was used as the internal standard and for 

comparison, run 5.12 shows the results obtained for the system using ligand 1. 
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Table S. 9 - Ethene Triuierisation with PNP and Dppe Ligands 68,69 and 75 - 77 at 

high Et/reise Pressure 

Productivity Product Distribution / wt % 
Run Li and / Cr h)' g(g ` C6 1-C6 Cs C1o+ 

5.7 68 1282 87.6 79.1 0 12.4 

5.8 69 0 50.7 62.1 36.7 12.6 

5.9 75 0---- 

5.10 76 0---- 

5.11 77 0---- 

5.12 1 720 98.9 73.2 1.1 0 
° within C6 fraction 

The system using PNP ligand 68, with OEt groups gave a high productivity than ligand 

1, of 1282 g (g Cr h)"'. A selectivity to hexene of 87.6 % was observed, of which 

79.1 % is 1-hexene, this system has a lower hexene selectivity than the ligand 1 system. 

Ligand 69 showed an activity for ethene trimerisation, with a selectivity to hexene of 

50.7 %, although a statistical distribution of products was observed including 36.7 % C8 

and 12.6 % C10+ materials. As with the reactions at low ethene pressure, ligands 75 to 

77 were found to be inactive for ethene trimerisation. These ligands were also tested for 

isoprene trimerisation and ethene/styrene cotrimerisation and are shown in Chapter 2 

and 3. 

5.7. Summary 

One of the best systems for the trimerisation of ethene uses [CrC13(thf)3], I and 

MAO. 1,1,4 The PNP ligand in this system contains methoxy groups on the ortho position 

of the phenyl groups, in the molecular structure one of [CrC13(1)), one methoxy (OMe) 

group acts as a pendant ligand to the chromium centre, forming an octahedral 

arrangement, which can stabilise intermediates during catalysis. 5 A selection of 

methods for synthesising PNP ligands have been reported by reported by Dossett and 

co-workers, 33 Cooley and co-workers, 34 Bollmann and co-workers, 41,42,47 and 

Balakrishna and co-workers. 1345 
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A range of PNP ligands and dppe derivatives, with ortho oxygen donor groups on the 

aryl rings, were synthesised and the method used involved the reaction of four 

equivalents of a Grignard reagent with bis(dichlorophosphino)methylamine. The 

ligands synthesised were 68 and 69 and 75 to 77 and the molecular structure of 77 was 

given with 1,3-dioxolane groups attached to the ortho position of the aryl rings. 

Ligands 68 and 75 were coordinated to [Cr(CO)6], giving yellow solids [Cr(CO)4(68)], 

153 and [Cr(CO)4(75)], 154. The molecular structures of both complexes showed an 

octahedral arrangement around the chromium centre. The carbonyl bond lengths and IR 

stretching frequencies of both complexes are similar, although the bite angle of 154 is 

larger than 153. Ligands 69,76 and 77 were reacted with [PtC]z(COD)] giving 
[PtC12(69)], 155, [PtC12(76)], 156 and [PtC12(77)], 157. The molecular structure of 156 

showed a square planar arrangement around the platinum centre. 

Ligarads 68,69 and 75 to 77 were tested for activity towards ethene trimerisation. It was 
found that 68 was active, giving a productivity of 7404 g (g Cr h)-l. The system using 
68 gave a lower productivity than 1, suggesting that although the OEt group may act as 

a pendant group to the chromium centre, the OMe group is a better pendant ligand. The 

phosphine ligands tested were found to be inactive towards ethene trimerisation. At 

high ethene pressure the system using ligand 68 gave a higher productivity than ligand 1 

and ligands 69 and 75 to 77 were found to be inactive. The ligands synthesised in this 

chapter were also tested for ethene/styrene cotrimerisation and isoprene trimerisation. 
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6.1. General Experimental Information 

All procedures were carried out under an inert atmosphere using standard Schlenk line 

and cannula techniques. Chemicals were obtained from Sigma Aldrich, Alfa Aesar, 

Strem and Fisher Scientific and unless otherwise stated were used without further 

purification. All solvents were purified using an Anhydrous Engineering Grubbs-type 

solvent system. The molecular weight of methylaluminoxane (MAO) was taken to be 

58 g mol'', corresponding to a (CH3-Al-O) unit. Cotrimerisation and trimerisation 

products were analysed by GC-MS and GC-FID (Hewlett Packard Series), mesitylene 

was used as an internal standard and alkane standards were obtained from Sigma 

Aldrich. The temperature program used was: starting at 40 °C and rising to 80 °C at 
2 °C min"' and then to 300 °C at 10 °C min"'. Infra-red spectra were recorded on a 
Perkin-Elmer 1600 series FTIR Spectrometer in dichloromethane. NMR spectra were 

recorded on a JEOL ECP 300 spectrometer at 300 MHz ('H) and 121 MHz (31P) and a 
JEOL delta 400 spectrometer at 400 MHz ('H) and 100.5 MHz (13C {IH}), in 

deuterated solvent. 'H and 13C {'H) NMR spectra are referenced relative to high 

frequency of residual solvent and 31P NMR spectra are referenced relative to high 

frequency of 85 % H3PO4. Electrochemical studies were carried out using an EG&G 

model 273A potentiostat linked to a computer using EG&G Model 270 Research 

Electrochemistry software in conjunction with a three-electrode cell. The working 

electrode was a platinum disc (1.6 mm diameter) and the auxiliary electrode a platinum 

wire. The reference was an aqueous saturated calomel electrode (SCE) separated from 

the test solution by a fine frit and an agar bridge saturated with KCI. Solutions were 
1.0 x 10-3 mol din-3 in the test compound and 0.1 mol dm-3 in [NBu"4][PF6] as the 

supporting electrolyte, the solvent used was CH2C12. Under these conditions, E°' for the 

one electron oxidation of [Fe(rls-C5Me5)2] added to the test solutions as internal 

calibrants is -0.08 V. '7' Unless specified all (Ep)red, (Ep)0 and E°' values are at a scan 

rate, v of 200 mV s"'. Microanalyses were carried out by the Microanalytical 

Laboratory of the School of Chemistry at the University of Bristol. Crystal structures 

were determined by Mairi Haddow and Stephen Mansell. High pressure reactions were 

performed in parallel using a Baskerville 10 multicell autoclave. 
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6.2. Ligand Synthesis 

This section gives the experimental data for the ligands used in Chapter 2 and 3. 

6.2.1. General Methods of Ligand Synthesis 

6.2.1.1. General Method 1- Synthesis of N, N-bis(di-ortho-methoxyphenyl- 

phosphino)methylamine, 1 

(a) N, N-bis(dichlorophosphino)methylamine 

The synthesis of C12PN(R)PCI2 compounds was reported by Nixon, where R is an alkyl 

group i b", 16i 

Methylamine hydrochloride (10 g, 0.15 mol) was dried under vacuum overnight to 

remove any excess water. To this was added degassed 1,1,2,2-tetrachloroethane 

(120 mL) under nitrogen. Phosphorus trichloride (53 mL, 0.60 mol) was added and the 

mixture was stirred under reflux for 11 d. The reaction was allowed to cool and excess 

phosphorus trichloride and solvent were removed under vacuum into the main trap, 

giving a brown oil. A second nitrogen trap was added and the product was distilled 

under a static vacuum at 120 °C. Remaining solvent was removed by heating the liquid 

under nitrogen to 70 °C giving a colourless liquid (5.25 g, 28 mmol, 19 %). 

Analytical data matched reported literature values: 161 

'H NMR (CDC13,300 MHz): 8=3.22 (s, 3H, CH3) 

31P NMR (CDC13, ref-H3P04,121 MHz): 6= 160.8 (s). 

(b) Preparation of (ortho-methoxy)phenylmagnesium bromide 

A solution of 2-bromoanisole (6 mL, 48 mmol) in tetrahydrofuran (10 mL) was added 

drop-wise to magnesium turnings (2.5 g, 0.10 mol) in tetrahydrofuran (20 mL), a 

vigorous reaction ensued. Once addition was complete, the mixture was heated under 

reflux for 2h and then filtered via a cannula to give a brown solution. 
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(e) Preparation NN-bis(di-ortho-methoxyphenylphosphino)methylamine, 1 

The synthesis of NN-bis(di-ortho-methoxyphenylphosphino)methylamine, 1, was 

adapted from a method reported by Cooley and co-workers. 34 The Grignard reagent, 

ortho-methoxyphenylmagnesium bromide (80 mmol) in tetrahydrofuran (30 mL) was 

added drop-wise, to N, N-bis(dichlorophosphino)methylamine (2.7 g, 0.012 mol) in 

tetrahydrofuran (20 mL) at -78 °C under nitrogen. The solution was stirred for 2h and 

then allowed to warm to room temperature. Solvent was removed under vacuum and 

the resulting brown solid was repeatedly washed with cold methanol, to give a white 

solid (2.21 g, 4.3 mmol, 35 %). 

Analytical data matched reported literature values: 37,37,42 

1H NMR (CDCl3,300 MHz): 5=2.42 (s, 3H, NCH3), 3.59 (s, 12H, OCH3), 6.83 - 6.88 

(m, 8H, Arlo, 7.06 - 7.10 (m, 4H, ArH), 7.24 - 7.32 (m, 4H, ArH). 

31P NMR (CDC13, ref-H3P04i 121 MHz): 8= 52.3 (s). 

13C NMR (CDC13,100.5 MHz): 8= 33.8 (t, 2Jcp = 5.4 Hz, NCH3), 55.1 (s, OCHS), 

109.8 (s, CH), 120.0 (s, CH), 126.9 (t, Jcp = 4.6 Hz, CH), 129.8 (t, CH), 132.9 (s, CO), 

160.6 (t, Jcp = 8.5 Hz, CP). 

Elemental Analysis: C29H31NO4P2 calcd (%) C 67.04, H 6.02, N 2.69, found (%) C 

67.48, H 5.55, N 2.59. 

MS (+ESI): 520 [Mj+. 

6.2.1.2. General Method 2-N, N-bis(diphenylphosphino)isopropylamine, 19 

The synthesis of N, N-bis(diphenylphosphino)isopropylamine, 19, was adapted from a 

method reported by Bollmann and co-workers41,42,47 and Balakrishna and co- 

workers. 161 Isopropylamine (0.94 mL, 11 mmol) was added drop-wise to a solution of 

diphenylphosphine chloride (4.1 mL, 22.7 mmol) and triethylamine (15 mL, 0.1 mol) in 

dichloromethane (80 mL) at -30 T. Once addition was complete the solution was 
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stirred for 30 min then the ice bath was removed. The solution was stirred for a further 

16 h at room temperature, after which the solution was filtered to remove 

triethylammonium chloride. Water (30 mL) was added and the aqueous layer was 

extracted with dichloromethane (2 x 10 mL). The organic layers were combined, dried 

over magnesium sulphate and filtered under nitrogen. The solvent was then removed 

under vacuum and the product was recrystalised from hot ethanol, giving a white 

crystalline solid (3.35 g, 7.84 mmol, 71 %). 

Analytical data matched reported literature values: 42,161 

'H NMR (CDC13,300 MHz): S=1.17 (d, 3JIIH = 6.6 Hz, 6H, CH3), 3.78 (sept, ZJiw _ 
6.6 Hz, 1 H, NCH), 7.20 - 7.39 (m, 20H, ArH). 

31P NMR (CDC13i ref-H3P04,121 MHz): 8= 50.0 (br). 

13C NMR (CDC13,100.5 MHz): 8=24.5 (t, 3Jcp = 6.2 Hz, CH3), 52.0 (t, 2Jcp = 10.0 Hz, 

NCH), 128.1 (d, Jcp = 6.2 Hz, CH), 126.6 (s, CE! ), 133.0 (d, Jcp = 22.3 Hz, CH), 140.0 
(d, Jcp = 13.8 Hz, CP). 

Elemental Analysis: C27H27NP2 calcd (%) C 75.86, H 6.37, N 3.28, found (%) C 76.87, 
H 6.83, N 2.99. 

MS (+ESI): 427 [M]+ 

6.2.1.3. General Method 3-N, N-bis(di-ortho-ethylphenylplhospliino)metliyl- 

amine, 3 

The synthesis of NN-bis(di-ortho-ethylphenylphosphino)methylamine, 3, was adapted 
from a method reported by Bollmann and co-workers41' 42,47 and Cooley and co- 
workers. 34 

212 



Chapter 6- Experimental 

(a) Preparation of 2-ethylphenylmagnesium bromide 

A solution of 2-ethylbenzene (5.0 mL, 36.0 mmol) in tetrahydrofuran (10 mL) was 

added drop-wise to magnesium turnings (2.5 g, 0.10 mol) in tetrahydrofuran (20 mL), a 

vigorous reaction ensued. Once addition was complete, the mixture was heated under 

reflux for 2h and then filtered via a cannula to give a brown solution. 

(b) Synthesis of di(2-ethylphenyl)phosphine bromide 

2-Ethylphenylmagnesium bromide (36.0 mmol) in tetrahydrofuran (30 mL) was added 

drop wise to a solution of phosphorus tribromide (4.9 mL, 18.0 mmol) in 

tetrahydrofuran (20 mL) at -78 °C under nitrogen. Once addition was complete the 

solution was allowed to warm to room temperature and stirred overnight. The solution 

was filtered and the solvent was removed to give an orange oil. The crude product was 

used in the next stage without further purification. 

31P NMR (CDC13i ref-H3PO4,121 MHz): 5= 66.8 (s) 

(c) Synthesis of NN-bis(di-ortho-ethylphenylphosphino)methylamine, 3 

A solution of methylamine (2M in tetrahydrofuran, 1.5 mL, 3.0 mmol) and 

triethylamine (15 mL, 0.1 mol) in dichloromethane (10 mL), was slowly added to a 

solution of di(2-ethylphenyl)phosphine bromide in dichloromethane (2.16g, 10 mmol), 

at -78 °C under nitrogen. Once addition was complete the solution was allowed to 

warm to room temperature and was stirred overnight. The solution was filtered to 

remove magnesium chloride and the solvent was removed to give a yellow oil. The 

crude product was triturated with cold methanol and dried under vacuo, giving a white 

solid (0.66 g, 1.3 mmol, 43 %). 

Analytical data matched reported literature values : 34,41 

'H NMR (CDC13,400 MHz): 8=1.13 (t, 3J, 11, = 7.5 Hz, 12H, CH2CH3), 1.45 (t, 3J{{H = 
7.3 Hz, 8H, CH2CH3), 3.12 - 3.16 (m, 3H, NCH3) 7.02 - 7.10 (m, 8H, Ar/I), 7.28 - 
7.35 (m, 8H, ArH). 
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13C NMR (CDC13,100.5 MHz): 6= 14.9 (s, C113), 27.4 (s, C112013), 46.2 - 46.3 (m, 

NC 13), 125.2 (s, CH), 128.5 (s, CH), 129.1 (s, CH), 132.2 (s, CH), 136.6 - 136.7 (m, 

CH), 147.2 (d, Jcp = 13.8 Hz, CP). 

31P NMR (CDC13, ref-H3P04,121 MHz): 8= 56.8 (s) ppm. 

Elemental Analysis: C33H39NP2. CH2C12 calcd (%) C 68.44,116.93, N 2.34, found (%) C 

66.70, H 7.39, N 2.03. 

MS (+EI): 511 [M]+, 482 [M-CHZCH3]+, 406 [M-Ar]+, 270 [(Me)NPAr2]+, (Ar = (o- 

CH2CH3)C6H4)" 

6.2.2. N, N-bis(diarylphosphino)alkylaminc Ligands 

6.2.2.1. NN-bis(di Para-methoxyphenylphosphino)methylamine, 4 

Synthesised by general method 1, using 4-bromoanisole (6.0 mL. 50 mmol), magnesium 
turnings (2.5 g, 0.10 mol), N, N-bis(dichlorophosphino)methylamine (1.8 g, 7.7 mmol) 
and tetrahydrofuran (40 mL), giving a white solid (1.7 g, 3.3 mmol, 43 %). 

Analytical data matched reported literature values: 42 

'H NMR (CDC13,400 MHz): 8=2.51 (s, 3H, NCH3), 3.74 (s, 12H, OCH3), 6.70 - 7.00 
(m, 8H, ArH), 7.18 - 7.25 (m, 4H, Arlo, 7.42 - 7.80 (m, 4H, ArH). 

31P NMR (CDC13, ref-H3POa, 121 MHz): 8= 71.0 (s). 

13C NMR (CDC13,100.5 MHz): 8= 31.0 - 31.2 (m, NCH3), 55.2 (s, OCHS), 109.8 (s, 
CH), 113.7 - 114.1 (m, CH), 134.9 (t, Jcp = 11.5 Hz, CO), 160.1 (t, Jcp = 8.5 Hz, CP). 

Elemental Analysis: C29H31NO4P2. CHZCl2 calcd (%) C 59.61, H 5.50, N 2.32, found 

(%) C 59.95, H 4.90, N 3.26. 
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MS (+EI): 519 [M]+. 

6.2.2.2. NN-bis(di-ort/ho-methyiphenylphosphino)methyiamine, 10 

Synthesised by general method 1, using 2-bromotoluene (3.6 mL, 30 mmol), 

magnesium turnings (3.6 g, 0.12 mot), N, N-bis(dichlorophosphino)methylamine (1.5 g, 

6.0 mmol) and tetrahydrofuran (40 mL), giving a white solid (2.47 g, 5.4 mmol, 90 %). 

Analytical data matched reported literature values: 3a, 4' 

'H NMR (CDC13,300 MHz): 8=2.19 (s, 1211, C113), 2.57 (t, 3J,, p = 3.0 Hz, 311, NCH3), 

7.08 - 7.12 (m, 6H, Arf), 7.20 - 7.30 (m, I OH, ArH). 

31P NMR (CDC13, ref-H3PO4,121 MHz): 6= 57.6 (s). 

13C NMR (CDCl3,67 MHz): 6= 21.3 (t, 2Jcp = 10.7 Hz, CH3), 30.0 (s, NCH3), 125.3 (s, 

CH), 128.8 (s, CH), 130.6 (t, Jcp = 2.3 Hz, CH), 131.5 - 131.6 (m, CH), 136.6 - 136.7 

(m, CH), 141.3 (d, Jcp = 13.8 Hz, CP). 

Elemental Analysis: C29H31NP2. CH2CI2 calcd (%) C 66.67, H 6.15, N 2.59, found (%) C 

65.81, H 6.53, N 2.50. 

MS (+EI): 455 [M]+, 440 [M-CH3]+, 364 [M-Ar]+. 

6.2.2.3. NN-bis(diphenylphosphino)methylamine, 17 

Synthesised by general method 2, using methylamine (2M in tetrahydrofuran, 5.5 mL, 
11 mmol), diphenylphosphine chloride (4.1 mL, 22.7 mmol) and triethylamine (15 mL, 

0.1 mol) in dichloromethane (2 x 20 mL) giving a white solid (1.16 g, 2.9 mmol, 25 %). 

Analytical data matched reported literature values: 42 
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111 NMR (CDC13,300 MHz): 8=2.32 (t, Ji, p = 3.0 Hz, 3H, NC1! 3), 7.25 - 7.35 (m, 

20H, ArH). 

31P NMR (CDC13, ref-H3P04,121 MHz): 8= 73.5 (s). 

13C NMR (CDCI3,67 MHz): 8= 32.6 (t, 2Jcp = 5.6 Hz, NCH3), 128.2 (t, Jcp = 3.1 Hz, 

CH), 128.3 (s, CH), 132.4 (t, Jcp = 10.2 Hz, CH), 139.8 (d, Jcp = 7.2 Hz, CP). 

Elemental Analysis: C25H23NP2 calcd (%) C 75.18,115.80, N 3.51, found (%) C 74.59, 

H4.97, N3.96. 

MS (+ESI): 400 [M]+, 386 [M-CH3]+, 246 [M-2Ph]+. 

6.2.2.4. N, N-bis(diphenylphosphino)ethylamine, 63 

Synthesised by general method 2, using ethylamine (2M in THF, 3.5 mL, 7 mmol), 

diphenylphosphine chloride (2.5 mL, 14.0 mmol) and triethylamine (10 mL, 66 mmol) 

in dichloromethane (2 x 20 mL) giving a white solid (1,92 g, 4.6 mmol, 66 %). 

Analytical data matched reported literature values: '72 

'H NMR (CDC13,400 MHz): 6=0.69 (t, 3JFill = 6.8 Hz, 3H, CH2CH3), 3.24 - 3.35 (m, 

2H, NCH2CH3), 7.23 - 7.25 (m, 12H, ArH), 7.33 - 7.37 (m, 8H, Ar! ). 

31P NMR (CDC13, ref-H3P04,121 MHz): 5= 62.4 (s). 

13C NMR (CDC13,100.5 MHz): 6= 16.2 (t, 3Jcp = 3.0 Hz, CH3), 47.2 (t, 2Jcp = 11.0 Hz, 

NCHZ), 127.9 - 128.0 (m, CH), 128.5 (d, Jcp = 11.6 Hz, CH), 132.6 (t, Jcp = 10.8 Hz, 

CH), 139.5 - 139.6 (m, CP). 

Elemental Analysis: C27H27NP2. 'Y2CH3OH calcd (%) C 74.10, H 6.33, N 3.26, found (%) 

C 74.15, H 6.49, N 4.19. 
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MS (+EI): 413 [M]+, 384 [M-CH2CH3]+ 

6.2.2.5. NN-bis(diphenylphosphino)-(S)-(+)-a-methylbenzylamine, 64 

Synthesised by general method 2, using (S)"(+)-a-methylbenzylamine (2.5 mL, 

20 mmol), diphenylphosphine chloride (2.7 mL, 15 mmol) and triethylamine (15 mL, 

0.1 mol) in dichloromethane (2 x 20 mL) giving a white solid (4.6 g, mmol, 47 %). 

'H NMR (CDC13,400 MHz): 8=1.57 (d, 3j H, _, = 6.0 Hz, 3H, C113), 4.63 - 4.78 (m, 1H, 

NCH), 7.11 - 7.14 (m, 5H, ArH), 7.19 - 7.43 (m, 20 H, ArH). 

13C NMR (CDCl3,101.5 MHz): 8= 24.2 (t, 3Jcp = 7.5 Hz, CH3), 59.6 (t, 2Jcp = 8.3 Hz, 

NCH), 126.8,127.8,127.9,128.0,128.0,128.1,128.5,128.9,132.8,133.1,133.3, 

133.6,144.7. 

31P NMR (CDC13, ref-H3PO4,121 MHz): 6= 54.36 (br). 

Elemental Analysis: C32H29NP2 calcd (%) C 78.51, H 5.97, N 2.86, found (%) C 77.62, 

H6.76, N3.58. 

MS (+ESI): 490 [111]+, 416 [M-Ph]+, 400 [M-(Ph + Me)]+ 

6.2.2.6. NN-bis(diphenylphosphino)-(R)-(+)-a-methylbenzylamine, 65 

Synthesised by general method 2, using (R)-(+)-a-methylbenzylamine (2.5 mL, 

20 mmol), diphenylphosphine chloride (2.7 mL, 15 mmol) and triethylamine (15 mL, 

0.1 mol) in dichloromethane (2 x 20 mL) giving a white solid (2.1 g, mmol, 21 %). 

'H NMR (CDC13,400 MHz): 6=1.57 (d, 3JJ1,, = 6.0 Hz, 3H, CH3), 4.63 - 4.78 (m, 1H, 

NCII), 7.11 - 7.14 (m, 5H, ArH), 7.19 - 7.46 (m, 20 H, ArH). 
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13C NMR (CDC13,100.5 MHz): 8= 24.2 (t, 3Jcp = 7.5 Hz, Gil3), 59.6 (t, 2Jcp = 8.3 Hz, 

NGI), 126.8,127.8,127.9,128.0,128.0,128.1,128.5,128.9,132.8,133.1,133.3, 

133.6,144.7. 

31P NMR (CDC13, ref-H3P04,121 MHz): 8= 54.36 (br). 

Elemental Analysis: C32H29NP2 calcd (%) C 78.51, H 5.97, N 2.86, found (%) C 78.10, 

H6.29, N3.83. 

MS (+ESI): 488 [M]+, 384 [M-(PhCH(Me))]`. 

6.2.2.7. N, N-bis(diphenylphosphino)a-methylbenzylamine, 66 

Synthesised by general method 2, using a-methylbenzylamine (2.5 mL, 20 mmol), 
diphenylphosphine chloride (2.7 mL, 15 mmol) and triethylamine (15 mL, 0.1 mol) in 

dichloromethane (2 x 20 mL) giving a white solid (5.4 g, 11 mmol, 55 %). 

'H NMR (CDC13,400 MHz): 5=1.57 (d, 3J, 11 = 6.0 Hz, 3H, CH3), 4.63 - 4.78 (m, IH, 

NCH), 7.11 - 7.15 (m, 5H, ArH), 7.20 - 7.49 (m, 20 H, ArH). 

13C NMR (CDC13,101.5 MHz): 8= 24.21 (t, 3Jcp = 7.5 Hz, CH3), 59.55 (t, 2Jcp = 8.3 

Hz, NCH), 126.8,127.8,127.9,128.0,128.0,128.1,128.5,128.9,132.8,133.1,133.3, 

133.6,144.7. 

31P NMR (CDC13, ref-H3P04,121 MHz): 8= 54.3 (br). 

Elemental Analysis: C32H29NP2. %CH3OH calcd (%) C 77.21, H 6.18, N 2.77, found (%) 

C 76.80, H 6.32, N 3.91. 

MS (+ESI): 488 [M]+, 384 [M"(PhCH(Me))]+. 
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6.2.2.8. NN-bis(di-(2,4,6-trimethyi)phenyiphosphino)methyiamine, 67 

Synthesised by general method 3, using 1-bromo-2,4,6-trimethylbenzene (6.1 mL, 
20 mmol), magnesium turnings (2.5 g, 0.10 mol), phosphorus tribromide (0.85 mL, 
9.0 mmol), methylamine (2M in tetrahydrofuran, 2 mL, 4.0 mol), and triethylamine 

(15 mL, 0.1 mmol), giving a white solid (0.41 g, 0.73 mmol, 18 %). 

Analytical data matched reported literature values: 37 

'H NMR (CDCl3,400 MHz): 8=1.82 - 2.13 (m, 32H, ArCH3), 3.25 (m, 3H, NCH3), 

6.67-7.19 (m, 12H, ArH). 

31P NMR (CDC13, ref-H3POa, 121 MHz): 6= 61.6 (s). 

13C NMR (CDCl3,100 MHz): 8= 21.0 (t, 3Jcp = 10.4 Hz, CH3), 22.3 (t, Jcp = 7.8 Hz, 

CH3), 41.2 (t, 2Jcp = 9.0 Hz, NCH3), 130.3 (s, CH), 134.5 - 134.6 (m, CH), 137.7 (s, 

CH), 140.6 - 140.8 (m, CP). 

Elemental Analysis: C37H47NP2. CH2C12 calcd (%) C 69.93, H 7.57, N 2.15, found (%) C 

69.9 1, H 7.92, N 2.48. 

MS (+EI): 568 [M]+, 269 [PAr2]+. 

N, N-bis(di-ortho-isopropylphenylphosphino)methylamine, 11 N, N-bis(di-ortho- 

trifluoro-methylphenylphosphino)methylamine, 70 were synthesised by another 

member of the group, using literature procedures. 98 

6.2.3. Bis(diarylplhosphino)alkane Ligands 

6.2.3.1. Bis(di-ortho-methoxyphenylphosphino)methane, 5 

Synthesised by general method 1,2-bromoanisole (1.9 mL, 15 mmol), magnesium 
turnings (1.5 g, 60 mmol), bis(dichlorophosphino)methane (0.60 g, 2.8 mmol) in 
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tetrahydrofuran (20 mL). In the work up the solvent was removed under vacuum, the 

resulting brown solid was redissolved in dichloromethane (40 mL) and water (40 mL) 

was added. A precipitate formed and good separation could not be achieved so 

ammonium chloride was added and the mixture was stirred for I h, after which 

separation occurred. The organic layers were collected and washed with water (2 x 

20 mL). The solvent was removed and the resulting white solid was triturated cold 

methanol to give a white solid (1.22 g, 2.4 mmol, 86 %). 

This ligand has been published, no NMR spectroscopy data has been reported. 4'33 

'H NMR (CDC13,270 MHz): 8=2.72 - 2.74 (m, 3H, C112), 3.68 (s, 12H, OCH3), 6.69 

6.88 (m, 8H, ArH), 7.19 - 7.35 (m, 8H, Ar! ). 

31P NMR (CDC13i ref-H3PO4,121 MHz): 8= -40.4 (s). 

13C NMR (CDC13,67.9 MHz): 6= 25.9 (s, CH2), 55.5 (s, OCHS), 110.0 (s, CH), 112.0 

(s, CH), 120.9 (s, CH), 130.0 (s, CH), 132.9 (s, CO), 161.2. (t, Jcp = 7.2 Hz, CP). 

Elemental Analysis: C30H3304P2 calcd (%) C 68.84, H 5.99, found (%) C 69.51, H 5.68. 

MS (+ESI): 519 [MJ+. 

6.2.3.2. Bis(di-ortho-methoxyphenylphosphino)ethane, 6 

Synthesised by general method 1, using 2-bromoanisole (1.6 mL, 13 mmol), magnesium 

turnings (2.5 g, 0.11 mmol), bis(dichlorophosphino)ethane (0.60 g, 2.6 mmol) in 

tetrahydrofuran (20 mL). An off white solid was produced, which was recrystalised 

from hot ethanol to give a white crystalline solid (0.16 g, 0.31 mmol, 12 %). 

Analytical data matched reported literature values: 167 

'H NMR (CDCI3,400 MHz): 8=3.73 (s, 12H, OCHS), 6.81 - 7.08 (m, 12H, ArH), 7.27 

- 7.32 (m, 411, ArH). 
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31P NMR (CDC13, ref-113P04,121 MHz): 8= -30.5 (s). 

13C NMR (CDC13,100.5 MHz): 8= 20.6 -- 20.7 (m, Cfi2), 55.6 (s, OCH3), 110.5 (s, 

CH), 120.6 (s, CH), 120.9 (s, CH), 130.2 (s, CH), 133.1 (s, CO), 161.6 - 161.7 (m, CP). 

Elemental Analysis: C33H3904P2 calcd (%) C 67.61, H 6.59, found (%) C 66.90, H 6.28. 

MS (+ESI): 504 [M]+ 

Bis(di-ortho-methylphenylphosphino)ethane, 72 and bis(di-ortho-isopropylphenyl- 

phosphino)ethane, 73 were synthesised by another member of the group, using literature 

procedures. The syntheses of bis(di-ortho-ethoxyphenylphosphino)ethane, 75, bis(di- 

ortho-isopropoxyphenylphosphino)ethane 76 and bis(di-ortho-(1,3-dioxolan-2-yl)- 

phenylphosphino)ethane, 77, are described in Section 5.4.1. 
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6.3. Chapter 2- Cotrimerisation of Ethene with Styrenic Monomers 

6.3.1. General Co-Trimerisation Method 

The general trimerisation method was adapted from a method reported by Wass and co- 

workers. 4 

N, N-bis(di-ortho-methoxyphenylphosphino)methylamine, 1, (11 mg, 20 µmol) and 

chromium (III) chloride tetrahydrofuran complex, [CrC13(thf)3], 2, (8 mg, 20 µmol) 

were dissolved in tetrahydrofuran (3 mL) and stirred at room temperature in a Schlenk 

tube under nitrogen for 10 minutes. The solvent was removed and toluene was added 

(10 mL) to give a pink mixture. Methylaluminoxane (MAO, 10 % wt solution in 

toluene, 4 mL, 300 equivalents, 6 mmol) was then added, to give a green solution and 

the Schlenk tube was weighed. Next the Schlenk tube was put under an ethene (1 bar) 

atmosphere and styrene (30 mL) was added. The solution was vigorously stirred at 

room temperature for I h. After 1h the ethene feed was stopped and the Schlenk tube 

was re-weighed. The Schlenk tube was opened to air and a dilute solution of 
hydrochloric acid (10 % solution) in water was slowly added to quench the reaction. 

The organic layer was separated and dried over magnesium sulphate, giving a colourless 

solution of products in toluene. A sample of the solution was analysed by GC-FID. 

" The volume of toluene added depends on the volume of styrene added. Unless 

otherwise stated the total volume of toluene plus styrene was 40 mL, giving an 

overall volume of 44 mL with 4 mL of the toluene solution of MAO added. 

" For reactions done at high temperatures, the reaction vessel was allowed to reach 
temperature, then the reaction was placed under an ethene atmosphere and styrene 

was added. 
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6.3.2. Cotrimer Identification 

6.3.2.1. Synthesis of Standards 

9I 1 

10 

158 

r 
II 2S 

14 16 
17 

/ 18 
I19 

20 

159 

34 26 
21 25 

7 
8 

29 
30 

160 

1-Phenylhexane, 158 

Purchased from Sigma Aldrich 

'H NMR (CDC13,400 MHz): 5=1.12 (t, J111, = 7.3 Hz, 3H, CH3), 1.25 - 1.61 (m, 6H, 

CH2), 1.75 - 1.91 (m, 2H, CH2), 2.73 - 2.86 (m, 2H, CH2), 7.31 - 7.42 (m, 3H, ArH), 

7.44 - 7.52 (m, 2H, ArH). 

13C NMR (CDC13,100.5 MHz): 5= 15.7 (s, CH3, Cl), 24.3 (s, CH2, C2), 30.7 (s, CH2, 

C3), 33.1 (s, CH2, C4), 33.4 (s, CH2, C5), 37.6 (s, CH, C6), 127.1 (s, CH, C1o), 129.8 (s, 

CH, C9), 129.9 (s, CH, C8), 144.5 (s, CH, C7). 

2-Phenylhexane, 159 

Synthesised using a method reported by Black and co-workers. 94 

To a phenylmagnesium bromide (3M in diethyl ether, 8 mL, 24.0 mmol) solution in 

ether (40 mL) was slowly added an diethyl ether (IOmL) solution of 2-hexanone 

(2.5 mL, 20.0 mmol) under nitrogen. After addition was complete the solution was 
heated under reflux overnight and a white precipitate formed. The solution was allowed 

to cool and dilute acid (10 % solution) was added in excess to decompose the reaction. 
The organic layer was separated and washed with water (2 x 20 mL). The organic 
layers were combines and dried over magnesium sulphate, the solvent was then 
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removed under vacuum. The resulting product was distilled under a static vacuum at 

150 °C to give 2-phenylhexene, a clear liquid (2.9 g, 18.0 mmol, 90 %). 

2-Phenylhexene (1.23 g, 7.7 mmol) was dissolved in toluene (5 mL) and an excess of 

palladium on carbon (5 wt % Pd on C) was added. The mixture was stirred under a 
hydrogen atmosphere for 2 days. The solution was filtered through celite and solvent 

was removed to give a clear liquid (1.1 g, 6.8 mmol, 88 %). 

Analytical data matched reported literature values: 91 

13C NMR (CDC13,100.5 MHz): 6= 14.2 (s, CH3, C 16), 22.5 (s, CH3, C 11), 22.9 (s, 

CH29 C15), 30.1 (s, CH2, C14), 38.3 (s, CH29 C13), 40.1 (s, CH, C12), 127.3 (s, CH, 

C20), 129.3 (s, CH, C 19), 129.7 (s, CH, C 18), 147.6 (s, CH, C 17). 

3-Phenylhexane, 160 

Synthesised using the same method as 2-phenylhexane, 159, using phenylmagnesium 

bromide, (3M in diethyl ether, 8 mL, 24.9 mmol), diethyl ether (40 mL), 3-hexanone 
(2.5 mL, 20.0 mmol) under nitrogen, giving a clear liquid (2.5 g, 16.2 mmol, 81 %). 

Analytical data matched reported literature values: 91 

'H NMR (CDCl3,400 MHz): 8= 0.76 (t, J11ä = 7.3 Hz, 3H, CH3), 0.83 (t, J111, = 7.4 Hz, 

3H, CH3), 1.11 - 1.91 (m, 2H, CH2), 1.48 - 1.71 (m, 4H, CH2), 2.36 - 2.43 (m, IH, 
CH), 7.11 - 7.18 (m, 3H, An ! ), 7.24 - 7.28 (m, 2H, Arty. 

13C NMR (CDCl3,100.5 MHz): 6= 12.2 (s, CH3, C26), 14.2 (s, CH3, C21), 20.8 (s, 

CH29 C25), 29.8 (s, CH29 C22), 38.9 (s, CH2, C24), 47.8 (s, CH, C23), 125.5 (s, CH, 
C30), 127.3 (s, 2C, CH, C29), 128.9 (s, 2C, CH, C28), 148.1 (s, CH, C27). 
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6.3.2.2. Cotrimers 

Hydrogenation of Cotrimer Products 

Hydrogenation of cotrimer products accomplished using method adapted from synthesis 

of phenylhexane described by Black and co-workers. 94 A solution of the cotrimcr 

products (0.5 g) and palladium on carbon (0.5 g) in toluene (5 mL) was stirred at room 

temperature under 5 bar of H2 for 4 days. The solution was filtered through celite to 

remove the palladium on carbon. The solvent was removed to give a clear yellow liquid 

(0.4 g, 80 %). 

NMR Data of 1-Phenyihexenes from Cotrimer Products 

The following NMR data was produced from the cotrimers products of the 

cotrimerisation of styrene and ethene. NMR data found from comparison with standard 

samples and literature values. 92' 94 
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MS (+EI): 160 [M]+, 117 [PhCH=CHCH2]+, 91 [PhCHZ]+. 

(E)-1-Phenyl-l-hexene, 50 

13C NMR (CDC13,100.5 MHz): 6= 14.2 (s, CH3, C31), 22.5 (s, CH2, C32), 31.8 (s, 
C112, C33), 33.0 (s, CH2, C34), 126.1 (s, CH, C38), 126.4 (s, CH, C40), 128.7 (s, Cl!, 
C39), 129.9 (s, HC=CH, C36), 131.3 (s, HC=CH, C35), 138.1 (s, CH, C37). 

(Z)-1-Phenyl-l-hexene, 51 

13C NMR (CDC13,100.5 MHz): 8= 14.2 (s, CH3, C41), 22.6 (s, C112i C42), 28.8 (s, 
CH29 C44), 32.4 (s, CH2, C43), 126.3 (s, HC=CH, C46), 126.6 (s, CH, C50), 127.9 (s, 
CH, C48), 128.4 (s, CH, C49), 133.4 (s, HC=CH, C45), 137.8 (s, CH, C47). 
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6-Phenyl-l-hexene, 52 

13C NMR (CDC13,100.5 MHz): 8= 28.6 (s, C112, C54), 31.2 (s, CH2, C55), 33.9 (s, 

CH2, C53), 36.0 (s, CH2, C56), 113.9 (s, C=CH2, C51), 125.5 (s, CH9 C60), 128.5 (s, 

CH, C59), 128.6 (s, CH, C58), 139.0 (s, HC=CH2, C52), 142.8 (s, CH, C57). 

Retention Times 

Table 6.1 - Retention Times of Cotrinners and Hydrogenated Cotri, ners frone the 

Cotrimerisation of Ethene and Styrene 

Compound Retention Time / min 

C6 1.7 

1-Hexene 1.8 

CIO 8.9,9.6,9.8,10.7 
Unhydrogenated 

Products 3-Phenylhexene 22.2,22.7 

6-Phenyl-l -hexene 24.7 

(Z)- 1 -Phenyl- 1 -hexene 25.2 

(E)-1-Phenyl-l-hexene 26.8 

Hydrogenated 1-Phenylhexane 24.8 
Products 

3-Phenylhexane 22.6 

Table 6.2 - Retention Tiere of Phenyllzexane Standards 

Compound Retention Time / min 

1-Phenylhexane 25.0 

2-Phenylhexane 23.2 

3-Phenylhexane 22.4 
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6.4. Chapter 3- Trimerisation of 1,3-Dienes 

6.4.1. Trimerisation of Isoprene 

6.4.1.1. General Method for Trimerisation 

The general trimerisation method was adapted from a method reported by Wass and co- 

workers. 4 

N, N-bis(di-ortho-methoxyphenylphosphino)methylamine (11 mg, 20 µmol) and 

chromium (III) chloride tetrahydrofuran complex, [CrC13(thO3]9 (8 mg, 20 µmol) were 

dissolved in tetrahydrofuran (3 mL) and stirred at room temperature in a Schlenk tube 

under nitrogen for 10 minutes. The solvent was removed and toluene was added 

(10mL) to give a pink mixture. Methylaluminoxane (MAO, 10 % wt solution in 

toluene, 4 mL, 300 equivalents, 6 mmol) was then added, to give a green solution, 

isoprene (30 mL) was added and the solution was vigorously stirred at 70 °C for 1 h. 

The Schlenk tube was opened to air and a dilute solution of hydrochloric acid (10 % 

solution) in water was slowly added to quench the reaction. The organic layer was 

separated and dried over magnesium sulphate, giving a colourless solution of products 

in toluene. A sample of the solution was analysed by GC-FID. 

6.4.1.2. Analysis of Products 

Hydrogenation of Trimer Products 

Hydrogenation of trimer products accomplished using method adapted from synthesis of 

phenylhexane described by Black and co-workers. 94 A solution of the trimer products 

(0.5 g, 2.5 mmol) and palladium on carbon (0.65 g) in toluene (5 mL) was stirred at 

room temperature under 5 bar of H2 for 3 days. The solution was filtered through celite 

to remove the palladium on carbon. The solvent was removed to give a clear yellow 

liquid, which was dried under vacuum (0.4 g, 2.0 mmol, 80 %). 
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Trimer (Unhydrogenated) Products - Reaction mixture so includes linear trimers, 

cyclic trimers and oligomcrs. 
1H NMR (CDC13,400 MHz): 8=1.48 - 1.76 (m, 911), 1.78 - 1.84 (m, 1H), 1.98 - 2.13 

(m, 8H), 4.66 - 4.76 (m, 2H), 4.81 - 4.94 (m, 111), 5.04 - 5.24 (m, 311). 

13C NMR (CDC13,100.5 MHz): 6= 16.1 - 16.3 (m), 17.6 - 18.0 (m), 18.7,18.8,22.5, 

23.5,23.6,23.7,25.7 - 26.2 (m), 26.6 - 26.9 (m), 27.2,27.6,28.0,28.2,28.3,28.4, 

28.5,28.6,28.7,30.0,30.8,30.8,31.3,31.5,31.6,32.2,32.3,32.5,35.4,37.6,37.7, 

37.8,38.1,39.9,40.2,43.2,48.1,109.9,110.0,110.7,111.6,114.5,114.6,114.7,122.7, 

122.9,124.1- 124.8 (m), 125.8 - 125.5 (m), 125.8,126.1,126.5,128.0,128.1,128.3, 

129.0,129.1,129.5,131.9,132.9,133.5,133.7,133.8,134.1,134.1,134.8 - 135.6 (m), 

136.1,136.5,137.2,137.7,141.6,142.0,142.1,142.1,145.8,145.9. 

MS (+ESI): 203 [M]+, 189 [M - CH3]+, 135 [M- CH3C(CH3)CHCH2]+, 109 [C8H13]+9 

95 [C7H11]+, 81 [C6H9]+, 69 [CSH9]+, 55 [C4H7]+. 

Hydrogenated Trimer Products - Reaction mixture, includes linear and cyclic trimer 

and oligomer. Only the peaks for 2,6,11-trimethyldodecane, 124 are assigned. 

64 65 

2 
6362"k60 58 56 S 

54 

66 
124 

1H NMR (CDC13,400 MHz): 5=0.81 - 0.90 (m, 12H), 1.02 - 1.41 (m, 18H), 1,46 - 
1.55 (m, 211). 

13C NMR (CDC13,100.5 MHz): 6= 19.4 - 20.0 (m, 3C, C52, C65, C66), 22.7 (C63, 

C64), 22.8 (C63, C64), 24.6 (C56), 24.9 (C60), 27.5,27.6,27.9,28.1 (C62), 32.8 - 32.9 

(m, 2H, C53, C58), 37.2 - 37.6 (m, 4H, C54, C55, C57, C59), 39.2,39.5 (C61). 
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6.4.1.3. Analysis of Standards 

Purchased from Sigma Aldrich. 

2,6,10-Trimethyldodecane, 123 

79 80 81 

67 
577371769 

ý' 
7877%"'7 

123 

1H NMR (CDC13,400 MHz): 8=0.8 - 0.8 (m, 14H), 1.0 - 1.1 (m, 7H), 1.2 - 1.2 (m, 

9H), 1.4-1.5 (m, 2H). 

13C NMR (CDC13,100.5 MHz): S= 11.3 (C67), 11.4 (C67), 19.1 (C81), 19.2 (C81), 

19.6 (C80), 19.7 (C80), 22.5 (2C, C78 + C79), 22.6 (2C, C78 + C79), 24.4 (C71), 24.7 

(C75), 27.9 (C77), 29.4 (C68), 29.5 (C68), 32.7 (C73), 32.8 (C73), 34.4 (C69), 36.8 

(C70), 36.9 (C70), 37.2 (C74), 37.3 (C74), 37.3 (C72), 37.4 (C72), 39.3 (C76). 

Trimethylcyclododecane, 128 - mixture of isomers 

'H NMR (CDC13,400 MHz): 8=0.32 - 0.35 (m, 12H), 0.56 - 1.12 (m, 1811). 

13C NMR (CDC13,100.5 MHz): 8= 17.1,17.6,18.1,20.4,20.5,20.6,20.9,21.1,21.3, 

21.5,21.9,22.5,22.6,23.2,23.7,23.9,24.2,24.6,26.6,26.8,27.4,27.5,27.8,28.3, 

28.3,28.9,29.7,29.8,29.9,30.1,30.2,30.4,30.8,31.1,31.5,31.6,31.8,32.0,32.2, 

32.9,33.0,33.9,35.7,35.8. 
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Retention Times 

Table 6.3 - Retention Tines for Products fron Trimerisation of Isoprene 

Compound Retention Time / min 

Linear Trimers (C15) 27.6,27.9,28.0 2,6,11 -Trimethyldodecatetraene, 113 
Unhydrogenated 

Products Cyclic Trimer (C15) 29.1 1,5,10-Trimethylcyclododecatetrene, 

Oligomers (C20+) 33.2-37.5 

2,6,11-Trimethyldodecane (Cis), 124 26.2 
Hydrogenated 

Products 1,4,8-Trimethylcyclododecane (C15), 28.1 

Oligomers (C20+) 36.3,39.8 

Table 6.4 - Retention Tine ofAlkane Standards, fron: Sigma Aldrich 

Compound Retention Time / min 

2,6,10-Trimethyldodecane, 112 26.3 

1,4,8-Trimethylcyclododecane, 128 28.1 

Trimethyldodeca-1,5-9-triene 29.1 (mixture of isomers) 

6.4.2.1,3-Butadiene Polymerisation 

13C NMR (CDC13,100.5 MHz): 8= 25.1 - 25.2 (m), 27.5,30.2,32.8,34.3,35.6 - 35.7 

(m), 38.6 - 39.2 (m), 40.1 - 41.9 (m), 43.8,113.9 -115.1 (m), 127.7 - 131.8 (m), 142.9 

- 143.7 (m). 
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6.4.3.2,3-Dimetlhyl-1,3-butadiene 

Trimer Products 

EorZ 
94 96 97 99 

9929ýp8 88878f85 882 

5 98 

129a and 129b 

'H NMR (CDC13,400 MHz): 8=0.75 - 2.10 (m, 25H), 4.55 - 5.01 (m, 511). 

13C NMR (CDC13,100.5 MHz): 6= 13.9 (CH3, C98), 18.7 (CH3), 19.1 (CH3), 19.8 

(CH3), 21.0 (CH3), 32.6 (CH2), 33.6 (CH2), 34.0 (CH2), 41.5 (CH. C84), 109.5 (=CH, 

C82), 110.9 (CH29 C93), 126.9 (C), 127.2 (HC=C, C91), 129.1 (C), 134.6 (C), 144.7 

(C), 150.0 (C). 

Retention Times 

Table 6.5 - Retention Time of 2,3-Dimetlhyl-1,3-butadiene 

Compound Retention Time / min 

2,3,6,7,10,11-Hexamethyldodecatetraene, 
31.4 129a and 129b 

Higher Oligomer 36.9 
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6.5. Chapter 4- Chromium(I) Carbonyl Phosphinc Complexes in 

Ethcnc Trimcrisation 

Chromium carbonyl complexes were synthesised using a method reported by 

Balakrishna and co-workers. 145 The syntheses in this section have been published. '60 

6.5.1. Chromium Carbonyl Phosphine Complexes 

6.5.1.1. [Cr(CO)4(1)], 133 

Chromium hexacarbonyl, [Cr(CO)6J, (0.3 g, 1.4 mmol) and N, N-bis(di-ortho- 

methoxyphenylphosphino)methylamine, 1, (0.5 g, 0.96 mmol) were mixed in toluene 

(40 mL) under nitrogen. The mixture was heated under reflux for 72 h. The solution 

was cooled to 0 °C and filtered under nitrogen via a cannula, to remove excess 
[Cr(CO)61. Solvent was removed and the product extracted into dichloromethane 

(10 mL) and filtered again. To this solution was added methanol (20 mL) to precipitate 

the product, giving a yellow solid (380 mg, 0.56 mmol, 56 %). 

Analytical data matched reported literature values: 40 

'H NMR (CDC13,300 MHz): 6=2.42 (s, 3H, CH3), 3.59 (s, 12H, OCH3), 6.83 - 6.88 

(m, 8H, ArM), 7.06 - 7.10 (m, 4H, ArH), 7.24 - 7.32 (m, 4H, Ar! ). 

31P NMR (CDC13, ref-H3P04,121 MHz): 8= 102 (s). 

13C NMR (CDC13,75 MHz): 6= 37.6 (s, CH3), 55.0 (s, OCHS), 110.7 (s, CH), 120.0 (t, 

Jcp = 5.5 biz, CH), 131.6 (s, CH), 129.8 (t, CH), 133.1 (t, Jcp = 11.0 Hz), 159.7 (s, CP). 

IR (CH2C12): v= 1869.4 (C=0), 1887.8 (C=O), 1907.0 (C=0), 2002.7 (C=0) cm"'. 

Elemental Analysis: C33H31CrNO8P2. '/2CH2CI2 calcd (%) C 55.95, H 4.45, N 1.93, 

found (%) C 55.17, H 4.85, N 1.88. 
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MS (+EI): 683 [AMJ+, 571 [M-4C0]+, 519 [1]+. 

6.5.1.2. [Cr(CO)4(19)1,134 

Synthesised using the same method as [Cr(CO)4(1)], with chromium hexacarbonyl, 

[Cr(CO)6], (350 mg, 1.6 mmol) and NN-bis(diphenylphosphino)isopropylamine, 19 

(500 mg, 1.2 mmol) in toluene (40 mL) under nitrogen, giving a yellow solid (0.29 g, 

0.46 mmol, 44 %). 

Analytical data matched reported literature values: 145 

'H NMR (CDC13,300 MHz): 8=0.62 (d, 3JI111 = 6.8 Hz, 6H, Ct13), 3.51 (sept, 3J1 11, = 

7.0 Hz, 1 H, CH), 7.19 - 7.90 (m, 20H, ArH). 

31P NMR (CDC13, ref-H3PO4,121 MHz): 8= 114.0 (s). 

13C NMR (CDC13,67.9 MHz): 6=1.1 (s, CH3), 23.6 (s, CH), 128.1 (d, Jcp = 5.5 Hz, 

CH), 128.5 (s, Jcp = 5.5 Hz, CH), 130.6 (s, CH), 132.0 (t, Jcp = 15.9 Hz, CH), 132.9 (d, 

Jcp = 21.9 Hz, CH), 127.1 - 127.2 (m, CP). 

IR (CHZCl2): v= 1888.7 (C=0), 1918.7 (C=0), 2005.6 (C=0), 2988.2,3070.6 cm's. 

Elemental Analysis: C31H27CrNO8P2 calcd (%) C 62.95,114.60, N 2.37, found (%) C 

62.60, H 4.62, N 1.90. 

MS (+EI): 591 [M1]+, 507 [M-3C01 +. 

6.5.1.3. [Cr(CO). 1(5)], 135 

Synthesised using the same method as [Cr(CO)4(1)], using chromium hexacarbonyl, 

[Cr(CO)o], (0.17 mg, 0.60 mmol) and bis(di-ortho-methoxyphenylphosphino)methane, 

5, (0.3 mg, 0.77 mmol) were mixed in toluene (40 mL) under nitrogen, giving a yellow 

solid (120 mg, 0.17 mmol, 28 %). 
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111 NMR (CDC13,400 MHz): 8=2.33 (s, 211, Cl! 2), 3.56 (s, 1211, OC113), 6.65 - 6.78 

(m, 411, Arll), 6.85 - 6.95 (m, 411, Ar!! ), 7.05 - 7.28 (m, 811, Arll). 

31P NMR (CDC13, ref-113PO4,121 Mhiz): 8= 19.9 (s). 

13C NMR (CDCl3,100 MHz): 8= 22.8 (s, C113), 55.1 (s, OCIi3), 110.6 (s, CII), 120.1 (t, 

Jcp = 5.4 Hz, CH), 128.2,129.0,131.5 (s, CH), 133.7 (t, Jcp = 6.88 Hz, CO), 160.2. (t, 

Jcp = 10.2 Hz, CP). 

IR (CH2C12): v= 1860.9 (C=0), 1888.0 (C=0), 1906.1 (C=0), 2001.7 (C°O) cm's;. 

Elemental Analysis: C33H30CrO8P2 calcd (%) C 59.09,1 14.52, found (%) C 59.81, H 

4.11. 

6.5.1.4. [Cr(CO)a(NO)(1)], 136 

[Cr(CO)4(1)], 133 (140 mg, 0.20 mmol) and [NO][BF4] (50 mg, 0.40 mmol) were 
dissolved in a toluene/methanol mix (10 mL, 1 mL, 10: 1) under nitrogen to give a 

yellow solution with a yellow precipitate. The solution was stirred at room temperature 

for 30 min, after which the precipitate had dissolved. The solution was stirred for a 
further 30 min and was monitored by infra-red spectroscopy. The solution was filtered 

and reduced to about 5 mL. To this was added diethyl ether (20 mL) to give a yellow 

precipitate, which was isolated by filtration and dried under vacuum (73 mg, 
0.095 mmol, 47 %). X-ray crystals were formed from dichloromethane and hexane at 

-5 °C. 

IR (CH2C12): v= 1754.8 (N=0), 2024.4 (C=0), 2090.8 (C=0) cm-'; 

Elemental Analysis: C33H31BCrF4NZO8P2 calcd (%) C 49.76, H 4.05, N 3.63, found (%) 
C 49.83, H 4.45, N 4.79. 
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6.5.1.5. [Cr(CO)4(NO)(19)1,137 

Synthesised using the same method as [Cr(CO)4(1)], using [Cr(CO)4(19)], 134 (72 mg, 

0.15 mmol) and [NO][BF4] (30 mg, 0.26 mmol) in a toluene/methanol mix (10 mL, 
I mL, 10: 1) under nitrogen, to give a yellow solid (35 mg, 0.061 mmol, 41 %). 

IR (CH2C12): v=- 1759.5 (N=0), 2021.8 (C=O), 2092.3 (C=0) cm''; 

6.5.2. Oxidation of Complexes 133 and 134 with Acetyl I'errocinlum 

Tetrailuoroborate 

6.5.2.1. [Cr(CO)4(1)l[BF4l, 138 

[Cr(CO)a(1)], 133 (20 mg, 0.029. mmol) and acetyl ferrocinium tetrafluoroborate, 

(12 mg, 0.036 mmol) were dissolved in dichloromethane (5 mL) under nitrogen to give 

a dark purple solution. The Schlenk tube was covered with foil to reduce exposure of 

the reaction mixture to light. The solution was stirred at room temperature for 2h and 

was monitored by infra-red spectroscopy. Diethyl ether (20 mL) was added and a black 

solid precipitated out which decomposed on isolation. 

IR (CH2C12): v= 1965.3 (C=O), 2026.1 (C=O), 2082.9 (C=0) cm-'; 

6.5.2.2. [Cr(CO)4(19)][BF4], 139 

Synthesised using the same method as [Cr(CO)4(1)][BF4], 138 using [Cr(CO)4(18)], 134 

(20 mg, 0.034. mmol) and acetyl ferrocinium tetrafluoroborate, (15 mg, 0.045 mmol) in 

dichloromethane (5 mL) under nitrogen. After monitoring with IR spectroscopy diethyl 

ether (20 mL) was added and a black solid precipitated out which decomposed on 
isolation. 

IR (CH2CI2): v= 1962.9 (C=0), 2033.4 (C=0), 2086.6 (C=0) cm-1. 
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6.5.3. Reactions of Complexes 133,134,135 with Amine Oxides 

General Method 

The trimethylamine-N-oxide was purified by sublimation. Complex 133 (20 mg, 

0.03 mmol) and acetyl ferrocinium tetrafluoroborate (12 mg, 0.035 mmol) were 

dissolved with stirring in toluene (10 mL), giving a purple solution of 138, as confirmed 

by IR spectroscopy. To this solution was slowly added a solution of trimethylamine-N- 

oxide (38 mg, 0.5 mmol) in toluene (5 mL). The solution was stirred at room 

temperature for 2 h, after which IR spectroscopy showed only complexes 138 and trace 

amounts of 133. The mixture was heated under reflux for 16 h but again IR 

spectroscopy showed almost equal amounts of 133 and 138, showing decomposition of 

138 but no removal of CO ligands. 

This synthesis was attempted with complexes 134 and 135 and as with complex 133, 

there was no evidence of the removal of CO ligands. Pyridine-N-oxide was also used as 

the amine oxide and again there was no evidence of CO removal, only decomposition of 

the oxidised complex. 

6.5.4. Reactions of 133,134,135 with Triethylaluminlum (AIEt3) 

General Method 

Complex 133 (20 mg, 0.03 mmol) and acetyl ferrocinium tetrafluoroborate (12 mg, 

0.035 mmol) were dissolved with stirring in toluene (10 mL), giving a purple solution 

of 138, as confirmed by IR spectroscopy. To this solution was added trimethyl 

aluminium in toluene (1.9 M, 4.7 mL, 9 mmol), the solution immediately turned 

orangelbrown. The solution was stirred for 10 min at room temperature. IR 

spectroscopy indicated no peaks in the CO region. 

This synthesis was attempted with complexes 134 and 135 and as with complex 133, IR 

spectroscopy indicated no peaks in the CO region. 
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6.5.5. Ethenc Oligomerisation Methods 

6.5.5.1. At Low Ethene Pressure 

The amine oxide, trimethyl-N-oxide (TMNO), was activated and purified by 

sublimation. Complex 133 (20 mg, 0.03 mmol) and acetyl ferrocinium tetrafluoroborate 

(12 mg, 0.035 mmol) were dissolved with stirring in toluene (10 mL), giving a purple 

solution of 138. To this was added a solution of trimethylamine-N oxide (38 mg, 0.5 

mmol) in toluene (5 mL). The solution was degassed and placed under an ethene 

atmosphere (1 bar). The solution was stirred at 70 °C for 2 h. After 2h the solution 

was allowed to cool to room temperature and dilute hydrochloric acid (10 % solution) 

was added to quench the reaction. The organic layers were collected, washed with 
distilled water (2 x 10 mL) and dried over magnesium sulphate. The GC trace showed 

no oligomerisation products. The same method was used for complexes 134 and 135. 

6.5.5.2. At High Ethene Pressure without Triethylaluminium 

Complex 133 (20 mg, 0.03 mmol) and acetyl ferrocinium tetrafluoroborate (12 mg, 

0.035 mmol) were loaded into a reaction cell in a Baskerville 10 multicell autoclave in 

an inert atmosphere glove box. The autoclave was removed from the glove box and 

toluene (4 mL) was added. To each cell was added a solution of freshly sublimed 

trimethylamine-N-oxide (38 mg, 0.5 mmol) in toluene (1.5 mL) via syringe. The 

autoclave was closed, heated to 60 °C and placed under 40 bar of ethene. The reaction 

was stirred for 1 h, after which the reactor was allowed to cool to room temperature and 

the pressure was slowly released. Dilute hydrochloric acid (10 % solution) was added 

to each cell to quench the reaction. The organic layer was collected, washed with 
distilled water (2 x5 mL) and then dried over magnesium sulphate. The GC trace 

showed no oligomerisation products. The same method was used for complexes 134 

and 135. 

6.5.5.3. At high Ethene Pressure with Triethylaluminium 

Complex 133 (20 mg, 0.03 mmol) and acetyl ferrocinium tetrafluoroborate (12 mg, 
0.035 mmol) were loaded into a reaction cell in a Baskerville 10 multicell autoclave in 
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an inert atmosphere glove box. The autoclave was removed from the glove box and 

toluene (1.3 mL) was added. To each cell was added triethylaluminium (1.9M toluene 

solution, 9.0 mmol, 4.7 mL) via syringe. The autoclave was closed, heated to 60 °C and 

placed under 40 bar of ethene. The reaction was stirred for 1 li, after which the reactor 

was allowed to cool to room temperature and the pressure was slowly released. Dilute 

hydrochloric acid (10 % solution) was added to each cell to quench the reaction. The 

organic layer was collected, washed with distilled water (2 x5 mL) and then dried over 

magnesium sulphate. The GC trace showed no oligomerisation products. The same 

method was used for complexes 134 and 135. 
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6.6. Chapter 5- Phosphine Ligands for Ethene Trimerisation 

6.6.1. Synthesis of Ligands 

6.6.1.1. N, N-bis-ort/so-ethoxyphenylphosphino)methylamine, 68 

(a) Preparation of 1-Bromo-2-ethoxybenzene, 148 
2-Bromoethoxybenzene, 148, was synthesised using a method reported by Reitz and co- 

workers. ' 65 

A mixture of 2-Bromophenol (4 mL, 34.4 mmol), bromoethane (5.4 mL, 71.4 mmol) 

and potassium carbonate (9.6 g, 69.4 mmol) were in dimethylforamide (20 mL) was 
heated at reflux overnight. The mixture was allowed to warm to room temperature and 

water (30 mL) was added and the product was extracted into toluene (3 x 20 mL). The 

organic layers were combined, washed with water (2 x 20 mL) and dried over 

magnesium sulphate. Finally the solvent was removed to give a clear liquid. The crude 

product was used in the next stage without further purification (6.58 g, 32.7 mmol, 
95%) 

Analytical data matched reported literature values: '65 

'H NMR (CDC13,400 MHz): 6=1.48 (t, 3J,, 
,=8.0 Hz, 3H, CH3), 4.11 (q, 3J, 

I,, = 8.0 

Hz, 211, CH2), 6.83 (td, ; Jill, = 8.0 Hz, 4J111, = 4.0 Hz, 4H, ArH), 6.89 (dd, 3J,,, = 8.0 Hz, 
'Jill, = 2.0 Hz, 4H, Arfi), 7.25 (td, 3Jt-11, = 8.0 Hz, 4JIli = 2.0 Hz, 4H, Arf!, 7.54 (dd, 
3JFiti*=8.0Hz, "J, 11 =2.0Hz, 411, ArH). 

13C NMR (CDC13,100.5 MHz): 8= 28.5 (s, CH3), 67.9 (s, OCH2), 112.5 (s, Cl! ), 114.3 

(s, CH), 122.7 (s, Cl! ), 128.5 (s, CH), 133.6 (s, CO), 155.1 (s, CBr). 

MS (EI): 200 [11fl+, 172 [M"(CH2CH3)]+ 
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(b) Preparation of NN-bis(di-ortho-ethoxyphenylphosphino)methylamine, 68 

Synthesised by general method 1, using 1-bromo-2-ethoxybcnzenc, 148 (3.3 g, 16.4 

mmol), magnesium turnings (1.25 g, 0.10 mol), N, N-bis(dichlorophosphino)methyl- 

amine (0.51 g, 2.2 mmol) and tetrahydrofuran (10 + 20 + 20 mL). The workup of the 

final product was: First cold methanol (5 mL) was added to decompose the Grignard 

reagent and was removed under vacuum. The resulting yellow solid was dissolved in 

dichloromethane and filtered, to remove the magnesium chloride salt. Diethyl ether 

(10 mL) was added, the mixture was stirred for 1h and then filtered. Finally the 

product was triturated with cold methanol to give a white solid (1.14 g, 2.0 mmol, 

90%). 

'H NMR (CDC13,400 MHz): 8=0.91 (t, 3J11Fi = 7.0 Hz, 1211, CH2CH3), 2.49 (t, 3J11p = 

2.6 Hz, 3H, NC113), 3.80 - 3.91 (m, 8H, C112), 6.79 - 6.87 (m, 8H, ArH), 7.05 -7.14 (m, 

4H, Arty, 7.28 - 7.33 (m, 4H, ArH). 

31P NMR (CDC13, ref-H3PO4,121 MHz): 6= 56.3 (s). 

13C NMR (CDC13,100.5 MHz): 6= 14.1 (s, CH2CH3), 33.8 (t, 2Jcp = 5.4 Hz, NCH3), 

55.1 (s, OCH2), 110.8 (s, CH), 119.8 (s, CH), 129.6 (s, CII) 133.2 (t, 3Jcp = 3.1 Hz, 

CO), 160.6 (t, 'Jcp = 8.1 Hz, CP). 

Elemental Analysis: C33H39NO4P2. CH30H calcd (%) C 67.20,11 7.13, N 2.31, found 

(%) C 66.99, H 7.06, N 2.96. 

MS (+ESI): 576 [M]+, 598 [M+Na]+. 

6.6.1.2. N, N-Bis-(di-ortho-(1,3-dioxolan-2-yI)phenyiphosphino)methylamine, 69 

Synthesised by general method 1, using 2-(2-bromophenyl)-1,3-dioxolane, 151 (1.4 mL, 

10 mmol), magnesium turnings (2.5 g, 0.11 mmol), NN-bis(dichlorophosphino)methyl- 

amine (0.5 g, 2.1 mmol) in tetrahydrofuran (20 mL). An off white solid was produced 

(0.99 g, 1.4 mmol, 68 %). 
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l11 NMR (CDC13,400 MHz): 8=2.54 (t, 3JEip = 2.7 Hz, 311, NCfl3), 3.65 - 3.77 (m, 811, 

C112), 3.87 - 3.93 (m, 811, CH2), 6.02 (t, 3j, lit = 2.0 biz, 411, C/I), 7.16 - 7.18 (m, 411, 
Ar1I), 7.24 - 7.28 (m, 411, ArH), 7.36 - 7.40 (m, 4H, ArH), 7.63 - 7.67 (m, 411, Arll). 

31P NMR (CDC13, ref-H3P04,121 MHz): 8= 53.9 (s). 

'3C NMR (CDC13,100.5 MHz): 8= 33.2 - 33.3 (m, NCH3), 65.0 (s, OCH2CH2O), 65.2 

(s, OCH2CH2O), 101.3 (t, Jcp = 11.2 Hz, CH)), 126.9 (t, Jcp = 2.3 Hz, C'H), 128.7 (s, 
CH), 129.1 (s, CH), 133.1 (s, CH), 137.8 (t, Jcp = 6.9 Hz, CC), 139.9 (t, Jcp = 10.8 Hz, 
CP). 

Elemental Analysis: C37H39NO8P2. CH3OH calcd (%) C 63.42, H 6.02, N 1.95, found 

(%) C 62.55, H 5.83, N 2.19. 

MS (+ESI): 688 [M]+, 710 [A1 + Na] . 

6.6.1.3. Bis(di-ortho-ethoxyphenylphosphino)ethane, 75 

Synthesised by general method 1, using 1-bromo-2-ethoxybenzene, 148 (see synthesis 

of NN-bis-ortho-ethoxyphenylphosphino)methylamine, 68 for synthesis of 1-bromo-2- 

ethoxybenzene) (4.0 g, 20.0 mmol), magnesium turnings (2.5 g, 0.11 mmol), 
bis(dichlorophosphino)-ethane (0.93 g, 4.0 mmol) in tetrahydrofuran (20 mL). An off 

white solid was produced (90 mg, 0.16 mmol, 4 %). 

Analytical data matched reported literature values: 173 

'H NMR (CDC13,400 MHz): 8=1.16 (t, 3JJ,, i = 7.0 Hz, 12H, C113), 2.36 (br s, 4H, 

CH2CH2), 3.87 - 3.94 (m, 8H, OCH2), 6.73 - 6.95 (m, 1211, ArN), 7.23 - 7.36 (m, 41!, 
Ar!!. 

31P NMR (CDC13, ref-H3P04i 121 MHz): 5= -23.1 (s). 
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13C NMR (CDCI3,100.5 MHz): 8= 14.5 (s, Cf12CH3), 48.5 - 48.7 (m, NCH3), 63.7 - 

63.8 (m, OCE12), 69.52 (s, CEl), 111.1 (s, CH), 120.5 (s, Cl! ), 130.1 (s, CH), 133.5 - 
134.8 (m, CH, CO), 160.7 - 160.9 (m, CP). 

Elemental Analysis: C34H4004P2"CH3OH calcd (%) C 69.29,7.31, found (%) C 69.07, H 

7.06. 

MS (+ESI): 575 [MJ+, 597 [M+Na]+. 

6.6.1.4. Bis(di-ortho-isopropxyphenylphosphino)ethane, 76 

(a) Preparation of 1-Bromo-2-isopropoxybenzene, 149 

Synthesised using the same method as for 1-bromo-2-ethoxybcnzene, 148, using 

2-bromophenol (5.0 mL, 43.0 mmol), isopropylbromide (9.4 mL, 0.1 mol) and 

potassium carbonate (13.8 g, 0.1 mol) in dimethylforamide (40 mL) to give a clear 

liquid (7.47 g, 34.8 mmol, 81 %). 

'bs Analytical data matched reported literature values: 

111 NMR (CDC13,400 MHz): 8=1.19 (d, 3JFIII = 4.0 Hz, 6H, CH3), 4.19 (sept, 3J1II1 = 
4.0 Hz, 12H, CH), 6.61 (d, 3J1111= 8.0 Hz, 2H, ArH), 7.01 (dt, 3Ji111= 8.0 Hz, 4J11ii = 1.0 

Hz, 1H, ArH), 7.56 (dd, 3Jiuu = 8.0 Hz, 4Jijuu = 1.0 Hz, 1H, Ar! )). 

'3C NMR (CDC13,100.5 MHz): 8= 22.3 (s, CH3), 71.9 (s, CH), 114.5 (s, CBr), 115.8 

(s, CH), 122.3 (s, CH), 128.2 (s, CH), 134.3 (s, CH), 155.4 (s, CO). 

Elemental Analysis: C9H11BrO calcd (%) C 50.26,115.15, found (%) C 50.62, H 5.48. 

MS (+EI): 216 [M], 171 [, &1-(CH(C113)2)). 

(b) Preparation of bis(di-ortho-isopropoxyphenylphosphino)ethane, 76 

Synthesised by general method 1, using 1-bromo-2-isopropoxybenzene, 149 (1.55 g, 
7.2 mmol), magnesium turnings (2.5 g, 0.11 mmol), bis(dichlorophosphino)ethane 
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(0.28 g, 1.2 mmol) in tetrahydrofuran (20 mL). A white solid was produced (0.51 g, 

0.81 mmol, 68 %) 

'H NMR (CDC13,400 MHz): 8=1.05 (dd, JJ,, 1= 8.0 Hz, Jill, = 24.0 üz 611, C113), 2.24 

(br, 411, CH2CH2), 4.45 (sept, J111= 8.0 Hz, 111, Cl)), 6.74 - 6.84 (m, 811, ArH), 7.19 - 
7.29 (m, 811, ArH). 

31P NMR (CDC13, ref"113P04,121 MHz): 8= -24.1 (s). 

13C NMR (CDC13,100.5 MHz): 8= 21.6 (s, CH3), 21.7 (s, CH3), 47.1 (d, Jcp = 15.1 Hz, 

CH2CH2), 69.5 (s, CH), 112.0 (s, CH), 120.0 (s, CH), 129.3 (s, CH), 134.1 (m, CH, 

CO), 159.5 - 159.6 (m, CP). 

Elemental Analysis: C38H4804P2. CH3OH calcd (%) C 70.68, H 7.91, found (%) C 71.33, 

H 7.78. 

MS (+ESI): 631 [AI}+, 653 [M+Na]+. 

6.6.1.5. Bis(di-ortho-(1,3-dioxolan-2-yl)phenylphosphino)ethane, 77 

Synthesised by general method 1, using 2-(2-bromophenyl)-1,3-dioxolane, 151 (1.4 mL, 
10 mmol), magnesium turnings (2.5 g, 0.11 mmol), N, N-bis(dichlorophosphino)methyl- 

amine (0.5 g, 2.2 mmol) in tetrahydrofuran (20 mL). An off white solid was produced 
(0.62 g, 0.89 mmol, 40 %). 

'H NMR (CDC13i 400 MHz): 8=2.16 (t, 3Jup = 4.0 Hz, 411, CIIZCII2), 3.91 - 3.99 (m, 

811, OCH2CH2O), 4.01 - 4.08 (m, 8H, OCH2CH20), 6.37 - 6.40 (m, 411, Cl! ), 7.18 - 
7.26 (m, 811, ArH), 7.33 - 7.39 (m, 4H, ArN), 7.60 - 7.63 (m, 4H, Ar!!. 

31P NMR (CDCl3i ref-H3PO4,121 MHz): 8= -38.0 (s). 
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13C NMR (CDC13,100.5 MHz): 8= 23.9 (d, 2Jcp = 5.1 Hz, C113), 65.1 (d, Jcp = 22.1 Hz, 

OC112CH20), 101.5 (t, Jar = 12.1 Hz, OCEHO), 126.3 (m, Gil), 128.9 (s, CH), 129.3 (s, 

CI I), 131.9 (s, CH), 137.2 (m, CC), 141.3 (t, Jcp = 10.1 liz, CP). 

Elemental Analysis: C38H4008P2. CF12C12 calcd (%) C 60.71, H 5.49, found (%) C 61.48, 

H 5.75. 

MS (+ESI): 687 [M]', 709 [M+Na]+. 

6.6.2. Unsuccessful Ligands Syntheses 

6.6.2.1. Synthesis of N, N-bis(di-ortho-isopropoxyphenylphosphino)methyl-amine, 

146 

Synthesised by general method 1, using 1-bromo-2-isopropoxybenzene, 149 (1.1 g, 

5.0 mmol), magnesium turnings (0.5 g, 20.8 mmol), NN-bis(dichlorophosphino)methyl- 

amine (0.25 g, 1.1 mmol) and tetrahydrofuran (20 mL). Synthesis of the PNP ligand 

was unsuccessful. 

6.6.2.2. N, N-bis(di(2,3-dihydrobenzofuran)phosphino)methylamine, 147 

(a) Synthesis of 1,3-Dibromo-2-(2-bromoethoxy)benzene 

Synthesis using a method reported by Kerrigan and Coworkers166 1,2-Dimbromophenol 

(0.52 mL, 6.0 mmol) was added to a stirred solution of sodium hydroxide (0.25 g, 

6.3 mmol) in distilled water (20 mL). The solution was stirred under reflux overnight. 

The reaction was allowed to cool to room temperature and the product was extracted 

into ether (2 x 20 mL). The organic layers were combined and washed with IM 

aqueous sodium hydroxide (50 mL) and brine (50 mL), dried over magnesium sulphate 

and finally solvent was removed to give a clear liquid. The crude product was dried 

under vacuum overnight and used in the next stage without further purification (2.0 g, 
5.5 mmol, 91 %) 
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111 NMR (CDC13,400 MHz): 8=3.75 (t, 3JJ111= 6.0 Hz, 211, OCH2CJI2Br), 4.33 (t, 'Jill, 

= 6.0 Hz, 211, OC11201213r), 6.73 (t, 3J1u1= 8.0 Hz, 211 ArH), 7.12 - 7.14 (m, 111 Aril), 

7.26 - 7.28 (m, III Artl). 

13C NMR (CDC13,100.5 MHz): 8= 30.1 (CII2Br), 72.4 (OC'H2), 118.3 (CH), 126.7 

(CII), 132.8 (CH), 151.3 (CII). 

(b) Synthesis of 7-Bromo-2,3-dihydrobenzofuran, 150 

n-Butyl-lithium (1.6 M in hexanes, 4.5 mL, 7.3 mmol) was added to a solution of 

1,3-dibromo-2-(2-bromoethoxy)benzene under nitrogen at -78 °C, in a mixture of 

tetrahydrofuran (25 mL) and hexane (5 mL). The mixture was stirred at this 

temperature for 30 mins, allowed to warm to 0 °C and poured onto distilled water 

(50 mL). The layers were separated and the aqueous layer was extracted with diethyl 

ether (2 x 50 mL). The organic layers were combined and dried over magnesium 

sulphate. The solvent was then removed and the resulting yellow oil was dried under 

vacuum (2.13 g, 10.7 mmol, 94 %). 

Analytical data matched reported literature values: '66 

'H NMR (CDC13,400 MHz): S=3.33 (t, 3J, 111= 8.0 Hz, 2H, OCH2CH2), 4.67 (t, 3J,,,, = 

6.0 Hz, 211, OCH2CH2), 6.37 - 6.40 (m, 4H, CH), 6.90 (t, 3Jni, = 8.0 Hz, 2H Ar!! ), 6.90 

(d, 3JIIH = 6.0 Hz, IH ArH). 

13C NMR (CDC13,100.5 MHz): 8= 30.6,71.4,121.8,123.9,128.3,131.0,132.8,157.3. 

MS (+ESI): 198 [M]+ 

(c) Synthesis of N, N-bis(di(2,3-dihydrobenzofuran)phosphino)methylamine, 147 

Synthesised by general method 1, using 7-bromo-2,3-dihydrobenzofuran, 150 (1.0 g. 

5.0 mmol), magnesium turnings (2.5 g, 0.10 mol), N, N-bis(dichlorophosphino)methyl- 

amine (0.25 g, 1.1 mmol) and tetrahydrofuran (20 mL). Synthesis of the PNP ligand 

was unsuccessful. 
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6.6.2.3. Synthesis of Bis(di(2,3-dihydrobenzofuran)pItosphlno)ethane 

Synthesised by general method 1, using 7-bromo-2,3-dihydrobenzofuran, 150, (1.0 g. 
5.0 mmol), magnesium turnings (2.5 g, 0.10 mol), bis(dichlorophosphino)cthane 

(0.25 g, 1.1 mmol) and tetrahydrofuran (20 mL). Synthesis of the ligand was 

unsuccessful as decomposition occurred. 

6.6.3. Chromium Carbonyl PNP Complexes, [Cr(CO)4(PNP)) 

6.6.3.1. [Cr(CO)4(68)], 153 

Synthesised using the same method as [Cr(CO)4(1)], 133, using chromium 
hexacarbonyl, [Cr(CO)6], (0.2 g, 0.91 mmol) and N, N-bis(di-ortho-ethoxyphenyl- 

phosphino)methylamine, 68 (0.1 g, 0.17 mmol) in toluene (20 mL) under nitrogen, 

giving a yellow/green solid (54 mg, 0.07 mmol, 40 %). X-ray crystals were formed 

from slow diffusion of methanol into a dichloromethane solution of the complex. 

'H NMR (CDC13,400 MHz): 6=0.67 (t, 3J1111= 7.0 Hz, 1211, CH2CII3), 2.97 (t, 3Jill[ = 
8.5 Hz, 3H, NCH3), 3.60 - 3.68 (m, 811, OC112), 6.73 (dd, 3Ji1n = 8.4 Hz, 4JI11i = 1.8 Hz, 

411, ArH), 6.98 (t, 3J1111 = 6.7 Hz, 4H, ArH), 7.33 (t, 3J111 = 7.8 Hz, 411, Arty, 7.62 - 
7.73 (m, 4H, ArH). 

31P NMR (CDC13, ref-H3P04,121 MHz): 8= 103.8 (s). 

'3C NMR (CDC13,75 MHz): 8= 13.6 (s, CH3), 32.3 - 32.4 (m, NCH3), 63.1 (s, OCH2), 

110.5 (s, CH), 120.4,131.2 (s, Cl-I), 157.9 - 159.1 (m, CP). 

IR (CH2CI2): v= 1884.6 (b, C=0), 1908.2 (sh, C=0), 2001.9 (s, C=0) cm''. 

Elemental Analysis: C37H39CrNO8P2. C112C12 calcd (%) C 55.35,115.01, N 1.70, found 
(%) C 55.70, H 5.07, N 2.2 1. 

MS (+ESI): 762 [M+ Na]+, 734 [M-CO, + Na]+, 598 [68 + Na]+, 576 [68]+. 
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6.6.3.2. [Cr(CO)4(75)], 154 

Synthesised using the same method as [Cr(CO)a(1)], with chromium hexacarbonyl, 

[Cr(CO)6], (60 mg, 0.27 mmol) and bis(di-ortho-ethoxyphcnylphosphino)ethane, 75 

(40 mg, 0.069 mmol) in toluene (10 mL) under nitrogen, giving a yellow/green solid 

(24 mg, 0.033 mmol, 47 %). X-ray crystals were formed from slow diffusion of 

methanol into a dichloromethane solution of the complex. 

'H NMR (CDC13,300 MHz): 8=0.66 (t, 3J111 = 8.0 Hz, 12H, CH3), 2.74 - 2.96 (m, 4H, 

CH2CH2), 3.70 - 3.81 (m, 811, OCH2), 6.68 - 6.73 (m, 411, Arff), 6.87 - 7.04 (m, 41, 

ArH) 7.23 - 7.36 (m, 411, Arty, 7.62 - 7.74 (m, 411, ArH). 

31P NMR (CDC13, ref-H3POa, 121 MHz): 6= 76.3 (s). 

13C NMR (CDC13,100.5 MHz): 8= 14.1 (s, CH3), 30.9 - 31.0 (m, NCH3), 63.4 (s, 

OCH2), 111.2 (s, CH), 119.9 (s, CH), 120.0 (s, CH), 130.7 (t, CH), 131.2 (s, CO), 159.1 

- 159.2 (m, CP). 

IR (CH2C12): v= 1870.0 (sh, C=0), 1887.8 (br, C=0), 1905.0 (sh, C=0), 2001.9 (s, 

C=0) cm". 

Elemental Analysis: C33H40CrO8P2 calcd (%) C 61.79, H 5.46, found (%) C 62.64, H 

5.75. 

MS (+ESI): 761 [M+ Na]+, 738 [M ]+, 575 [75]+. 

6.6.4. Platinum Chloride PNP Complexes - [PtCli(PNP)] 

Platinum chloride PNP complexes were synthesised using a method reported by Gallo 

and co-workers. 164 

247 



Chapter 6- Experimental 

6.6.4.1. [PtCI2(69)], 155 

To a dichloromethane (5 mL) solution of N, N-bis-(di-ortho-(1,3-dioxolan-2-yl)- 

phenylphosphino)methylamine, 69 (40 mg, 0.058 mmol) was added a dichloromethane 

(5 mL) solution of [PtCI2(COD)] (22 mg 0.058 mmol) under nitrogen, giving a clear 

solution. The solution was stirred for 2 h, after which solvent was removed and the 

resulting off white solid was washed with ether (2 x 10 mL) and dried under vacuum, 
giving a white solid (45 mg, 0.047 mmol, 81 %). 

'H NMR (DMSO-d6,400 MHz): 8=2.77 (t, 3 JJlp = 11.6 Hz, 3H, C113), 3.38 - 3.50 (m, 

8H, OCH2CH2O), 3.79 - 3.89 (m, 8H, OCH2CH2O), 7.37 - 7.60 (m, 411, Ar! ), 7.73 - 
7.80 (m, 12H, Ar! ). 

31P NMR (DMSO-d6, ref-H3POa, 121 MHz): S= 16.2 (s, Jpp = 3340 Hz). 

Elemental Analysis: C37H39C12NO8PZPt calcd (%) C 46.60, H 4.12, N 1.47 found (%) C 
47.09, H 4.84, N 1.85. 

MS (+ESI): 976 [M+ Na]+, 918 [Al- C1]+. 

6.6.4.2. [PtC12(76)), 156 

Synthesised using the same method as [PtC12(69)], 155 with bis(di-ortho- 

isopropoxyphenyl)ethane, 76 (40 mg, 0.058 mmol) and [PtC12(COD)] (24 mg, 
0.058 mmol) in dichloromethane (10 mL), giving a white solid (48 mg, 0.054 mmol, 
84 %). X-ray crystals were formed from slow diffusion of dimethylforamide into a 

concentrated solution of [PtC]1(76)] in dimethyl sulfoxide, under nitrogen. 

'H NMR (DMSO-d6,400 MHz): S=0.81 (d, 3JIII = 5.6 Hz, 12H, C113), 0.97 (d, 3Jill = 
5.9 Hz, 12H, CH3), 2.78 - 2.91 (m, 4H, CH2CH2), 4.61 (sept, Jill I=6.0 Hz, 1H, CH), 

6.94 (t, 3JI111 = 7.1 Hz, 4H, ArH), 7.05 (dd, 3J, 
1}a = 8.6 Hz, 4Jiiýi = 4.6 Hz, 4H, Art), 7.48 

(t, 3JI111= 7.8 Hz, 411, Ad]), 7.71 - 7.80 (m, 411, Arlo. 
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31P NMR (DMSO-d6, ref-113POa, 121 Mliz): 8= 47.6 (s, Jprt - 3659 Hz). 

Elemental Analysis: C381148C1204P2Pt. CH2C12 calcd (%) C 47.72,115.13, found (%) C 

48.21, H 5.35. 

MS (+ESI): 919 [M+ Na]+, 861 [M- C1]+. 

6.6.4.3. [PtCI2(77)], 157 

Synthesised using the same method as [PtCl2(69)], 155 with bis-(di-ortho-(1,3- 

dioxolan-2-yl)phenyl)phosphino)ethane, 77 (40 mg, 0.058 mmol) and [PtC12(COD)] 

(22 mg, 0.058 mmol) in dichloromethane (10 mL), giving a white solid (39 mg, 

0.054 mmol, 71 %). 

1H NMR (DMSO-d6,400 MHz): 5=2.28 - 2.31 (m, 4H, CHZCH2), 3.75 - 3.86 (m, 8H, 

OC112CH20), 4.02 - 4.12 (m, 8H, OCHZCH2O), 5.76 (s, 4H, Cl! ), 7.38 - 7.45 (m, 4H, 

Ar!! ), 7.65 - 7.80 (m, 12H, ArH). 

31P NMR (DMSO-d6, ref-H3POa, 121 MHz): 6= 44.6 (s, Jpp = 3646 Hz). 

Elemental Analysis: C38H40CI2O8P2Pt. CHZCI2 calcd (%) C 45.16,1 14.02, found (%) C 

46.15, H 4.81. 

MS (+ESI): 975 [M+ Na]+, 917 [M- C1]+. 

6.6.5. Ethene Trimerisation Reactions 

6.6.5.1. At Low Ethene Pressure 

The general trimerisation method was adapted from a method reported by Wass and co- 

workers. 4 Ethene trimerisation at low ethene pressure was performed using the same 

method as the cotrimerisation of styrene and ethene (see Section 6.2.1), using N, N- 

bis(di-ortho-ethoxyphenylphosphino)methylamine 68 (about 5 mg, 10 pmol), 
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(Cr(acac)j] (3.5 mg, 10 µmol), toluene (10 mL) and methylaluminoxane (MAO, 

10 % wt solution in toluene, 2 mL, 300 equivalents, 3 mmol). The resulting toluene 

solution was analysed by GC. The same method was used for testing ligands ligand 69, 

75,76 and 77. 

6.6.5.2. At High Ethene Pressure 

N, N-bis(di-ortho-ethoxyphenylphosphino)methylamine 68 (about 5 mg, 10 µmol), 
[Cr(acac)31 (3.5 mg, 10 µmol) were loaded into a reaction cell in a Baskerville 10 

multicell autoclave in an inert atmosphere glove box. The autoclave was removed from 

the glove box and toluene (1 mL) was added. To each cell was added 

methylaluminoxane (MAO, 10 % wt solution in toluene, 2 mL, 300 equivalents, 
3 mmol) via syringe. The autoclave was closed, heated to 45 °C and placed under 40 

bar of ethene. The reaction was stirred for I h, after which the reactor was allowed to 

cool to room temperature and the pressure was slowly released. Dilute hydrochloric 

acid (10 % solution) was added to each cell to quench the reaction. The organic layer 

was collected, washed with distilled water (2 x5 mL) and then dried over magnesium 

sulphate. The resulting toluene solution was analysed by GC. The same method was 

used for testing ligands ligand 69,75,76 and 77. 
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Chapter 8- Appendices 

Appendix 8.1 - Cotrimerisation of Ethenc with Styrenic Monomers 

Shown in Figure 8.1 and 8.2 are the GC traces produced from the trimerisation of 

ethene and the cotrimerisation of ethene and styrene. 
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Fig 8.1 - GC Trace fron: Tri, nerisatlon of Ethene 
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Fig 8.2 - GC Trace frone Cotrinmerisation of Ethene and Styrene 
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(E)-1-phenyl-1-hexene, 50 

6-phenyl-1-hexene, 52 

4-phenyl-l-hexene, 55 and (Z)-1-phenyl-1-hexene, 51 3-phenyl-l-hexene, 56 \1 

20 25 30 

Figure 8.3 - Cotrimer Section of GC Trace Shown in Figure 8.2 
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Appendix 8.2 - Trimerisation of 1,3-Dicnes 

CC Trace 

Figure 8.4 shows the GC trace given from the trimerisation of isoprene. 

Isoprene Cyclic 

Linear Trimer 

Toluene 
Trimers I 

ýý 

�In 

Figure 8.4 - GC Trace of Products from the Trinterisation of Isoprene 

List of Isoprene Trimer Isomers 

Figures 8.5 to 8.8 show the formation of each of the possible trimer products from the 

trimerisation of isoprene, see Scheme 3.9 for isomers of compound 113. 
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Trimerisation of 2,3"Dimetliyi-1,3-butadiene 

The GC-MS trace for trimerisation of 2,3-dimethyl-1,3-butadiene is shown in Figure 

8.5. 

tr 
lm 

er 1, - 9) W ý'M-A 

oligomer 

3b 4b 

Figure 8.5 - GC-MS Trace of Products from Trünerisatioi: of 2,3-Dimethyl-1,3- 

britadiene 
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Appendix 8.3 - Crystallographic Data 

[Cr(CO)4(1)], 133 

Colour, habit Yellow Block 

Size 0.48 x 0.30 x 0.07 

Empirical Formula C34H33C12CrNO8P2 

Af 768.45 
Crystal System Triclinic 

Space Group P-1 

a/A 10.850(2) 

b/A 13.509(3) 

c/A 13.657(3) 

a 76.40(3) 

P/. 67.98(3) 

1/0 81.53(3) 

Volume / A3 1788.6(8) 

Z 2 

Absorption Coefficient, µ/ mm's 0.609 

Temperature /K 173 

Reflections: Total 18942 

Independent 8213 

Rint 0.0526 

Final R, 0.0512 
Largest Peak, hole /e A'3 1.219, -0.688 
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[Cr(CO)4(19)1,134 

Colour, habit Pale Yellow plate 

Size 0.40 x 0.40 x 0.02 

Empirical Formula C311127CrNO4P2 

M1 591.48 

Crystal System Triclinic 

Space Group P-I 

a/A 10.795(2) 

b/A 15.430(3) 

c/A 17.984(4) 

a 90.51(3) 

P/° 106.82(3) 

y/° 95.17(3) 

Volume / A3 2853.7(10) 

Z 4 

Absorption Coefficient, p/ mm's 0.55 

Temperature /K 100 

Reflections: Total 32614 

Independent 13018 

R1nt 0.0429 

Final R, 0.0515 

Largest Peak, hole /e A'3 0.551, -0.350 
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tCr(CO)4(5)J, 135 

Colour, habit Pale yellow block 

Size 0.38 x 0.28 x 0.16 

Empirical Formula C34H32C12CrO8P2 

M 753.44 

Crystal System Triclinic 

Space Group P-1 

a/A 11.807(9) 
b/A 17.767(11) 

c/A 17.847(9) 

a/° 80.50(6) 

86.84(4) 

y 74.80(6) 

Volume / A3 3563(4) 

Z 4 

Absorption Coefficient, p/ mm's 0.609 

Temperature /K 173 

Reflections: Total 37832 

Independent 16293 

Ri, t 0.0295 

Final R1 0.0472 

Largest Peak, hole /e A'; 1.015, -1.151 
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(Cr(CO)4(NO)(1)1,136 

Colour, habit Yellow block 

Size 0.09 x 0.04 x 0.03 

Empirical Formula C32I131BCrF4N2O8P2 

At 772.34 

Crystal System Monoclinic 

Space Group P 21/n 

a/A 11.398(2) 

b/A 19.022(4) 

c/A 18.460(4) 

a 90 

P/- 101.33(3) 

y/° 90 

Volume / A3 3294.2(14) 

Z 4 

Absorption Coefficient, µ/ mm-1 3.748 

Temperature /K 100 

Reflections: Total 29906 

Independent 7312 

R1n1 0.0980 

Final R1 0.0480 
Largest Peak, hole /e A'3 0.445, -0.314 
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Isis(di-ortho-(1,3-dioxoian-2-yl)phcnyiphosphino)cthanc, 77 

Colour, habit Colourless block 

Empirical Formula C38fl40CrO8P2 

At 686.64 

Crystal System Monoclinic 

Space Group P 2(1)/c 

a/A 9.635(3) 
b/A 12.360(6) 

c/A 14.313(5) 

a/° 90 

0/" 104.477(3) 

y/° 90 

Volume / A3 1650.31(11) 

Z 2 

Absorption Coefficient, µ/ mm's 0.187 

Temperature /K 100 

Reflections: Total 15041 

Independent 4887 

R; nt 0.0301 

Final R, 0.0428 

Largest Peak, hole /e A-3 0.318, -0.295 
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[Cr(CO)4(68)), 133 

Colour, habit 

Size 

Empirical Formula 

R! 

Crystal System 

Space Group 

a/A 
b/A 

c/A 
a/° 
1/0 
y/0 
Volume / A3 

Z 

Absorption Coefficient, µ/ mm's 
Temperature /K 

Reflections: Total 

Independent 

Rint 

Final R, 

Largest Peak, hole /C A-3 

Pale yellow rectangular prism 
0.40 x 0.13 x 0.04 

C381141 C12CrN2O8P2 

824.56 

Monoclinic 

P 21/n 

13.338(4) 

19.819(4) 

15.090(3) 

90 

94.245 (19) 

90 

3978.10(14) 

4 

0.553 

100 

46430 

12088 

0.0470 

0.0533 

1.022, -1.036 
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[Cr(CO)4(75)], 13 4 

Colour, habit Pale Yellow block 

Size 0.42 x 0.39 x 0.26 

Empirical Formula C38H40CrO8P2 

At 738.64 

Crystal System Triclinic 

Space Group P-1 

a/A 12.112(4) 

b/A 17.561(5) 

c/A 18.342(5) 

CE 93.118(2) 

P/. 106.893(3) 

y/° 106.715(3) 

Volume / A3 3534.55(18) 

Z 4 

Absorption Coefficient, µ/ mm" 0.466 

Temperature /K 100 

Reflections: Total 52239 

Independent 23859 

Rinn 0.0247 

Final R, 0.0347 

Largest Peak, hole /e A-3 0.459, -0.522 
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[PtCI2(76)], 156 

Colour, habit Colourless block 

Size 0.40 x 0.36 x 0.28 

Empirical Formula C38H48C12O4P2Pt 

Af 896.69 

Crystal System Orthorhombic 

Space Group Pna2 (1) 

a/A 17.864(2) 

b/A 12.152(10) 

c/A 19.458(2) 

a/° 90 

(3/0 90 

7/0 90 

Volume / A3 4224.18(7) 

Z 4 

Absorption Coefficient, µ/ mm" 3.558 

Temperature /K 120 

Reflections: Total 67269 

Independent 13303 

Rint 0.0466 

Final R, 0.0354 

Largest Peak, hole /e A-3 4.185, -3.333 
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Appendix 8.4 - Published Papers 

The following section shows the papers published from the data in this thesis. 

1. Selective Cotrimerization of Ethene and Styrenic Comonomers, L. E. Bowen and 
D. F. Wass, Organonietallics, 2006,25,555. (reference 93 in thesis) 

2. The selective trimerisation of isoprene with chromium N, N-bis(diarylphosphino)- 

amine catalysts, L. E. Bowen, M. Charernsuk, D. F. Wass, Chem. Comm. 2007, 

2835. (reference 130 in thesis) 

3. One electron oxidation of chromium NN-bis(diarylphosphino)amine and 

bis(diarylphosphino)methane complexes relevant to ethene trimerisation and 
tetramerisation, L. E. Bowen, M. F. Haddow, A. G. Orpen and D. F. Wass, Dalton 

Trans. 2007,1160. (reference 160 in thesis) 
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