
WO 2013/168102 
	

PCT/IB2013/053691 

1 

TETRAMERISATION OF ETHYLENE 

5 

TECHNICAL FIELD 

This invention relates to the tetramerisation of ethylene, in particular in the 

10 	presence 	of 	an 	activated 	tetramerisation 	catalyst 	under solution 	phase 

conditions. 

BACKGROUND OF THE INVENTION 

15 

It is known that chromium-based catalyst systems with diphosphine ligands 

catalyse the selective conversion of ethylene to 1-hexene and/or 1-octene, 

depending on the reaction conditions and choice of ligand structure. in particular, 

the nature and position of any substituents on the aryl rings connected to the 

20 	phosphines are crucial influences on the selectivity towards tetramerisation of 

ethylene. By tetramerisation it is meant that at least 30% 1-octene is produced in 

the process. 

Non-limiting examples of selective ethylene tetramerisation catalyst systems 

25 	include the 	ubiquitous 	Cr 	/ 	bis(phosphino)amine 	(i.e. 	'PNP') 	systems, 

particularly of the type (Arl)(Ar2)PN(R)P(Ar3)(Ar4), where Arl  to Ara  are aryl 

groups such as phenyl and R is a hydrocarbyl or a heterohydrocarbyl group, 

beginning with PNP ligands containing no substituents on the phenyl rings 

bonded to the P-atoms (e.g. as described in WO 2004/056479) and those with 

30 	m or- p-methoxy groups on the phenyl rings (e.g. as described in WO 

2004/056480). In addition to this, PNP systems containing o-fluoro groups on 
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the phenyl rings are described in US 2008/0242811 and US 2010/008177, and 

PNP 	systems bearing pendant donor atoms on the nitrogen linker are 

described in WO 2007/088329. Multi-site PNP ligands are discussed in US 

2008/0027188. In addition to the Cr/PNP systems, chromium systems bearing 

5 N,N-bidentate ligands (e,g. as described in US 200610247399) can be used. 

PNP ligands with alkylamine or phosphinoamine groups bonded to one of the 

PNP phosphines (i.e. 'PNPNI1' and `PNPNP' ligands) are described in WO 

2009/006979. Finally, carbon bridged diphosphine (i.e. ‘PCCP' ligands) are 

described in WO 2008/088178 and WO 2009/022770. 

10 

A serious drawback for tetramerisation catalysts generally is the low catalyst 

activity when operated at elevated temperatures, especially above 80°C. This 

may 	be 	explained 	in 	some cases 	by catalyst deactivation 	at elevated 

temperatures as described in Applied Catalysis A: General 306 (2006) 184-191. 

15 

In 	a 	recent 	review 	article 	describing 	catalyst 	systems 	for 	ethylene 

tetramerisation, van Leeuwen at al (Coordination Chemistry Reviews, 255, 

(2011), 	1499-1517) have discussed the problems associated with elevated 

reaction temperatures. They state that: "In general the selective ethylene 

20 tetramerisation experiments are performed in the temperature range 40-60°C. 

Various studies on both semi-batch and continuous mini plant have shown a 

strong dependency of the reaction temperature on the activity and selectivity of 

the Cr(III)/Ph2N(R)PPh2/MAO catalytic system, 	High 	reaction temperatures 

(>60°C) significantly reduced the catalyst productivity as compared to reactions 

25 performed 	at 	lower 	temperature 	under 	the 	same 	ethylene 	pressure. 

Consequently catalyst decomposition with increasing temperature is probably 

the main reason for lower productivities at high temperatures. 

When carrying out a process for tetramerisation of ethylene, the aim is to choose 

30 a catalyst system and adjust process conditions in order to produce the 

maximum amount of 1-octene, as opposed to trimerisation processes where 
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catalysts and process conditions are adjusted to produce the maximum amount 

of 1-hexene. 1-Hexene is also typically co-produced in a tetramerisation process 

and it is well known in the art of the invention that higher temperatures shift the 

selectivity from 1-octene towards 1-hexene, This is a further issue to consider 

5 when operating a tetramerisation process at higher temperatures. 

Furthermore, the formation of a high molecular weight polymer co-product by the 

Cr-based ethylene tetramerisation catalyst may present a major technical 

challenge when commercialising an ethylene tetramerisation process as polymer 

10 fouling reduces plant run time and necessitates shut-downs due to blockages 

and difficult temperature control. 	When running tetramerisation processes at 

reaction temperatures in the range of 40 to 80°C, the polymer precipitates out of 

solution in the reactor, which brings risk to the process due to the possibility of 

reactor or downstream equipment fouling. 

15 

20 

Running a tetramerisation process at process conditions where the polymer co-

product remains predominantly dissolved in the liquid reaction medium in the 

reactor (i.e. a solution phase process) would substantially reduce the possibility 

of reactor or downstream fouling. For example, in the field of polymerisation, 

solution-phase polyethylene processes are used by Dow Chemicals (DowlexTM  

process) 	and 	Nova 	Chemicals 	(SclairtechTM 	and 	Advanced 	SclairtechTM  

processes) to produce high value linear low density polyethylene products 

(Linear Low Density Polyethylene, Process Economics Program Report 36E, 

Susan 	Bell, 	August 	2008). 	However these 	processes 	run 	at 	reaction 

25 temperatures of about 150°C to 300°C, such high temperatures being required 

to keep the polyethylene product in solution. 
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SUMMARY OF THE INVENTION 

According to one aspect of the invention there is provided a continuous process 

for the tetramerisation of ethylene, the process including: 

5 

(a) 	providing an activated catalyst comprising: 

1) 	a source of chromium; 

ii) a ligating compound of the formula 

10 
Ri R 2p lxp2R3R4 

wherein Pi  and P2  are phosphorus atoms; 

X is a linking group between Pi  and P2, such that any heteroatom on 

15 the shortest connecting path between Pi  and P2  is either bound to Pi  

or P2  or adjacent to an atom bound to Pi  or P2; and 

R1  to R4  are independently a hydrocarbyl group, an organoheteryl 

group or a heterohydrocarbyl group; and 

20 iii) optionally 	a 	catalyst 	activator 	or 	combination 	of 	catalyst 

activators; and 

(b) 	contacting ethylene to be tetramerised with the activated catalyst at 

a reaction temperature of from above 80°C to about 115°C, thereby 

25 to form at least 30% 1-octene and a polyethylene co-product that, 

together with any other reaction products, remains substantially 

dissolved in the liquid phase, the polyethylene co-product being 

characterised as having: 

30 a weight average molecular weight (Mw), as determined by gel 

permeation chromatography, of less than 200 000 g/mol; 
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ii) a number average molecular weight (Mn), as determined by 

gel permeation chromatography, of less than 3 000 g/mol; and 

iii) a melt flow index, as determined by ASTM method D1238 at 

190°C and 21.6kg, of more than 20 g/10 minutes. 

5 

In some embodiments of the invention the ethylene is contacted with the 

activated catalyst at a reaction temperature of from above 85°C to about 110°C, 

or from above 85°C to about 100°C. 

10 	In some embodiments of the invention the ethylene is contacted with the 

activated catalyst at a reaction temperature of from above 90°C to about 105°C. 

In some embodiments of the invention the ethylene is contacted with the 

activated catalyst at a reaction temperature of from above 80°C or above 85°C 

15 	or above 90°C to about 115°C or about 110°C or about 105°C or about 100°C. 

DETAILED DESCRIPTION OF EMBODIMENTS OF THE INVENTION 

20 	The invention relates to a process for the tetramerisation of ethylene under 

solution phase conditions. 	The process is carried out in the presence of an 

activated catalyst at a temperature above 80°C and up to a temperature of 

about 115°C. 	The activated catalyst is provided by combining a source of 

chromium, a diphosphine ligating compound and optionally a catalyst activator 

25 	or combination of catalyst activators. 

In the specification, the following definitions apply: 

A "hydrocarbyl group" as per IUPAC includes a univalent group formed by 

30 	removing one hydrogen atom from a hydrocarbon; 
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A "heterohydrocarbyl group" as defined herein is a univalent group formed by 

removing one hydrogen atom from a carbon atom of a heterohydrocarbon, that 

is a hydrocarbon compound which includes at least one hetero atom (that is, 

not being H or C), and which group covalently bonds with one other moiety 

5 through the resultant free valency on that carbon atom; 

An "organoheteryl group" as per IUPAC includes univalent groups containing 

carbon, which are thus organic, but which have their free valence at an atom 

other than carbon; 

10 

A “hydrocarbylene group" as per IUPAC includes divalent groups formed by 

removing two hydrogen atoms from a hydrocarbon, the free valencies of which 

are not engaged in a double bond; 

15 A "heterohydrocarbylene group" as defined herein is a divalent group formed 

by removing two hydrogen atoms from either one or two carbon atoms of an 

organic molecule containing at least one heteroatom, the free valencies of 

which are not engaged in a double bond; 

20 A "polarising substituent" is a substituent that, when bonded to any one of R1  to 

R4, creates a permanent electric dipole moment over the bond between the 

substituent and the substituted moiety. 

A "non-polar substituent" is a substituent without a permanent electric dipole 

25 moment. 

Chromium Source (a)(i): 

Any source of chromium that allows the oligomerisation to proceed may be 

30 used. The source of chromium may be an inorganic salt, an organic salt, a 

coordination compound or an organometallic complex. 
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In some embodiments the source of chromium is selected from the group 

consisting 	of 	chromium 	trichioride 	tris-tetrahydrofuran 	complex, 

(benzene)tricarbonyl 	chromium, 	chromium 	(III) 	octanoate, 	chromium 

5 hexacarbonyl, 	chromium (III) acetylacetonate, 	chromium (Ill) naphthenate, 

chromium (III) 2-ethythexanoate, chromium (III) acetate, chromium (III) 2,2,6,6-

tetramethylheptadionate, and chromium (III) chloride. In some embodiments it 

is chromium (Ill) acetylacetonate or chromium (Ill) 2-ethylhexanoate. 

10 The chromium source may be introduced to the process as a coordination 

complex of the ligating compound. 	However, for reasons of cost and 

commercial operability, in some embodiments the ligating compound and 

chromium source are added as separate components to the process. Catalyst 

systems which 	give good 	catalyst performance only when 	an 	isolable 

15 chromium-ligand coordination complex is used therefore suffer a disadvantage 

to catalyst systems which can be prepared by mixing a chromium source and 

ligand in the process. 

Ligating Compound (a)(1i): 

20 

Linking group X 

X is a linking group between P1  and P2, such that any heteroatom on the 

shortest connecting path between P1  and P2  is either bound to P1  or P2  or 

25 adjacent to an atom bound to P1  or P2. Not wishing to be bound by theory, this 

is to ensure that X is non-coordinating to chromium in the activated catalyst. X 

may be selected from the group consisting of an organic linking group such as 

a hydrocarbylene, heterohydrocarbylene; an inorganic linking group comprising 

either 	a 	single- 	or 	two-atom 	linker 	spacer; 	and 	a 	group 	comprising 

30 dimethyl methylene, 	ethane-1,2-diyl, 	ethene-1,2-diyl, 	propane-1 ,2-diyi, 

propane-1,3-diyi, cyclopropane-1,1-41, cyclopropane-1 ,2-diyi, butane-2,3-diyl, 
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complex of the ligating compound. However, for reasons of cost and 

commercial operability, in some embodiments the ligating compound and 
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systems which give good catalyst performance only when an isoiable 
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Ligating Compound (a)(ii); 
20 

Linking group X 

X is a linking group between P1 and P2, such that any heteroatom on the 

shortest connecting path between P1 and P2 is either bound to P1 or P2 or 

25 adjacent to an atom bound to P1 or P2. Not wishing to be bound by theory, this 

is to ensure that X is non-coordinating to chromium in the activated catalyst. X 

may be selected from the group consisting of an organic linking group such as 

a hydrocarbylene, heterohydrocarbylene; an inorganic linking group comprising 

either a singie- or two-atom linker spacer; and a group comprising 

30 dimethylmethylene, ethane-1,2-diyl, ethene-1,2-diyl, propane-1,2-diyl, 

propane-1,3-diyl, cyclopropane-1,1-diyl, cyclopropane-1,2-diyl, butane-2,3-diyl, 
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cyclobutane-1,2-diyl, cyclopentane-1,2-diyl, cyclohexane-1,2-diyl, cyclohexane- 

1,1-diyl, 	1,2-phenylene, 	naphthalene-1,8-diyl, 	phenanthrene-9,10-diyl, 

phenanthrene-4, 5-d IA 	9, 10-a nthracene-diyl, 	1, 2-catecholate, 	1 ,2- 

diarylhydrazine-1,2-diyi 	(-MAO-MAO- 	where 	Ar 	is 	an 	aryl 	group), 	1,2- 

5 dialkylhydrazine-1,2-diyl (-N(Alk)-N(Alk)- where Alk is an alkyl or a cycloalkyl 

group), 1-alkyl-2-arylhydrazine-1,2-cilyl (-N(Alk)-N(Ar)- where Alk is an alkyl or 

a cycloalkyl group and Ar is an aryl group), - N(R')-X1-N(R")- where R' and R" 

are independently alkyl, cycloalkyl or aryl groups and X1  is a hydrocarbylene 

group, 	-B(R5)-, 	-Si(R5)2-, 	-P(R5)- 	and 	-N(R5)- 	where 	R5 	is 	hydrogen, 	a 

10 hydrocarbyl group, an organoheteryl group or a heterohydrocarbyl group. 

Preferably R5  is a hydrocarbyl group or a heterohydrocarbyl group. 

15 

20 

In some embodiments X consists of -N(R6)-, -N(R6)-N(R7)-, -C(R8a)(R8b)-N(R6)-

or a hydrocarbylene, where R6  and R7  are independently a hydrocarbyl group, 

a heterohydrocarbyl group or an organoheteryl group, and R" and R8b  are 

independently a hydrogen, a hydrocarbyl group, a heterohydrocarbyl group or 

an organoheteryl group. In some embodiments R6, R7, R" and R" may be an 

alkyl, cycloalkyl, substituted alkyl, substituted cycloalkyl, aryl, substituted aryl, 

aryloxy, 	substituted 	aryloxy, 	alkoxycarbonyl, 	carbonyloxy, 	alkoxy, 

aminocarbonyl, carbonylamino, dialkylamino, pyrolyl, silyl group or derivative 

thereof, and aryl substituted with any of these substituents, and Rea  and R6b  

may additionally be hydrogen. In some embodiments R6, R7, R6a  and R8b  may 

be an alkyl, cycloalkyl, substituted alkyl, substituted cycloalkyl, aryl, substituted 

aryl, dialkylamino, silyl group or derivative thereof, and IR" arid R8b  may 

25 additionally be hydrogen. In some embodiments, R6, R7, R" and R" consist of 

hydrocarbyl groups, such as methyl, ethyl, propyl, ally!, isopropyl, cyclopropyl, 

butyl, tertiary-butyl, sec-butyl, cyclobutyl, pentyl, isopentyl, 1,2-dimethylpropyl 

(3-methyl-2-butyl), 	1,2,2-trimethylpropyl 	(RIS-3,3-dimethy1-2-butyl), 	141- 

methylcyclopropyI)-ethyl, neopentyl, cyclopentyl, cyclohexyl, hexyl, cycloheptyl, 

30 cyclo-octyl, 	decyl, 	cyclodecyl, 	1,5-dimethylheptyl, 	1-methylheptyl, 	2- 

naphthylethyl, 1-naphthylmethyl, adamantylmethyl, 1-adamantyl, 	2- 
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cyclobutane-1,2-diyl, cyclopentane-1,2-diyl, cyclohexane-1,2-diyl, cyclohexane-
1,1-diyl, 1,2-phenytene, naphthalene-1,8-diyl, phenanthrene-9,10-diyi, 
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diarylhydrazine-1,2-diyl (-N(Ar)-N(Ar)~ where Ar is an ary! group), 1,2-

5 dialkythydrazine-1,2-diyl (-N(Aik)-N(Alk)- where Alk is an aikyf or a cycloalkyl 

group), 1-alkyl-2-arylhydrazine-1,2-diyi (-N(Aik)-N(Ar)- where Alk is an alkyl or 

a cycloaiky! group and Ar is an aryl group), - N(R')-X1-N(R")- where R' and R" 

are independently afkyl, cycloalkyl or aryl groups and X1 is a hydrocarbylene 

group, -B(R5)-, -Si(R5)2-, -P(R5)- and -N(R5)- where R5 is hydrogen, a 

10 hydrocarbyl group, an organoheteryS group or a heterohydrocarbyl group. 

Preferably R5 is a hydrocarbyl group or a heterohydrocarbyl group. 

In some embodiments X consists of -N(R6)-, -N(R6)-N(R7)-, -C(R8a)(Reb)-N(R6)-

or a hydrocarbylene, where R6 and R7 are independently a hydrocarbyl group, 

a heterohydrocarbyl group or an organoheteryl group, and R8a and R8b are 
independently a hydrogen, a hydrocarbyl group, a heterohydrocarbyl group or 

an organoheteryl group. In some embodiments R6, R7, RSa and R8b may be an 

alkyi, cycloalkyl, substituted alkyl, substituted cycloaikyl, aryl, substituted aryl, 

aryloxy, substituted aryloxy, alkoxycarbonyl, carbonyloxy, alkoxy, 
aminocarbonyl, carbonylamino, dialkylamino, pyroiyl, silyl group or derivative 

thereof, and aryl substituted with any of these substituents, and R8a and Rsb 

may additionally be hydrogen. In some embodiments R6, R7, R8a and RSb may 

be an alkyl, cycloalkyl, substituted alkyi, substituted cycloalkyl, aryl, substituted 

aryl, dialkylamino, silyl group or derivative thereof, and R8a and R8b may 

additionally be hydrogen. In some embodiments, R6, R7, Rea and RSb consist of 

hydrocarbyl groups, such as methyl, ethyl, propyl, allyl, isopropyl, cyclopropyl, 

butyl, tertiary-butyl, sec-butyl, cyclcbutyl, pentyl, isopentyl, 1,2-dimethylpropyl 
(3-methyl-2-butyl), 1,2,2-trimethylpropyl (R/S-3,3-dimethyl-2-butyl), 1-{1-

methylcycfopropyl)-ethyl, neopentyl, cycfopentyl, cyclohexyl, hexyl, cycfoheptyl, 

cyclo-octyl, decyl, cyclodecyl, 1,5-dimethylheptyl, 1-methylheptyl, 2-
naphthylethyl, 1-naphthylmethyl, adamanfylmethyl, 1-adamantyf, 2-
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5 

adamantyl, 2-isopropylcyclohexyl, 2,6-dimethylcyclohexyl, cyciododecyl, 	2- 

rnethylcyclohexyl, 3-methylcyclohexyl, 4-methylcyclohexyl, 	2-ethylcyclohexyl, 

2-isopropylcyclohexyl, 	2,6-dimethyl-cyclohexyl, 	exo-2-norbornanyl, 	(1, 1'- 

bis(cyclohexyl)-4,4'-methylene), 	1,6-hexylene, 	1-naphthyl, 	2-naphthyl, 

diphenylmethyl, 	1,2-diphenyl-ethyl, 	phenylethyl, 	2-m ethylphenyl , 

3-methyiphenyl, 	4-methylphenyl, 	2,6-dimethyl-phenyl, 	or 	a 	1,2,3,4- 

tetrahydronaphthyl, and R94  and R9b  may additionally be hydrogen. 

10 

In a preferred embodiment X is a hydrocarbylene, —N(R5)-, -N(R5)-N(R8)-, 

-N(R5)-C(R7)(R9)-, 	N(R5)-X1-N(R6) 	where 	R5  and 	Re  are 	independently 	a 

hydrocarbyl group, an organoheteryl group or a heterohydrocarbyl group, R7  

and R8  are independently a hydrogen, a hydrocarbyl group, an organoheteryl 

group or a heterohydrocarbyl group, and X1  is a hydrocarbylene group. 

15 In some embodiments, X is -N(R9)-, where R9  is a hydrocarbyl group, a 

heterohydrocarbyl group or an organoheteryl group. In some embodiments R°  

is a hydrocarbyl group or a heterohydrocarbyl group. In some embodiments R9  

is an alkyl, cycloalkyl or aryl group. In some embodiments R9  is an alkyl or 

cycloalkyl group. 	In some embodiments R9  is an alkyl group of the form 

20 —CH2R", where R" is hydrogen or an alkyl group or a cycloalkyl group. 	In 

some embodiments R9  is methyl or a linear alkyl group 

Nature of the groups R1-R4  

25 R1  to R4  are independently a hydrocarbyl, an organoheteryl group or a 

heterohydrocarbyl group. In some embodiments, R1  to R4  are independently a 

hydrocarbyl or a heterohydrocarbyl group. In some embodiments at least one 

of R1  to R4  includes an aromatic moiety or a heteroaromatic moiety directly 

bonded to P1  or P2. 	In some embodiments R1  to R4  all include aromatic or 

30 heteroaromatic moieties directly bonded to P1  or P2. In some embodiments R1  

to R4  are optionally substituted phenyl groups. In some embodiments, at least 
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adamantyl, 2-isopropylcyclohexyl, 2,6-dimethylcyclohexyl, cyclododecyl, 2-

methylcyclohexyl, 3-methylcyclohexyl, 4-methylcyciohexyl, 2-ethylcyclohexyl, 
2-isopropyicyciohexyi, 2,6-dimethyl-cyclohexyl, exo-2-norbornanyi, (1,1'-

bisfcyclohexylH^'-methylene), 1,6-hexylene, 1-naphthyl, 2-naphthyl, 
5 diphenylmethyl, 1,2-diphenyl-eihyi, phenylethyi, 2-m ethyl phenyl, 

3-methyiphenyl, 4-methylphenyl, 2,6-dimethyi-phenyl, or a 1,2,3,4-

tetrahydronaphthyl, and RSa and R8b may additionally be hydrogen. 

In a preferred embodiment X is a hydrocarbylene, -N(R5)-, -N(RS)-N(R6)-, 

10 -N(R5)-C(R7)(R8)-, N(R5)-X1-N(R6) where R5 and R6 are independently a 

hydrocarbyl group, an organoheteryl group or a heterohydrocarbyl group, R7 

and R8 are independently a hydrogen, a hydrocarbyl group, an organoheteryl 

group or a heterohydrocarbyl group, and X1 is a hydrocarbylene group. 

15 In some embodiments, X is -N(R9)-, where R9 is a hydrocarbyl group, a 

heterohydrocarbyl group or an organoheteryl group. In some embodiments R9 

is a hydrocarbyl group or a heterohydrocarbyl group. In some embodiments R9 

is an alkyl, cycloalkyl or aryl group. In some embodiments R9 is an alkyl or 
cycloalkyl group. In some embodiments R9 is an alkyl group of the form 

20 -CH2R10, where R10 is hydrogen or an alkyl group or a cycloalkyl group. In 

some embodiments R9 is methyl or a linear alkyl group 

Nature of the groups R1-R" 

25 R1 to R4 are independently a hydrocarbyl, an organoheteryl group or a 

heterohydrocarbyl group. In some embodiments, R1 to R4 are independently a 

hydrocarbyl or a heterohydrocarbyl group. In some embodiments at least one 
of R1 to R4 includes an aromatic moiety or a heteroaromatic moiety directly 

bonded to P1 or P2. In some embodiments R1 to R4 all include aromatic or 

30 heteroaromatic moieties directly bonded to P1 or P2. In some embodiments R1 

to R4 are optionally substituted phenyl groups. In some embodiments, at least 
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one of R1  to R4  is an ortho-substituted phenyl group In some embodiments, at 

least one of R1  to R4  is an optionally substituted 2-fluorophenyl group. 

In this specification, a substituent with reference to moieties bound to P1  and/or 

5 P2  is a moiety (excluding H) that is bound to a linear structure or a cyclic 

structure bound to P1  and/or P2, but the substituent does not form part of the 

linear or cyclic structure. 

in some embodiments at least one of Fe to R4  is an aromatic moiety of which a 

10 ring atom of the aromatic ring structure is bound to either P1  or P2  and which 

has a polarising substituent bound to a ring atom of the aromatic ring structure 

adjacent to the ring atom bound to P1  or P2. 	Examples of suitable polarising 

substituents include, but are not limited to, methoxy, ethoxy, isopropoxy, C3- 

15 

C20 	alkoxy, 	phenoxy, 	methoxymethyl, 	methylthiomethyl, 	1,3-oxazolyl, 

methoxymethoxy, 	hydroxyl, 	amino, 	tosyl, 	methylsulfanyl, 	trimethylsiloxy, 

dimethylamino, sulphate, nitro, halogens or the like. Any polarising substituent 

on one or more of R1, R2, R3  and R4  may be electron donating or electron 

withdrawing. in some embodiments, any polarising substituent on one or more 

of R1, R2, R3  and R4  is electron withdrawing. In some embodiments, the 

20 polarising substituent bound to a ring atom of the aromatic ring structure 

adjacent to the ring atom bound to P1  or P2  is a halogen selected from the 

group consisting of fluorine, chlorine or bromine, such that one, two, three or 

four of R1  to R4  are substituted with a halogen at a ring atom of the aromatic 

ring structure adjacent to the ring atom bound to P1  or P2. 	In some 

25 embodiments the halogen is fluorine. 

In some embodiments at least one of R1  to R4  is an aromatic moiety of which a 

ring atom of the aromatic ring structure is bound to either P1  or P2  and which 

has a non-polar substituent bound to a ring atom of the aromatic ring structure 

30 adjacent to the ring atom bound to P1  or P2. Examples of suitable non-polar 

substituents include, but are not limited to, methyl, ethyl, ethenyl, propyl, iso- 
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one of R1 to R4 is an o/tfro-substituted phenyl group In some embodiments, at 

least one of R1 to R4 is an optionally substituted 2-ffuorophenyl group. 

In this specification, a substituent with reference to moieties bound to P1 and/or 
5 P2 is a moiety (excluding H) that is bound to a linear structure or a cyclic 

structure bound to P1 and/or P2, but the substituent does not form part of the 

linear or cyclic structure. 

(n some embodiments at (east one of R1 to R4 is an aromatic moiety of which a 

10 ring atom of the aromatic ring structure is bound to either P1 or P2 and which 
has a polarising substituent bound to a ring atom of the aromatic ring structure 

adjacent to the ring atom bound to P1 or P2. Examples of suitable polarising 

substituents include, but are not limited to, methoxy, ethoxy, isopropoxy, C3-
C20 aikoxy, phenoxy, methoxymethyl, methylthiomethyl, 1,3-oxazoiyl, 

15 methoxymethoxy, hydroxy!, amino, tosyl, methylsulfanyl, trimethylsiloxy, 

dimethylamino, sulphate, nitro, halogens or the like. Any polarising substituent 

on one or more of R1, R2, R3 and R4 may be electron donating or electron 

withdrawing. In some embodiments, any polarising substituent on one or more 
of R1, R2, R3 and R4 is electron withdrawing. In some embodiments, the 

20 polarising substituent bound to a ring atom of the aromatic ring structure 

adjacent to the ring atom bound to P1 or P2 is a halogen selected from the 

group consisting of fluorine, chlorine or bromine, such that one, two, three or 

four of R1 to R4 are substituted with a halogen at a ring atom of the aromatic 

ring structure adjacent to the ring atom bound to P1 or P2. In some 

25 embodiments the halogen is fluorine. 

In some embodiments at least one of R1 to R4 is an aromatic moiety of which a 
ring atom of the aromatic ring structure is bound to either P1 or P2 and which 

has a non-polar substituent bound to a ring atom of the aromatic ring structure 

30 adjacent to the ring atom bound to P1 or P2. Examples of suitable non-polar 

substituents include, but are not limited to, methyl, ethyl, ethenyl, propyl, iso-
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propyl, 	cyclopropyl, 	propenyl, 	propynyl, 	butyl, 	sec-butyl, 	tertiary-butyl, 

cyclobutyl, butenyl, butynyl, pentyl, isopentyi, neopentyl, cyclopentyl, pentenyl, 

pentynyl, hexyl, sec-hexyl, cyclohexyl, 2-methylcyclohexyl, 2-ethylcyclohexyl, 

2-isopropylcyclohexyl, cyclohexenyl, hexenyl, hexynyl, octyl, cyclo-octyl, cyclo- 

5 octenyl, decyl, benzyl, phenyl, tolyl, xylyl, o-methylphenyl, o-ethylphenyl, o- 

isopropylphenyl, 	o-t-butylphenyl, 	cumyl, 	mesityl, 	biphenyl, 	naphthyl, 

anthracenyl, and the like. In some embodiments, the non-polar substituent is 

an alkyl or cycloalkyl group such that one, two, three or four of R1  to R4  are 

substituted with an alkyl or cycloalkyl group at a ring atom of the aromatic ring 

10 structure adjacent to the ring atom bound to P1  or P2. 	in some embodiments 

the non-polar group is selected from the group consisting of methyl, ethyl and 

isopropyl. In some embodiments the non-polar group is methyl. 

If two or more of R1  to R4  are aromatic moieties with a ring atom of the 

Is aromatic ring structure bound to either P1  or P2, in some embodiments not 

more than two of said aromatic moieties Rita R4  have a substituent bound to a 

ring atom of the aromatic ring structure adjacent to the ring atom bound to P1  

or P2. 

20 In some embodiments, R1  and R2  are aromatic moieties of which a ring atom of 

the aromatic ring structure is bound to P1  and which has a substituent bound to 

a ring atom of the aromatic ring structure adjacent to the ring atom bound to 

P1, and R3  and R4, if they are aromatic moieties of which a ring atom of the 

aromatic ring structure is bound to P2, do not have a substituent bound to a 

25 

30 

ring atom of the aromatic ring structure adjacent to the ring atom bound to P2, 

In some embodiments, R1  is an aromatic moiety of which a ring atom of the 

aromatic ring structure is bound to P1  and which has a substituent bound to a 

ring atom of the aromatic ring structure adjacent to the ring atom bound to P1, 

and R2, R3  and R4, if they are aromatic moieties of which a ring atom of the 

aromatic ring structure is bound to P1  or P2, do not have a substituent bound to 
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propyl, cyclopropyl, propenyl, propynyl, butyl, sec-butyl, tertiary-butyl, 

cyclobutyi, butenyl, butynyl, pentyi, isopentyl, neopentyi, cyclopentyl, pentenyf, 
pentynyi, hexyf, sec-hexyl, cyclohexyl, 2-methylcyclohexyl, 2-ethylcyclohexyl, 

2-isopropylcyctohexyl, cyclohexenyl, hexenyl, hexynyl, octyi, cyclo-octyl, cyclo-

5 octenyl, decyl, benzyf, phenyl, tolyi, xyfyl, o-methyiphenyl, o-ethylphenyl, o-

isopropylphenyl, o-f-butyiphenyi, cumyl, mesityl, biphenyt, naphthyl, 

anthracenyl, and the like. In some embodiments, the non-polar substituent is 

an aikyl or cycloalkyl group such that one, two, three or four of R1 to R4 are 
substituted with an alkyl or cycloalkyl group at a ring atom of the aromatic ring 

0 structure adjacent to the ring atom bound to P1 or P2. In some embodiments 

the non-poiar group is selected from the group consisting of methyl, ethyl and 

isopropyl. In some embodiments the non-polar group is methyl. 

!f two or more of R1 to R4 are aromatic moieties with a ring atom of the 

5 aromatic ring structure bound to either P1 or P2, in some embodiments not 
more than two of said aromatic moieties R1 to R4 have a substituent bound to a 

ring atom of the aromatic ring structure adjacent to the ring atom bound to P1 

orP2. 

D In some embodiments, R1 and R2 are aromatic moieties of which a ring atom of 

the aromatic ring structure is bound to P1 and which has a substituent bound to 

a ring atom of the aromatic ring structure adjacent to the ring atom bound to 

P\ and R3 and R4, if they are aromatic moieties of which a ring atom of the 

aromatic ring structure is bound to P2, do not have a substituent bound to a 

5 ring atom of the aromatic ring structure adjacent to the ring atom bound to P2, 

In some embodiments, R1 is an aromatic moiety of which a ring atom of the 

aromatic ring structure is bound to P1 and which has a substituent bound to a 

ring atom of the aromatic ring structure adjacent to the ring atom bound to P1, 
) and R2, R3 and R4, if they are aromatic moieties of which a ring atom of the 

aromatic ring structure is bound to P1 or P2, do not have a substituent bound to 
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a ring atom of the aromatic ring structure adjacent to the ring atom bound to P1  

or P2. 

5 Other considerations 

Any one of R1  to R4  may independently be linked to one or more of each other, 

or to X, to form a cyclic structure. 

10 The ligating compound may also include multiple R1R2P1XP2R3R4  units. 	Non-

limiting examples of such ligands include dendrimeric ligands as well as 

ligands where the individual units are coupled either via one or more of the R1-

R4  groups or via the linking group X. 

15 It will be appreciated that a diphosphinoimine compound of the form R1R2P1-

P2(:---NR9)R3R4  (P-P=N') is a rearranged isomer of the diphosphinoamine 

compound R1R2P1N(R9)P2R3R4  ('P-N-P') claimed in the present invention, as 

shown by Dyson et al in Inorganica Chimica Acta 359 (2006) 2635-2643. 

Regardless of the structural formulation of the ligating compound in its pure 

20 and isolated form, its use will fall under the present invention if it exists in the 

'P-N-P' form when used in a tetramerisation process. 

In some embodiments the ligating compound may be one of: 

25 (phenyl)2PN(methyl)P(phenyr)2: 	 (Phenyl)2PN(ethyl)P(phenY1)2; 

(PhenY1)2PN(ProPAP(PhehY02: 

(Phehyl)2PN(butyl)P(phenyl)2; 	 (PhenY1)2PN(Pentyl)P(phenyl)2; 

(Pheny1)2PN(hexyl)P(phenyl)2; 

(PhenyD2PN(heptyl)P(phellY1)2; 	 (phenyl)2PN(octyl)P(phenYI)21 

30 (pheny1)2PN(nonyl)P(phehY02; 

(phenyl)2PN(decyl)P(phenyl)2; (pheny1)2PN(cyclopropyl)P(phenyl)2; 
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a ring atom of the aromatic ring structure adjacent to the ring atom bound to P1 

or P2. 

5 Other considerations 

Any one of R1 to R4 may independently be linked to one or more of each other, 

or to X, to form a cyclic structure. 

10 The ligating compound may also include multiple R1RZP1XP2R3R4 units. Non-

limiting examples of such ligands include dendrimeric ligands as well as 

ligands where the individual units are coupled either via one or more of the R1-
R4 groups or via the linking group X, 

15 It will be appreciated that a diphosphinoj'mine compound of the form R1R2P1-

P2(=NR9)R3R4 ('P-P=N') is a rearranged isomer of the diphosphinoamine 

compound R1R2P1N(R9}PZR3R4 ('P-N-P') claimed in the present invention, as 

shown by Dyson et al in Inorganica Chimica Acta 359 (2006) 2635-2643. 
Regardless of the structural formulation of the ligating compound in its pure 

20 and isolated form, its use will fall under the present invention if it exists in the 

'P-N-P' form when used in a tetramerisation process. 

In some embodiments the ligating compound may be one of: 

25 (phenyl)2PN(methyl)P(phenyl)2; (phenyl)2PN(ethyi)P(pher\yl)2; 

(phenyl)2PN(propyl)P(phenyl)2; 

(phenyl)2PN(butyl)P(phenyl)2; (phenyi)2PN(pentyl)P(phenyi)2; 
(phenyl)2PN(hexyl)P(phenyl)2; 

(phenyl)2PN(heptyl)P(phenyl)2; (phenyl)2PN{octyl)P(phenyl)2; 

30 (phenyl)2PN(nonyf)P(phenyl)2; 

(phenyl)2PN{decyl)P(phenyi)2; (phenyi)2PN(cyclopropyl)P(phenyl)2; 
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(Pheny1)2PN(cyclobutyl)P(phenY02; (pheny1)2PN(cyclopenty0P(pheny02; 

(PhenY1)2PN(cyclohexyl)P(phonyi)2; (phenyl)2PN(cycloheptyl)P(phenyl)2; 

(Pheny02PN(cycloacty0P(pheny1)2; (Phenyi)2PN(cyclociecyl)P(Phen0)2; 

(Pheny1)2PN(cyclododecyl)P(phenY02: (pheny1)2PN(isopropyl)P(pheny1)2; 

5 (phenyt)2PN(isobutyl)P(phenyl)2; (pheny))2PN(secbutyl)P(PhenY1)2; 

(PhenY1)2PN(tertiarybutyl)P(phenY1)2; (PhenY1)2PN(neopentyl)P(pheny1)2; 

(Pheny1)2PN(1,2-climethyl-proPDP(Phellyi)2; (Pheny1)2PN(aly)P(phenY02; 

(pheny1)2PN(methytheptyt)P(phenyi)2; 	 (Pheny1)2PN(1,5-dimethyl-

heptyl)P(phenA; 

10 (pheny1)2PN(2-ethylhexyr)P(pheny1)2:(PhenY1)2PN(adarnantyr)P(phenY1)2; 

(PhenY1)2PN(adamantylmethyl)P(pheny02; 	(Pheny1)2PN(3-trimethoxysilane-

propyl)P(phenY1)2; 

(PhenY1)2PN(indanyi)P(pheny1)2; (pheny1)2PN(cyclohexylethyl)P(phenY1)2; 

(Pheny1)2PN(2-methylcyclohexyl)P(pheny1)2; 

15 (phenyi)2PN(cyclohexanernethyDP(phenY02; 

(PhenyD2PN(benzyl)P(phenyl)2; (pheny1)2PN(pheny0P(pheny1)2: 

(Pheny1)2PN((4-methoxy)-phenyl)P(PhenY02; 	(pheny1)2PN((3-rnethoxy)-

phenyl)P(pheny1)2; 

(PhonYI)2PK2-methoxy)pheny0P(pheny02; 	 (Phenyl)2PN((4-t-butyl)- 

20 phenyt)P(pheny02; 

(phenyl)2PN((4-nitro)-phenyl)P(phenyl)2; (phenyi)2PN(1-naphthyl)P(pheny02; 

(PhenAPN(2-naphthyl)P(pheny1)2; (pheny1)2PN(4-pyriciy1)P(phenY1)2; 

(Phenyt)2PN(3-(N-morpholine)-ProPYI)P(PhenY1)2; 	(pheny1)2PN(2-naphtyl-

ethyl)P(phenyi)2; 

25 (pherlyi)2PN(1-naphtylmethyl)P(phenY1)2; 

(PhenY1)2PN(diphenylmethyl)P(PhenY02; 

(pheny1)2PN(1,2-diphenyl-ethyl)P(phenyl)2; 

(PhenY1)2PN(phenyiethyl)P(PhenY1)2: 

(PhenY1)2PN((2-methyt)phenyt)P(phenyl)2: 	 (pheny1)2PN((3- 

30 methApheny0P(phenY02; 
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(phenyl)2PN(cyclobutyl)P(pheny!}2; (phenyl)2PN{cyclopentyOP(phenyl)2; 

(phenyI)2PN(cyclohexyl)P(phenyl)2; (phenyi)2PN(cycloheptyl)P(phenyl)2; 

(phenyl)2PN(cyciooctyl)P(phenyl)2; (pbenyf)2PN(cyciodecyl)P{phenyl)2; 

(phenyl)2PN(cyc(ododecyl)P(phenyt)2; (phenyi)2PN(isopropyl)P(phenyl)2; 

5 (pheny!)2PN{isobutyl)P(phenyl)2; {phenyS)2PN(secbuiy!)P(phenyl)2; 

(phenyl)2PN(tertiarybutyf)P(phenyi)2; (phenyi)2PN(neopentyi)P(pheny!)2; 

(phenyl)2PN(1,2-dimethyl-propyt)P(phenyl}2; (phenyl)2PN{a!ly!)P{phenyl)2; 

(pheny!)2PN(methylheptyf)P{phenyl)2; (phenyl)2PN(1,5-dimethy!-

heptyl)P(phenyi)2; 
10 (phenyl)2PN(2-ethylhexyl)P(pheny!)2;(phenyl)2PN(adamanty!)P(phenyl)2; 

(pheny!)2PN(adamantylmethyl)P(phenyS)2; (phenyl)2PN(3-trimethoxysilane-

propyl)P(phenyl)2; 

<phenyl)2PN(indanyf)P(phenyl)2; {phenyl)2PN(cyciohexylethyl)P(phenyl)2; 

(phenyl)2PN(2-methylcyclohexyl)P(phenyl)2; 

15 (phenyi)2PN(cyctohexanemethy[)P(phenyi)2; 

(pheriyi)2PN{benzyl)P(phenyi)2; (phenyf)2PN(phenyl)P(phenyl)2; 

(phenyl)2PN((4-methoxy)-phenyl)P(phenyl)2; (phenyl)2PN((3~methoxy)-

phenyl)P(phenyi)2; 
(pheny!)2PN{(2-methoxy)phenyl)P{phenyl)2; (phenyl)2PN((4-f-butyi)-

phenyl)P(phenyl)2; 
(phenyl)2PN((4-nitro)-phenyl)P(phenyl)2; (phenyi)2PN(1-naphthyi)P(phenyl)2; 

(phenyl)2PN{2~naphthyl)P(phenyl)2; (phenyi)2PN(4-pyridyl)P(phenyf)2; 

(phenyl)2PN(3-(N-morpholine)-propyl)P(phenyi)2; (phenyl)2PN(2-naphtyl-

ethyi)P(phenyt)2; 

(phenyi)2PN(1~naphtylmethyl)P(phenyl)2; 

(phenyl)2PN(diphenylmethyl)P(phenyl)2; 

(phenyl)2PN(1,2-diphenyl-ethyl)P(pheny!)2; 

(phenyl)2PN(phenyfethyl)P(phenyi)2; 

(phenyi)2PN({2-methyi)phenyI)P(phenyl)2; (phenyl)2PN«3-

methyl)phenyI)P(phenyi)2; 
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(PhenA2PN((4-methyl)phenyl)P(phenY02; 	 (Pheny1)2PN((2,6-

dimethyl)phenYDP(PhenY1)2; 

(Pheny1)2PN((2-ethyl)-pheny0P(pheny02; 	 (Pheny1)2PN(1,2,3,4- 

Tetrahydronaphthyl)P(pheny02; 

5  (Phenyt)2PN((2-methyl)cyclohexyl)P(phenyi)2; 	 (Pheny1)2PW3-

methyl)cyclohexyl)P(phenYI)2; 

(PhenY1)2PN((4-methyl)cyclohexyl)P(PhenY1)2; 	 (pheny1)2PN((2-

ethyl)cyclohexyl)P(pheny1)2; 

(PhenY1)2PN((2-isopropyl)cyclohexyl)P(pheny1)2;(PhenA2PN((2,6- 

10 imethyt)cyclohexyl)P(phenyl)2; 

(phenyl)2PN(exo-2-norbornanyl)P(phenyl)2: 

(PhenA2PN(isopinocamphey0P(pheny1)2; 

(PhenY1)2PN(climethylamino)P(phen0)2; (PhenAPN(phthaiimido)P(phenY02; 

(PhenY1)2PN(pyrroly1)P(pheny1)2; (Phenyl)2PN(trimethylsjyr(phenY1)2; 

15 (pheny1)2PN(dimethyitertiarybutylsityl)P(phenY02; 

i(PhenA2Pi2N(1,1'-bis(cyclohexyl)-4,4`-methylene))N[P(PhenY02]2; 

([(Pherly1)2P]2N(1,6-hexylene-)N[P(pheny1)212; 	 (2,2',2"-

triethylaminc)[N[P(pheny1)2]2i3; 

(4-biphony0PN(methyl)P(4-bipheny1)2; (2-naphthy1)2PN(methyDP(2-naphthY1)2; 

20 (4-methylpheny1)2PN(methy0P(4-methylphenY02; 

(3-methylphenyi)2PN(rnethyl)p(3-methy1phenY1)2; 

(2-naphthy1)2PN(methyl)P(phenyD2; 	(2-naphthyl)(phenyI)PN(methyl)P(2-

naphthyl)(phonyl); 

(2-naphthy1)2PN(methyDP(2-naphthyl)(phenyl); 	 (2- 

25 naphthyl)(phenyl)PN(methyl)P(phenyl)2; 

(ethy1)2PN(methyl)P(ethy02; (ethy02PN(isopropy0P(ethyt)2; 

(ethy1)2PN(tertiarybuty0P(ethyl)2; (methy1)2PN(isopropyl)P(methyl)2; 

(isopropy1)2PN(methyl)P(isopropy1)2; (ethy1)2PN(isopropyl)P(ethyl)(phony0; 

(ethyl)(phenyl)PN(isopropy0P(ethyl)(phortyi); (ethy1)2PN(isopropyl)P(pheny02; 

30 (ethyl)(phenyl)PN(isopropyl)P(pheny02: 
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(phenyl)2PN((4-methyl)phenyl)P(phenyl)2; (phenyl)2PN{(2,6-

dimethyl)phenyi)P(phenyl)2; 

(phenyi)2PN((2-ethyl)-phenyl)P(phenyl)2; (phenyl)2PN(1,2,3,4-

Tetrahydronaphthyl)P(phenyi)2; 

5 (phenyl)2PN((2-methyl)cyclohexyt)P{pheny!)2; (phenyl)2PN((3-

methyl)cyclohexyl)P(phenyt)2; 

(phenyl)2PN((4-methyl)cyclohexyl)P(phenyi)2; (phenyl)2PN((2-

ethyl)eyciohexyl)P(phenyl)2; 

(phenyf)2PN((2-isopropyl)cyciohexyl)P(phenyl)2;(phenyi)2PN((216-

10 imethyl)cyclohexyl)P(phenyl)2; 
(phenyl)2PN(exo-2-norbornanyl)P(phenyi)2; 

(phenyf)2PN(isopinocampheyj)P(phenyl)2; 
(phenyl)2PN(dimethylamino)P(phenyl)2; (phenyl)2PN(phthalimido)P(phenyl)2; 
(phenyl)2PN(pyrrolyi)P{phenyl)2; (phenyl)2PN(trimethylsiyl)P(phenyl)2; 

15 (pheny!)2PN(dimethy!tertiarybutylsilyi)P(phenyi)2; 
[{phenyf)2P]2N(1,1 ,-bis(cyclohexyl)-4l4'-methylene))N[P(phenyl)2]2; 

(E(phenyl)2P]2N(1,6-hexy!ene-)N[P{phenyl)2]2; (2,2', 2"-

triethylamino)[N[P(phenyl)2]2]3; 
(4-biphenyl)PN(methyf)P(4-biphenyl)2; (2-naphthyl)2PN(methyi)P(2-naphthyl)2; 

20 (4-methylpheny!)2PN(methyl)P(4-methylpheny!)2; 

(3-methylphenyf)2PN(mefhyl)P(3-methyfphenyl)2; 
(2-naphthyi)2PN(meihyl)P(phenyl)2; (2-naphthyi)(phenyl)PN(methyl)P(2-

naphthy!) (phenyl); 

(2-naphthyi)2PN(methy!)P(2-naphthyl)(phenyi); (2-

25 naphthyi)(phenyl)PN(methy!)P(pheny!)2; 

(ethyl)2PN(methyl)P(ethy!}2; (ethyl)2PN(isopropyl)P(ethyl}2; 

(ethyl)2PN(tertiarybuty!)P(ethyl)2; (methyl)2PN(isopropyl)P(methyl)2; 

(isopropyl)2PN(methyf)P(isopropyI)2; (ethyl)2PN(isopropyl)P(ethyl)(phenyl); 

(ethyl)(phenyi)PN(isopropyl)P(eihyl)(phenyl); (ethyf)2PN(isopropyi)P(phenyl)2; 

(ethyl)(phenyl)PN(isopropyl)P(phenyl)2; 
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(diphenylphosphonite)N(isopropyl)(diphenylphosphonite); 

(diphenylphosphonite)N(isopropyl)(diphenyiphosphonite); 

(pheny1)2PN(methyl)N(methyl)P(pheny1)2; 

(PhenAPN(ethyON(ethyDP(phenY1)2; 

5 (pheny1)2PN(phenyl)N(phenyi)P(phenyl)2: 

(PhenY1)2PN(isopropyl)N(isopropyl)P(pheny02; 

(pheny1)2PN(isopropyON(rnethyl)P(phenyl)2; 

(phenyl)2PN(isopropyl)N(methyl)P(pheny02; 

(4-methylpheny1)2P-N(CH3)N(CF-13)-P(4-methylpheny02; 

10 (3-methylphenyf)2P-N(CH3)N(CF13)-P(3-methylpheny1)2; 	 (ethy1)2P- 

N(C1-13)N(CH3)-P(ethyl)2; 

(rnethy02P-N(CH3)N(CH3)-P(methy02; 	 (isopropy1)2P-N(CH3)N(CH3)- 

P(isopropy02; 

(ethy1)2P-N(CH3)N(CH3)-P(ethyl)(phenyl); 	(ethyl)(phenyl)P-N(CH3)N(CH3)- 

15 P(ethyl)(phenyl); 

(ethyl)2P-N(CH3)N(CH3)-P(phenyl)2; 	(ethyl)(pheny0P-N(CH3)N(C1-13)- 

P(pheny1)2; 

(4-bipheny1)2P-N(CH3)N(CH3)-P(4-bipheny1)2; 	(PhenyD2P-1,8-naphthyl- 

P(pheny1)2; 

20 (pheny1)2P-9,10-phenanthrene-P(phenY1)2; 	(phenyi)2P-4,5-phenanthrene- 

P(pheny02; 

(PhenY1)2P-C(CH3)2-P(pheny1)2; (phenyl)2P-C(CH2)2-P(phenyl)2; 

(Pheny1)2P-1,2-benzene-P(phonY1)2; 	(4-methylpheny1)2P-1,2-benzene-P(4-

methylpheny02; 

25 (3-mothylpheny1)2P-1,2-benzene-P(3-methylpheny02; 	(methyl)2P-1,2-benzene- 

P(methyl)2; 

(isopropyl)2P-1,2-benzene-P(isopropyl)2; 	 (ethyr)2P-1,2-benzene- 

P(ethyt)(phenyl); 

(ethyl)(phenyl)P-1,2-benzene-P(ethyl)(phenyl); 	(ethyl)2P-1,2-benzene- 

30 P(phenyl)2; 

,23,2W1.1 
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(diphenylphosphonite)N(isopropyl)(dipbenylphosphonite); 

(diphenylphosphonite)N(isopropyl)(diphenylphosphonite); 

(phenyl)2PN(methy!)N(methy!)P(phenyl)2; 

(phenyl)2PN(ethyl)N(ethyf)P(phenyi)2; 
5 (pheny!)2PN(phenyl)N(phenyl)P(phenyl)2; 

(phenyl)2pN(isopropyi)N(isopropyt)P(phenyi)2; 

(phenyl)zPN(isopropyl)N(methy()P(phenyl)2; 

{phenyi)2PN(isopropy!)N(methyl)P(pheny!)2; 

(4-methyiphenyl)2P-N(CH3)N(CH3)-P(4-meihylphenyl)2; 
10 (3-methyfphenyi)2P-N(CH3)N(CH3)-P(3-methyiphenyl)2; (ethyl)2P-

N(CH3)N(CH3)-P(ethyl)2; 
(methyi)2P-N{CH3)N(CH3)-P(methyi)2; (isopropyl)2P-N(CH3)N(CH3)-

P(isopropyl)2; 
(ethy!)2P-N(CH3)N(CH3)-P{ethyf)(phenyl); (ethyi)(pheny!)P-N(CH3)N(CH3)-

15 P(ethyl){phenyi); 
{ethyl)2P-N{CH3)N(CH3)-P(phenyl)2; (ethyl)(phenyl)P-N(CH3)N(CH3)-

P(phenyl)2; 

{4-bfpheny!)2P-N(CH3)N(CH3)-P(4-biphenyl)z; (phenyl)2P-1,8-naphthyl-

P(phenyf)2; 
20 (phenyl)2P-9!'(0-phenanthrene-P{phenyi)2; (phenyf)2P-4,5-phenanthrene-

P(phenyi)2; 
(phenyl)2P-C(CH3)2-P(phenyl)2; (phenyl)2P-C(CH2)2-P(phenyl)2; 

(phenyl)2P-1,2-benzene-P(phenyl)2; (4-methylphenyl)2P-1,2-benzene-P(4-

methylphenyl)2; 
25 (3-methylphenyl)2P-1,2-benzene-P(3-methylphenyl)2; (methyl)2P-1,2-benzene-

P(methyl)2; 
(isopropyl)2P-1,2-benzene-P(isopropyl)2; (ethy[)2P-1 ,2-benzene-

P(ethyl)(phenyl); 

(ethyl){pheny!)P-1,2-benzene-P(ethyl)(phenyl); (ethyl)2P-1,2-benzene-

30 P(phenyf)2; 
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(ethyl)(phenyl)P-1,2-benzene-P(pheny1)2; 	(2-naphthy1)2P-1,2-benzene-P(2-

naphthy1)2; 

(4-bipheny1)2P-1,2-benzene-P(4-bipheny02; (pheny1)2P-CH2CH2-P(pheny1)2; 

R,R-(pheny1)2 P-CH(Me)CH(Me)-P(pheny1)2 ; 	S,S-(phenyl)2P-CH(Me)CH(Me)- 

5 P(phenyl)2; 

meso-(pheny1)2P-CH(Me)CH(Me)-P(phenyi)2; (4-methylpheny1)2P-CH2CH2-P(4- 

methylphenA: 

(3-methylphenyl)2P-CH2CH2-P(3-methylphenyl)2; 

(4-methylphenyt)2P-CH2CH2-P(4-methylphenyl)(phenyl); 

10 (4-methylphenyl)(phenyI)P-CH2CH2-P(4-methylphenyl)(phenyl); 

(4-methylpheny1)2P-CH2CH2-P(Pheny1)2; 	(4-methylphenyi)(phenyl)P-CH2CH2- 

P(pheny1)2; 

(methy1)2P-CH2CH2-P(methy1)2; (isopropyl)2P-CH2CH2-POsopropy02; 

(ethyt)2P-CH2CH2-P(ethyl)(phenyi); (ethyl)(phenyl)P-CH2CH2-P(ethyl)(phenyl); 

15 (ethyl)2P-CH2CH2-P(phenyl)2; (ethyl)(pheny0P-CH2CH2-P(Pheny1)2; 

(Pheny1)2PB(phenyl)P(pheny02; (phenyl)2PP(phenyl)P(phenyl)2; 

(phenyl)2PSi(methyl)2P(phenyl)2; 	(4-chlorophenyl)2PN(isopropyl)P(4-

chlorophenyl)2; 

(4-methoxypheny1)2PN(methyl)P(4-methoxyphenY1)2; 

20 (4-methoxypheny1)2PN(isopropyl)P(4-methoxypheny1)2; 

(3-methoxypheny1)2PN(methy0P(3-methoxypheny02; 

(4-methoxypheny1)2PN(isopropyl)P(4-methoxyphenyl)(phenyl); 

(4-methoxyphenyl)(phenyl)PN(isopropyl)P(4-methoxyphenyl)(phenyt); 

(4-methoxyphenyt)2PNOsoproPAP(PhenA; 

25 (4-methoxyphenyl)(phanyl)PN(isopropyi )P(phenyl)2; 

(4-methoxypheny1)2P-N(CH3)N(CH3)-P(4-methoxypheny02; 

(3-methoxypheny1)2P-N(CH3)N(CH3)-P(3-methoxypheny1)2: 

(4-methoxyptienyi)2P-N(CNN(CH3)-P(4-methoxyphenyi)(phenyl); 

(4-methoxyphenyl)(phenyl)P-N(CH3)N(CH3)-P(4-methoxyphenyl)(phenyl); 

30 (4-methoxypheny1)2P-N(CH3)N(CH3)-P(phenY02; 

(4-methoxyphenyl)(pherwl)P-N(CH3)N(CH3)-P(pheny1)2; 
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(ethyi)(phenyl)P-1,2-benzene-P(phenyl)2; (2-naphthyi)2P-1,2-benzene-P(2-

naphthyl)2; 
(4-biphenyl)2p-1,2-benzene-P(4-biphenyl)2; (phenyl)2P-CH2CH2-P(phenyl)2; 

/?,/?-(phenyl)2P-CH{Me)CH{Me)-P(phenyl)2; S,S~(phenyl)2P-CH(Me)CH(Me)-

5 P(phertyl)2; 

meso-(phenyi)2P-CH{Me)CH(Me)-P(phenyl)z; {4-methyiphenyi)2P-CH2CH2-P(4-

methylphenyl)2; 

(3-methylphenyi)2P-CH2CH2-P{3-methyiphenyS)2; 
(4-methylphenyt)2P-CH2CH2-P(4-methylphenyl)(phenyl); 

0 (4-methylphenyl)(phenyl)P-CH2CH2-P(4-methy[pheny(}(phenyl); 

(4-methy!pheny!)2P-CH2CH2-P(phertyI)2; (4-methylphenyl)(phenyl)P-CH2CH2-

P(phenyl)2; 
(methyl)aP-CH2CH2-P(methyl)2; (isopropyi)2P-CH2CH2-P(isopropyi)2; 

(ethyf)2P-CH2CH2-P(ethyi)(phenyI); (ethyl)(phenyi)P-CH2CH2-P(ethyi)(phenyl); 

5 (ethyl)2P-CH2CH2-P(phenyi)2; (ethyl)(pheny!)P-CH2CH2-P(phenyl)2; 

{phenyl)2PB(pheny!)P(phenyl)2; (phenyl)2PP(phenyl)P(phenyl)2; 

(pheny!)2PSi(methyl)2P(pheriyi)2; (4-chIorophenyl)2PN(isopropyl)P(4-

chiorophenyi)2; 
(4-methoxyphenyl)2PN{methyl)P(4-methoxyphenyi)2; 

3 (4-methoxyphenyl)2PN(isopropyt)P{4-methoxypheny[)2; 

(3-methoxyphenyf}2PN(methyi)P(3-methoxyphenyi)2; 

(4-methoxyphenyl)2PN(isopropyl)P(4-methoxypheny()(phenyt); 

(4-methoxyphenyi)(pheny!)PN(isopropyt)P(4-methoxyphenyI)(phenyl); 

(4-methoxyphenyf)2PN{isopropyi)P(phenyt)2; 

5 (4-methoxyphenyl)(phenyl)PN(isopropyi )P(phenyl)2; 

(4-methoxypheny!)2P-N(CH3)N(CH3)-P(4-methoxyphenyt)2; 

(3-methoxyphenyl)2P-N(CH3)N(CH3)-P(3-methoxyphenyl)2; 

(4-methoxyphenyl)2P-N(CH3)N(CH3)-P(4~methoxyphenyl)(phenyl); 

(4-methoxyphenyi){phenyi)P-N(CH3)N{CH3)-P(4-methoxyphenyl)(phenyl); 

} (4-methoxyphenyl)zP-N{CH3)N(CH3)-P{pheny!)2; 
(4-methoxyphenyl)(phenyl)P-N(CH3)N(CH3)-P(phenyl)2; 
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(4-methoxypheny1)2P-1,2-benzene-P(4-methoxyphehY1)2; 

(3-methoxyphenD2P-1,2-benzene-P(3-methoxypheny1)2; 

(4-methoxypheny1)2P-1,2-benzene-P(4-methoxyphenyi)(phenyl); 

(4-methoxyphenyl)(phenyl)P-1,2-benzene-P(4-methoxyphenyl)(phenyl); 

5 (4-methoxyphenyl)2P-1,2-benzene-P(phenyl)2; 

(4-methoxyphenyl)(phenyl)P-1,2-benzene-P(pheny1)2; 

(3-methoxypheny1)2P(CH2CH2)P(3-methoxyphenY()2; 

(3-methoxyphehAP(CH2CH2)P(3-methoxyphenyt)(phehYl); 

(3-methoxyphenY1)(phenyl)P(CH2CH2CH2)P(3-methoxyPhonY1)(PhenY1); 

10 (3-methoxyphenyl)(phenyl)P(CH2CH2)P(3-methoxypheny0(phenyl); 

(3-methoxyphenyl)(phenyl)P(CF12)P(3-methoxypheny1)(phenyl); 

(3-methoxypheny1)2P(CH2CH2)P(pheny02; 

(3-methoxyPhenY1)(phenyl)P(CH2CH2)P(PhenY02; 

(4-methoxypheny1)2P(CH2CH2)P(4-methoxypheny1)2; 

15 (4-methoxypheny02P(CH2CH2)P(4-methoxyphehY1)(PhenY1); 

(4-methoxyphenyl)(phenyl)P(CH2CH2CH2)P(4-methoxYphenY1)(PhenY1); 

(4-methoxyphenY1)(phenyl)P(CH2CH2)P(4-methoxyphenY1)(Phenyl); 

(4-methoxyphenyt)(phenyl)P(CH2)P(4-methoxyphenyl)(pheny}); 

(4-methoxyphehy1)2P(CH2CH2)P(pheny02; 

20 (4-methoxyphenyl)(phenyl)P(CH2CH2)P(PhenY1)2; 

(2-fluoropheny1)2PN(methyl)P(pheny1)2: 

(2-fluoropheny1)2PN(n-butyl)P(phenY1)2; 	 (2-fluoropheny1)2PN(n-

hexyl)P(phenyl)2; 

(2-fluoropheny))2PN(n-decyl)P(phenY1)2  

25 (2-fluorophenyl)2PN(isobutyl)P(phenyr)2; 

(2-fluorophenyr)2PN(isoproPYONPhenA; 

(2-fluorophenyi)2PN(isopentyl)P(pheny02; 

(2-fluoropheny1)2PN(t-butyt)P(phehy02; 	 (2-fluorophenyi)2PN(1,2-

dimethylproPAP(PhenY1)2; 

30 (2-fluoropheny1)2PN(cyclopropy0P(phenY02; 

(2-fluoropheny1)2PN(cyclopropylmethy0P(PhellY1)2; 

WO 2013/168102 PCT/IB2013/053691 
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(4-methoxypheny02P-1,2-benzene-P(4-methoxypheny!)z; 

{3-methoxyphenyi)2P-1,2-benzene-P(3-methoxypheny!)2; 

(4-methoxyphenyS)2P-1,2-benzene-P(4-methoxyphenyl)(phenyi); 

(4-methoxyphenyl)(phenyi)P-1,2-benzene-P{4-methoxyphenyS)(pheny)); 

5 (4-methoxyphenyl)2P-1,2-benzene-P(phenyi)2; 

(4-methoxyphenyl) (phenyl)P-1,2-benzene-P(phenyl)2; 

(3-methoxyphenyl)2P(CH2CH2)P(3-methoxyphenyt)2; 

(3-methoxypheny[)2p(CH2CH2)P(3-methoxyphenyl)(phenyI); 

(3-methoxyphenyl)(pheny!)P(CH2CH2CH2)P(3-methoxyphenyl)(phenyl); 
10 (3-methoxyphenyl)(phenyl)P(CH2CH2)P(3-methoxyphenyl){phenyl); 

(3-methoxyphenyl)(phenyi)P(CH2)P(3-methoxyphenyl)(phenyl); 

(3-methoxyphenyl)2P(CH2CH2)P(phenyl)2; 

(3-methoxyphenyi)(phenyl)P(CH2CH2)P(phenyl)2; 

(4-methoxyphenyl)2P(CH2CH2)P(4-methoxyphenyl)2; 

15 (4-methoxyphenyl)2P(CH2CH2)P(4-methoxyphenyf)(phenyf); 
(4-methoxyphenyl)(phenyl)P(CH2CH2CH2)P(4-methoxyphenyl)(phenyi); 

(4-methoxyphenyf) (phenyl) P(CH2C H2) P(4-methoxyphenyl) (phenyl); 

(4-methoxyphenyl)(phenyl)P(CH2)P(4-methoxyphenyl)(phenyl); 

(4-methoxyphenyi)2P(CH2CH2)P(phenyl)2; 
20 (4-methoxypheny!)(phenyl)P(CH2CH2)P(phenyl)2; 

(2-fluorophenyl)2PN(methyl)P(phenyl)2; 

(2-fluorophenyl)2PN(n-butyl)P(phenyl)2; (2-fiuorophenyl)2PN(n-

hexyl)P(phenyi)2; 

(2-fluorophenyI)2PN(n-decyl)P(pheny!)2; 

25 (2-fluorophenyl)2PN(isobutyl)P(phenyl)2; 

(2-fluorophenyf)2PN(isopropyl)P(phenyi)2; 

(2-fluorophenyf)2PN(isopentyOP(phenyi)2; 
(2-fluorophenyl)2PN(t-butyl)P(phenyl)2; (2-fluorophenyf)2PN(1,2-
dimethylpropyl)P(phenyl)2; 

30 (2-fluorophenyl)2PN(cyclopropyl)P(phenyl)2; 

(2-fluorophenyl)2PN(cyc!opropylmethyl)P(phenyl)2; 
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(2-fitioropheny1)2PN(ally0P(pheny02; 

(2-fluorophenAPN(trimethylsity1)P(phenY1)2; 

(2-fluctropheny1)2PN(pyrollyi)P(pheny1)2; (2-fluoropheny1)2PN(phenyDP(PhenY1)2; 

(2-fluoropheny1)2PN(naphthyl)P(pheny1)2; 	 (2- 

5 fluoropheny1)2PN(methylmorpholine)P(pheny02: 

(2-fluorophenyt)2PN(dimethylamino)P(phenyi)2; 	 (2-

fluorophony1)2PN(benzyl)P(phenyl)2; 

(2-fluorophenyl)(phenyl)PN(methyl)P(2-fluorophenyl)(phenyt); 

(2-fluorophenyi)(phenyi)PN(n-hexyl)P(2-fluorophenyl)(phenyl); 

10 (2-fluorophenyt)(phenyl)PN(n-decyl)P(2-fluorophenyi)(phenyl); 

(2-fluorophenyl)(phenyl)PN(isobutyl)P(2-fluorophenyi)(phenyl); 

(2-fluorophenyi)(phenyl)PN(isopropyl)P(2-fluorophenyl)(phenyl); 

(2-fluoraphenyl)(phenyi)PN(1,2-dimethyipropy0P(2-fluorophenyl)(phenyl); 

(2-fluorophenyl)(phenyl)PN(cyclopropyl)P(2-fluorophenyl)(phenyt); 

15 (2-fluorophenyl)(phenyl)PN(trimethylsilyi)P(2-fluorophenyl)(phenyi); 

(2-fluorophenyl)(phenyl)PN(phenyl)P(2-fluorophenyl)(phenyi); 

(2-fluoropheny1)2PN(methyl)P(2-frucrophenyl)2; 	(2-fluorophenyt)2PN(n-

butyl)P(2-fluoropheny1)2; 

(2-fluoropheny1)2PN(n-hexyl)P(2-fluaropheny02; 	(2-fluoropheny1)2PN(n- 

20 decyl)P(2-fluoropheny02; 

(2-fluoropheny1)2PN(isobutyl)P(2-fiuorophenyD2; 

(2-fluoropheny1)2PN(isopentyl)P(2-ftuorophen0)2; 

(2-fluoropheny1)2PN(cyclopropyl)P(phony1)2; 

(2-fiuoropheny1)2PN(trimethylsilyi)P(2-fluoropheny1)2; 

25 (2-fluorophenyl)2PN(phenyl)P(2-fluorophenyl)2; 	 (2-

fluoropheny1)2PN(benzyDP(2-fluoropheny02; 

(2-fluorophenyl)(phenyl)PN(methyl)P(phenyl)2; 	(2-fluorophenyi)(pheny0PN(n-

decyt)P(phenyl)2; 

(2-fluorophenyl)(phenyl)PN(isobuty0P(phenyi)2; 

30 (2-fluorophenyl)(phenyl)PN(isopropyl)P(phenyl)2; 

(2-fluorophenyl)(phenyI)PN(trimethylsilyi)P(pheny02; 
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(2-f!uorophenyl)2PN(allyl)P(phenyl)2; 

(2-f!uorophenyl)2PN(trimethylsilyl)P(phenyt)2; 

(2-fluoropheny!)2PN(pyrollyOP{phenyi)2;{2-fluorophenyl)2PN(pheny!)P(phenyi)2; 

(2-fluorophenyi)2PN(naphthyl)P(phenyl)2; (2-

5 fluorophenyl)2PN(methyimorpholine)P{phenyl)2; 

(2-fluorophenyl)2PN(d'smethylarnino)P(phenyi)2; (2-

fiuorophenyl)2PN(benzyl)P(phenyl)2; 

(2-fluorophenyl)(phenyi)PN(methyl)P(2-fluorophenyl)(phenyl); 
(2-ftuorophenyi)(phenyi)PN(n-hexy!)P(2-f!uoropheny!)(phenyl); 
(2-fluorophenyt){pheny!)PN(n-decy!)P(2-ftuoropheny!)(phenyl); 
(2-fluorophenyl)(phenyi}PN(isobuiyl)P(2-fiuorophenyl)(pheriy!); 
(2-fluorophenyl)(phenyl)PN(isopropyI)P(2-fluorophenyl)(phenyl); 
(2-fluoropheny!)(phenyOPN(1,2-dimethylpropyl)P(2-fJuorophenyi)(phenyl); 
(2-f!uorophenyl){pheny!)PN(cyciopropyl)P(2-fluorophenyl)(phenyi); 

(2-fluoropbenyl)(phenyi)PN(trimethyIsily!)P(2-f!uorophenyl)(pheny!); 

(2-fluorophenyl)(phenyl)PN(phenyl)P(2-fluorophenyl)(phenyl); 

(2-fluorophenyl)2PN(methyl)P(2-f!uorophenyi)2; (2-fluorophenyl)2PN(n-

butyl)P(2-fluorophenyl)2; 

(2-ffuorophenyl)2PN(n-hexyl)P(2-fluoropheny!)2: (2-fluoroph enyl)2PN(n-

decyl)P(2-fluorophenyl)2; 

(2-fluorophenyl)2PN(isobutyl)P(2~fluoropheny!)2; 

(2-fluorophenyl)2PN{isopentyl)P(2-ffuorophenyi)2; 

(2-fluorophenyl)2PN(cyclopropyl)P(phenyl)2; 

(2-fiuorophenyi)2PN(trimethylsilyi)P(2-fluorophenyl)2; 

(2-fluorophenyt)2PN{pheny!)P{2-fluorophenyJ)2; (2-

fluorophenyl)2PN(benzyl)P{2-fluorophenyl)2; 
(2-fluorophenyl)(phenyl)PN(rnethyl)P(phenyl)2; (2-f!uorophenyi)(phenyl)PN(n-

decyi)P(pheriy!)2; 

(2-fluoropheny!)(phenyl)PN{isobuty[)P(phenyl)2; 

(2~fluorophenyl)(phenyl)PN(tsopropyl)P(phenyi)2; 

(2-fluorophenyl)(phenyl)PN(trimethylsilyl)P(phenyl)2; 
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(2-fluorophenyl)(phenyl)PN(benzyl)P(phenyl)2; 	 (2- 

fluorophenyl)(phenyl)PN(phenyl)P(phenYI)2; 

(2-fluorophenyl)(phenyl)PN(methylmorpholine)P(pheny02; 

(2-fluoronaphth-14)2PN(methyl)P(pheny02; 	 (1-fluoronaphth-2- 

5 yl)2PN(methyl)P(phenyl)2; 

(2-fluoronaphth-1-y1)2PN(n-butyl)P(phenyi)2; (1-fluoronaphth-2-y1)2PN(n- 

hexyl)P(pheny1)2: 

(2-fluoronaphth-1-y1)2PN(n-decyDP(phenY1)2; 	 (1-fluoronaphth-2-

0)2PN(isobutyl)P(pheny1)2; 

10 (8-fluoronaphth-1-y1)2PN(isopropyl)P(PhenY02; 	(8-fluoronaphth-1-y1)2PN(n-

hexyl)P(pheny1)2; 

(8-fluoronaphth-1-y1)2PN(methyl)P(phenyl)2; (2-fluoronaphth-1- 

y1)2PN(phenyr)P(phenY1)2; 

(8-fluoronaphth-1-y1)2PN(cyclopropyt)P(Pheny02; 	(1-fluoronaphth-2- 

15 y1)2PN(benzy0P(phenY1)2; 

(8-fluoronaphth-l-y1)2PN(trimethylsily0P(PhenA; 	(3-fluoronaphth-2- 

APN(hexyl)P(pheny02; 

(3-fluoronaphth-2-y1)2PN(isopropyl)P(pheny02; 	 (3-fluoropyrid-4- 

y1)2PN(methyl)P(pheny1)2; 

20 (3-fluoropyrid-4-y1)2PN(n-buty0P(phenA: 	 (4-fluoropyrid-3-y1)2PN(n- 

butyl)P(pheny02; 

(3-fluoropyrid-211)2PN(n-butyl)P(phenY1)2; 	 (2-fluoropyrid-3-y1)2PN(n- 

butyl)P(phenY02; 

(2-fluorophenoxy)2PN(n-butyl)P(phenyl)2; 	(24trifluoromethyl)phenyi)2PN(n- 

25 butyl)P(pheny1)2; 

(2-Rrifluoromethylipheny1)(phenyl)PN(n-butyl)P(phenyl)2; 

(2-fluoropherty1)2PN(n-butyl)P(1,2-phenytenedioxy); 

(2-fluorophenyl)(2-methylphenyl)PN(isopropyl)P(pheny02; 

(2-fluorophenyl)(2-methylphenyi)PN(p-butyl)P(phenyl)2; 

30 (2-fluorophenyl)(phenyl) PN(isopropyl)P(phenyl)(2-methylphenyi); 
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(2-fiuorophenyl)(pheriy!)PN(benzyi)P(phenyl)2; (2-

fluoropheny!)(phenyl)PN(phenyl)P(phenyl)2; 

(2-fluorophenyl)(phenyl)PN{methylmorpholine)P(phenyi)2; 

{2-ftuoronaphth-1-yl)2PN(methyl)P{phenyI)2; (1-fluoronaphth-2-

5 yl)2PN(methyl)P(phenyl)2; 

{2-fluoronaphth-1-yl)2PN(n-butyl)P(phenyl)2; (1-fluoronaphth-2-yi)2PN{n-

hexyi)P(phenyf)2; 

{2-fluoronaphth-1-yl)2pN(n-decyi)P(phenyl)2; {1-ffuoronaphth-2-

yl)2PN(isobutyl)P(pheny!)2; 

10 (8-fluoronaphth-1-yl)2PN(isopropyl)P{phenyl)2; (8-f!uoronaphth-1-yi)2PN(n-

hexyl)P(phenyl)2; 

(8-fluoronaphth-1-y!)2PN(methyl)P(phenyl)2; (2-fluoronaphth-1-

yl)2PN(phenyi)P(phenyi)2; 
(8-fluoronaphth-1-yl)2PN(cyc[opropyl)P(phenyl)2; (1-fluoronaphth-2-

15 yt)2PN(benzyl)P(phenyl)2; 

(8-fluoronaphth-1-y!)2PN(trimethylsiiyf)P(pheriyl)2; (3-fluoronaphth-2~ 

y!)2PN(hexyI)P(phenyf)2; 
(3-fluoronaphth-2-yl)zPN(isopropyl)P(phenyl)2; (3-fiuoropyrid-4-

yl)2PN(methyl)P(phenyl)2; 

20 {3-f[uoropyrid-4-yl)2PN(n-butyl)P(phenyl)2; (4-fluoropyrid-3-yl)2PN{n-

butyt)P(phenyl)2; 
(3-fluoropyrid-2-yl)2PN(n-butyl)P(phenyl)2; (2-fluoropyrid-3-yl)2PN(n-
butyl)P(pheny!)2; 

(2-ftuorophenoxy)2PN(n-butyl)P{phenyl)2; (2-[trifluoromethyl]phenyf)2PN{n-

25 butyl)P(phenyl)2; 

(2-[trifluoromethyi]phenyi)(phenyl)PN(n-butyl)P(phenyl)2; 

(2-fluorophenyl)2PN(n-butyl)P{1,2-phenytenedioxy); 

(2-fluorophenyi)(2-methyiphenyl)PN(isopropyi)P(pheny!)2; 

(2-fluorophenyl)(2-methylphenyl)PN(n-butyi)P(phenyl)2; 
30 (2-f!uorophenyi)(phenyt) PN(isopropyt)P(phenyl)(2~methylpheriyl); 
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(2-fiuorophenyi)2PN(n-hexyl)P(ethy1)2; 	 (2-fruoropheny1)2PN(n- 

hexyl)P(ethyl)(phenyl); 

(2-fluoroethy1)2PN(n-hexyl)P(pheny02; 	 (2,2,2-trifiuoroethy1)2PN(n- 

hexyl)P(pheny1)2; 

5 (2-fluoropheny1)2PCH2CH2P(pheny1)2; 

(2-fluoropheny))2PN(Me)N(Me)P(pheny1)2; 

(2-fluorophenyl)(phenyl)PCH2CH2P(phenyi)2; 

(2-fluorophenyl)(phenyl)PN(Me)N(Me)P(phenyl)2; 

(2-fluoropheny))2PCH2N(naphthyl)P(phenyi)2; 	(2-fluoropheny1)2P(1,2- 

10 phenylene)P(phenyt)2; 

(2-fluoropheny1)2P(1,2-phenyiene))P(Pheny1)2; 	(2-methylphenoxy)2PN(n-

butyl)P(phen02: 

2-methylpheny1)2PN(isopropyr)P(phenyl)2; 

(2-methylphenyt)2PN(isobutyl)P(pheny1)2; 

15 (2-methylpheny1)2PN(n-butyl)P(pheny1)2; 	(2-methylphenyl)(phenyl)PN(n- 

hexyl)P(pheny1)2; 

(2-ethylpheny1)2PN(n-hexyl)P(pheny1)2; 	(2-ethylphenyl)(phenyl)PN(n- 

hexyl)P(pheny1)2: 

(2-methylphenyl)(2-fluoropheny))PN(isopropyl)P(pheny1)2; 

20 (2-methoxyphenyl)2PN(n-butyl)P(phenyl)2; 	(2-thiomethoxypheny1)2PN(n- 

butyl)P(pheny02; 

(2-thiornethoxyphenyl)(phenAPN(n-butyl)P(phenA)2; 

(2-rnethylpheny1)2PN(n-hexyl)P(ethyl)2; 	 (2-rnethylphenyl)2PN(n- 

hexyl)P(ethyl)(phenyl); 

25 (2-methylphenyt)2PN(n-butyl)P(1,2-phenelenedioxy); 

(2-methylpheny1)2PN(isopropyl)P(1,2-phenelenedioxy); 

(2-fluorophenyi)2PN(n-butyl)P(1,2--phenefenedioxY); 

(2-fluoropheny1)2PN(isopropyl)P(1,2-phenelenedioxy); 

(2-fluoropheny1)2P(1,2-phenylene)P(phenyl)2; 	(2-methylpheny1)2P(1,2- 

30 phenylene)P(phenyl)2; 

(2-fluoropheny1)2PN(Me)N(Me)P(phenyi)2; 
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(2-fluorophenyl)2PN(n-hexyl)P(ethy!)2; 
hexyt)P{ethyl) (phenyl); 

(2-fluoroethyf)2PN(n-hexyl)P(phenyl)2; 

(2-fluorophenyl)2PN(n-

(2,2,2-trifluoroethyl)2PN(n-

hexyl)P(phenyl)2; 

(2-fluorophenyl)2PCH2CH2p(phenyl)2; 

(2-fluorophenyl)2PN(Me)N(IVte)P{phenyl)2; 

(2-fluorophenyl)(phenyl)PCH2CH2P(phenyl)2; 

(2-fluorophenyl)(phenyl)PN(Me)N(Me)P(phenyl)2; 
(2-fluorophenyl)2PCH2N(naphthy!)P(phenyi)2; (2-fluorophenyl)2P(1,2-

phenylene)P(pheny!)2; 

(2-fluorophenyl)2P(1,2-phenylene))P(phenyl)a; (2-methylphenoxy)2PN(n-

butyl)P(phenyl)2; 

2-methylphenyl)2pN(isopropyl)P(phenyl)2; 

(2-methylphenyl)2PN(isobutyl)P(phenyl)2; 

(2-methylphenyl)2PN(n-butyl)P(phenyl)2; (2-methylphenyl)(phenyl)PN(n-

hexyi)P(phenyl)2; 
(2-ethylphenyl)2PN(n-hexyl)P(pheny!)2; (2-ethylphenyl)(phenyl)PN(n-

hexyl)P(phenyl)2; 
(2-methylphenyl)(2-fluorophenyl)PN(isopropyl)P(phenyl)2; 

(2-methoxyphenyl)2PN(n-butyl)P(phenyl)2; (2-thiomethoxyphenyl)2PN(n-

butyl)P(phenyl)2; 

(2-thiomethoxyphenyl)(phenyl)PN(n-butyl)P(pheny!)2; 
(2-methylphenyl)2PN (n-hexyl)P (ethyl)2; (2~methylphenyl)2P N (n-

h exy!) P (ethyl) (phenyl); 

(2-methyiphenyi)2PN(n-butyi)P(1,2-phenelenedioxy); 

(2-methylphenyl)2PN(isopropy!)P(1,2-phenelenedioxy); 

(2-fluorophenyl)2PN(n-butyl)P(1,2--phenelenedioxy); 

(2-fluorophenyi)2PN(isopropy!)P(1,2-phenelenedioxy); 
(2-fluorophenyl)2P(1,2-pheny!ene)P(phenyl)z; (2-methy!phenyl)2P(1,2-
phenylene)P(phenyl)2; 

(2-fluorophenyl)2PN(Me)N(Me)P(phenyf)z; 
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(2-methylpheny1)2PN(Me)N(Me)P(phenyi)2= 

(2-fluoropheny1)2PCH2N(napthyl)P(phenY1)2; 

(2-methylpheny1)2PCH2N(napthyl)P(phenY1)2. 

5 
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(2-methylphenyl)2PN(!Vie)N(Me)P(phenyi)2; 

(2-fluorophenyl)2PCH2N(napthyl)P(pher)yl)2; 

{2-methy!phenyl)2PCH2N{napthyl)P(phenyi)2. 

5 
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Activator/ Additives (a)(iii): 

The above process may include an activator to activate the catalyst. Such an 

activator is a compound that generates an active catalyst when the activator is 

5 combined with the catalyst. These activators may be the same or similar to 

those 	found 	to 	be 	useful 	for 	activating 	transition-metal-based 	olefin 

polymerisation catalysts, a review of which is provided by Marks [Chem Rev. 

2000, 100, 1391-1394J. Mixtures of activators may also be used. 

10 Suitable 	compounds 	include 	organoaluminum 	compounds, 	organoboron 

compounds and inorganic acids and salts, such as tetrafluoroboric acid 

etherate, silver tetrafluoroborate, sodium hexafluoroantimonate and the like. 

Suitable organoaluminum compounds include compounds of the formula AIR3, 

where each R is independently C1-C12  alkyl, oxygen or halide, and compounds 

15 such as LiAIH4  and the like. Examples include trimethylaluminum (TMA), 

triethylaluminum 	(TEA), 	tri-isobutylaluminium 	(TIBA), 	tri-n-octylaluminium, 

methylaluminium 	dichloride, 	ethylaluminium 	dichloride, 	dimethylaluminium 

chloride, 	diethylaluminium 	chloride, 	ethylaluminiumsesquichloride, 

methylaluminiumsesquichloride, and aluminoxanes. Aluminoxanes are well 

20 known in the art as typically oligomeric compounds which can be prepared by 

the controlled addition of water to an alkylaluminium compound, for example 

trimethylaluminium. Such compounds can be linear, cyclic, cages or mixtures 

thereof. Commercially available aluminoxanes are generally believed to be 

mixtures of linear and cyclic compounds. The cyclic aluminoxanes can be 

25 represented by the formula [R11A101, and the linear aluminoxanes by the 

formula R'2(R13A10), wherein s is a number from about 2 to 50, and wherein 

R11, R12, and R13  represent hydrocarbyl groups, typically C1  to C8 alkyl groups, 

for example methyl, 	ethyl 	or butyl 	groups. 	Alkylaluminoxanes especially 

methylaluminoxane (MAO) are particularly suitable. (MAO is also referred to as 

30 methalumoxane and methylalumoxane in the literature). 
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Activator/ Additives (a)(iii): 

The above process may include an activator to activate the catalyst. Such an 

activator is a compound that generates an active catalyst when the activator is 

5 combined with the catalyst. These activators may be the same or similar to 

those found to be useful for activating transition-metal-based olefin 

polymerisation catalysts, a review of which is provided by Marks [Chem Rev. 

2000, 100, 1391-1394], Mixtures of activators may also be used, 

10 Suitable compounds include organoaluminum compounds, organoboron 

compounds and inorganic acids and salts, such as tetrafluoroboric acid 

etherate, silver tetrafiuoroborate, sodium hexafluoroantimonate and the like. 

Suitable organoaluminum compounds include compounds of the formula AIR3, 
where each R is independently CrC12 alkyi, oxygen or halide, and compounds 

15 such as UAIH4 and the like. Examples include trimethylaluminum (TMA), 

triethylaiuminum (TEA), tri-isobutyialuminium (TIBA), tri-n-octylaluminium, 

methylaluminium dichforide, ethylaluminium dichloride, dimethylaluminium 

chloride, diethylaluminium chloride, ethylaluminiumsesquichloride, 
methylaluminiumsesquichloride, and aluminoxanes. Aluminoxanes are well 

20 known in the art as typically oligomeric compounds which can be prepared by 

the controlled addition of water to an alkylaiuminium compound, for example 

trimethylaiuminium. Such compounds can be linear, cyciic, cages or mixtures 

thereof. Commercially available aluminoxanes are generally believed to be 

mixtures of linear and cyclic compounds. The cyclic aluminoxanes can be 

25 represented by the formula [R11AIO]s and the linear aluminoxanes by the 

formula R12(R13AIO)s wherein s is a number from about 2 to 50, and wherein 

R11, R12, and R13 represent hydrocarbyl groups, typically C, to C6 alkyl groups, 

for example methyl, ethyl or butyl groups. Alkylaluminoxanes especially 

methylaluminoxane (MAO) are particularly suitable. (MAO is also referred to as 

30 methalumoxane and methylalumoxane in the literature). 
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It will be recognized by those skilled in the art that commercially available 

alkylaluminoxanes may contain a proportion of trialkylaluminium. For instance, 

commercial MAO usually contains approximately 10 wt % trimethylaluminium 

(TMA), and commercial "modified MAO" (or "MMAO") contains both TMA and 

5 TIBA. Quantities of alkylaluminoxane are generally quoted herein on a molar 

basis 	of 	aluminium 	(and 	include 	such 	"free" 	trialkylaluminium). 	The 

alkylaluminoxane and/or alkylaluminium may be added to the reaction media 

(i.e. ethylene and/or diluent and/or solvent) prior to the addition of the catalyst 

or at the same time as the catalyst is added. Such techniques are known in the 

10 art of oligomerization and are disclosed in more detail in for example, U.S. 

Pats. Nos. 5,491,272; 5,750,817; 5,856,257; 5,910,619; and 5,919,996 as well 

as WO 2008/146215 and WO 2007/007272. 

In the preparation of the catalyst systems used in the present invention, the 

15 optimal quantity of activating compound to be employed is easily determined 

by simple testing, for example, by the preparation of small test samples which 

can be used to oligomerize small quantities of ethylene and thus to determine 

the activity of the produced catalyst. It is generally found for alkylaluminium 

and aluminoxane based activators or co-activators that a suitable quantity 

20 employed is 0.5 to 2000 moles of aluminium per mole of chromium. 

25 

Examples of suitable organoboron activator compounds are boroxines, NaBH4, 

trimethylboron, 	 triethylboron, 	 triphenylboron, 

dimethylphenylammoniumtetra(phenyl)borate, 	trityltetra(phenyl)borate, 

dimethylphenylammonium 	tetrakis(pentafluorophenyl)borate, 	trityl 

tetrakis(pentafluorophenyl)borate, 	tris(pentaftuorophenyi) 	boron, 	sodium 

tetrakis[(bis-3,5-trifluoromethyl)phenyporate, 	dimethylphenylammonium 

tetrakisRbis-3,5-trifluoromethyl)phenyljborate, 	and 	trityl 	tatrakisf(bis-3,5- 

trifluoromethyl)phenyljborate. 

30 
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It will be recognized by those skilled in the art that commercially available 

alkyfaluminoxanes may contain a proportion of trialkylaluminium. For instance, 

commercial MAO usually contains approximately 10 wt % trimethylaluminium 

(TMA), and commercial "modified MAO" (or "MMAO") contains both TMA and 
5 TiBA. Quantities of alkyialuminoxane are generally quoted herein on a molar 

basts of aluminium (and include such "free" trialkylaluminium). The 

aikylaluminoxane and/or alkyialuminium may be added to the reaction media 

(i.e. ethylene and/or diluent and/or solvent) prior to the addition of the catalyst 

or at the same time as the catalyst is added. Such techniques are known in the 

10 art of otigomerization and are disclosed in more detail in for example, U.S. 

Pats. Nos. 5,491,272; 5,750,817; 5,856,257; 5,910,619; and 5,919,996 as well 

as WO 2008/146215 and WO 2007/007272. 

In the preparation of the catalyst systems used in the present invention, the 

15 optimal quantity of activating compound to be employed is easily determined 

by simple testing, for example, by the preparation of small test samples which 

can be used to oligomerize small quantities of ethylene and thus to determine 

the activity of the produced catalyst. It is generally found for alkyialuminium 
and aiuminoxane based activators or co-activators that a suitable quantity 

20 employed is 0.5 to 2000 moles of aluminium per mole of chromium. 

Examples of suitable organoboron activator compounds are boroxines, NaBH4, 
trimethylboron, triethylboron, triphenylboron, 

dimethylphenylammoniumtetra(phenyl)borate, trityltetra(phenyl)borate, 

25 dimethylphenylammonium tetrakis(pentafluorophenyl)borate, trityl 
tetrakis(pentafluorophenyl) borate, tris(pentafluorophenyi) boron, sodium 

tetrakis^bis-S.S-trifluoromethyOphenyllborate, dimethylphenylammonium 

tetrakis[(bis-3,5-trifluoromethyl)phenyI]borate, and trityl tetrakis[(bis-3,5-

trifluoromethyl)phenyl]borate. 

30 
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Those skilled in the art will recognise that boron-containing activators are 

commonly used in combination with aluminium alkyl activators. 

In 	some 	embodiments 	organoboron activators, 	as 	described 	in 	WO 

5 2010/092554, include a cation and a 

formula 

non-coordinating anion of the general 

RR)), L* - Hi+  

wherein: 

[B(R14)4r 

10 L* is an atom selected from the group consisting of N, S 

and P; 

the cation [(R)„ L* - Hi+  is a Bronsted acid; 

x is an integer 1, 2 or 3; 

15 

each R is the same or different and each is a —H, 

hydrocarbyl group or a heterohydrocarbyl group; 

provided that at least one of R comprises at least 6 

carbon atoms and provided further that the total number 

of carbon atoms in (R)), collectively is greater than 12; 

R14  independently at each occurrence is selected from 

20 the group consisting of hydride, dialkylamido, 	halide, 

alkoxide, 	aryloxide, 	hydrocarbyl, 	halosubstituted- 

hydrocarbyl 	radicals, 	halosubstituted-alkoxide, 

halosubstituted-aryloxide and a halosubstituted aromatic 

moiety with 	at least 	one 	halide substituent on the 

25 aromatic moiety. 

Illustrative, but non-limiting examples of these organoboron activators include 

methyldi(octadecyl)ammonium 	tetrakis(pentafluorophenyl) 	borate 	and 

trioctylammonium tetrakis(pentafluorophenyl) borate. 

30 
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Those skilled in the art will recognise that boron-containing activators are 

commonly used in combination with aluminium alkyl activators. 

In some embodiments organoboron activators, as described in WO 

5 2010/092554, include a cation and a non-coordinating anion of the genera! 

formula 

[{R)x I* - H]+ [B(R14)4r 
wherein: 

L* is an atom selected from the group consisting of N, S 

and P; 

the cation [(R)x L* - H]+ is a Bronsted acid; 

x is an integer 1, 2 or 3; 
each R is the same or different and each is a -H, 

hydrocarbyl group or a heterohydrocarbyl group; 

provided that at least one of R comprises at least 6 

carbon atoms and provided further that the total number 

of carbon atoms in (R)x collectively is greater than 12; 

R14 independently at each occurrence is selected from 

the group consisting of hydride, dialkyiamido, halide, 

alkoxide, aryioxide, hydrocarbyl, halosubstituted-

hydrocarbyl radicals, haiosubstituted-aikoxide, 

halosubstituted-aryloxide and a halosubstituted aromatic 

moiety with at feast one halide substituent on the 

aromatic moiety. 

Illustrative, but non-limiting examples of these organoboron activators include 

methyldi(octadecy!)ammonium tetrakis(pentafiuorophenyl) borate and 

trioctylammonium tetrakis(pentafluorophenyl) borate. 
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The source of chromium and the organoboron activator may be combined in 

proportions to provide organoboron compound /chromium molar ratios from 

about 0.1 	to 50 organoboron to 1 	chromium, or from about 0.8 to 20 

organoboron to 1 chromium, or from 1 to 10 organoboron to 1 chromium. 

5 

In some embodiments activators, as described in WO 2007/039851, include a 

cation and an anion component, and may be represented by the following 

formula: 

10 (L-H)d+  (Ad-) 

where L is a neutral Lewis base; H is hydrogen; (L-H)d+  is a Bronsted acid; Ad-

is a non-coordinating anion having the charge cl-; and d is an integer from 1 to 

3. 

15 

In these activator compounds, Ad-  can be a fluorinated aluminate group. 

Illustative 	but 	non-limiting 	examples 	of 	the 	anion 	component 	Ad' 	are 

[A1{0C (C F3)3}41-; 	[Al(0C6F5)41; 	[Al(C6F402)2]; 	[AlF{OC(CF3)3}3]; 

[Al2F(OC(CF3)3}0; and fra(0C6F5)6I. 

20 

The activator compound may optionally be a solid material, or be supported on 

an insoluble solid material. For example, aluminoxanes such as MAO and 

borate activators may be supported on inorganic oxides such as alumina, 

silica, MgCl2  or the like. 

25 

The process may further include the use of compounds that may act as a 

reducing or oxidising agent, such as sodium or zinc metal and the like, or an 

oxygen-containing compound, for example oxygen and the like. Additionally, 

hydrogen (H2) and/or silanes and the like may be used in the catalytic 

30 composition or otherwise added to the process. The process may also include 

the use of a zinc species as an additive, as described in WO 2011/048527, 
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The source of chromium and the organoboron activator may be combined in 

proportions to provide organoboron compound /chromium molar ratios from 

about 0,1 to 50 organoboron to 1 chromium, or from about 0.8 to 20 

organoboron to 1 chromium, or from 1 to 10 organoboron to 1 chromium. 
5 

In some embodiments activators, as described in WO 2007/039851, include a 

cation and an anion component, and may be represented by the following 

formula: 

10 (L-H)d+ (Ad") 

where L is a neutral Lewis base; H is hydrogen; (L-H)d+ is a Bronsted acid; Ad" 

is a non-coordinating anion having the charge d"; and d is an integer from 1 to 
3. 

In these activator compounds, Ad" can be a fluorinated aluminate group. 

Mfustative but non-limiting examples of the anion component Ad" are 

[AI{OC(CF3)3}4]"; [AKOCeFsW; [AI(C6F402)2]-; [AIF{OC(CF3)3}3]-; 
[AI2F{OC(CF3)3}e}-; and (Ta{OC6F5)sr. 

The activator compound may optionally be a solid material, or be supported on 

an insoluble solid material. For example, aluminoxanes such as MAO and 

borate activators may be supported on inorganic oxides such as alumina, 

silica, MgCI2 or the like. 

The process may further include the use of compounds that may act as a 

reducing or oxidising agent, such as sodium or zinc metal and the like, or an 

oxygen-containing compound, for example oxygen and the like. Additionally, 

hydrogen (H2) and/or silanes and the like may be used in the catalytic 

composition or otherwise added to the process. The process may also include 

the use of a zinc species as an additive, as described in WO 2011/048527, 
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which is herein incorporated by reference. Preferred zinc species would be 

dialkyl zinc reagents such as dimethylzinc or diethylzinc. 

Catalyst preparation: 

5 

The chromium (i) and ligand (ii) may be present in any molar ratio which 

produces oligomer, and in some embodiments is between 100:1 and 1:100, or 

from 10:1 to 1:10, or from 3:1 to 1:3. Generally the amounts of (i) and (ii) are 

approximately equal, i.e. a ratio of between 1.5:1 and 1:1.5. 

10 

The ligand, chromium and activators of the catalyst system utilized in the 

present invention may be added together simultaneously or sequentially, in 

any order, and in the presence or absence of ethylene or other unsaturated 

hydrocarbon in any suitable solvent at any suitable concentration, so as to give 

15 an active catalyst. For example, the ligand, chromium, activators and ethylene 

may be contacted together simultaneously; or the ligand, chromium and 

activators may be added together simultaneously or sequentially in any order 

and then contacted with ethylene; or chromium and the ligand may be added 

together to form an isolable metal-ligand complex and then added to the 

20 activator 	and 	contacted 	with 	ethylene; 	or 	the 	ligand, 	chromium 	and 

activators/co-activators may be added together to form an isolable metal-ligand 

complex and then contacted with ethylene. 

Any 	or 	all 	of 	the 	chromium 	source, 	ligating 	compound 	and 	activator 

25 components utilized in the present invention can be unsupported or supported 

on a support material, for example silica, alumina, MgCl2  or zirconia, or on a 

polymer, 	for 	example 	polyethylene, 	polypropylene, 	polystyrene 	or 

poly(aminostyrene). 
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poly(aminostyrene). 
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Diluent: 

The process of the present invention may be carried out in the presence or 

absence of an added diluent. 	in some embodiments of the invention the 

5 diluents include oligomerisation products e.g. 	1-octane and/ or 1-hexene, 

aliphatic 	and 	aromatic 	hydrocarbon 	solvents 	and 	halogenated-aromatic 

solvents such as chlorobenzene, dichlorobenzene, fiuorobenzene and the like. 

10 

In some embodiments the diluents are aliphatic hydrocarbon solvents including 

but 	not 	limited 	to 	lsoparTM, 	iso-octane, 	cyclohexane, 	cyclopentane, 

methylcyclohexane, 	propane, 	isobutane, 	isopentane, 	neopentane, 	2- 

methylpentane, or 3-methyl pentane. 

Alternatively the process can be conducted as a bulk process in which 

essentially neat reactant and/or product olefins serve as the dominant medium. 

15 

Process conditions: 

The tetramerization is conducted under solution phase conditions, which is 

herein taken to mean that any polymer co-product remains substantially 

20 dissolved in the liquid reaction medium under the chosen reaction conditions. 

The formation of a high molecular weight polymer co-product by the Cr-based 

ethylene tetramerisation catalyst may present a major technical challenge when 

commercialising an ethylene tetramerisation process. 	Polymer fouling of the 

25 reactor or downstream sections may reduce plant run time and necessitate shut-

downs due to blockages and loss of reaction cooling due to coating of heat 

exchange surfaces. 	When running tetramerisation processes at reaction 

temperatures in the range of 40 to 80°C, as is taught in the art, most of the 

polymer co-product precipitates in the reactor, which can result in fouling of 

30 process equipment. To ensure process reliability and adequate run-times under 
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ethylene tetramerisation catalyst may present a major technical challenge when 

commercialising an ethylene tetramerisation process. Polymer fouling of the 

25 reactor or downstream sections may reduce plant run time and necessitate shut­
downs due to blockages and loss of reaction cooling due to coating of heat 

exchange surfaces. When running tetramerisation processes at reaction 
temperatures in the range of 40 to 80°C, as is taught in the art, most of the 

polymer co-product precipitates in the reactor, which can result in fouling of 

30 process equipment. To ensure process reliability and adequate run-times under 
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such reaction conditions, it may be necessary to utilise expensive or energy-

intensive process design features. 

Running a tetramerisation process at process conditions whereby the polymer 

5 co-product remains predominantly dissolved in the liquid reaction medium in the 

reactor (i.e. a solution phase process) would substantially reduce the possibility 

of reactor or downstream fouling. In addition, a further benefit of such a process 

might be that a cheaper or more energy-efficient process design could be used, 

due to the reduced likelihood of fouling process equipment. 	A solution phase 

10 process could be achieved by using higher reaction temperatures than typically 

taught in the art. 	However, the art teaches away from running at higher 

temperatures 	due 	to 	undesirable 	effects 	including 	poor 	catalyst 	activity, 

increased polymer formation and increased selectivity towards 1-hexene. 

15 Given the high molecular weight nature of the polymer co-product produced in a 

tetramerisation process under the preferred process conditions taught in the art, 

a person skilled in the field of polymerisation processes would conclude that 

reaction temperatures of greater than 150°C would be required to achieve a 

solution phase tetramerisation process. At such temperatures, the problems of 

20 catalyst deactivation and octene selectivity loss would render the process 

unfeasible. 	Surprisingly, 	it 	has 	now 	been 	found 	that 	a 	solution 	phase 

tetramerisation process can be achieved at temperatures from above 80°C to 

115°C, while maintaining acceptable catalyst activities and 1-octene selectivities. 

25 

In some embodiments the temperature range is between 85°C and 110°C, 

preferably 85°C to 100 °C whilst in other embodiments the temperature range 

is between 90°C and 105°C. 	In some embodiments the temperature range is 

from above 80°C or above 85°C or above 90°C to about 115°C or about 110°C 

or about 105°C or about 100°C. 

30 Suitable reaction pressures are from atmospheric to 800 atmospheres, or from 

5 atmospheres to 100 atmospheres, or from 40 to 100 atmospheres, or from 
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such reaction conditions, it may be necessary to utilise expensive or energy-

intensive process design features. 

Running a tetramerisation process at process conditions whereby the polymer 
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of reactor or downstream fouling. In addition, a further benefit of such a process 
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15 Given the high molecular weight nature of the polymer co-product produced in a 
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a person skilled in the field of polymerisation processes would conclude that 

reaction temperatures of greater than 150°C would be required to achieve a 

solution phase tetramerisation process. At such temperatures, the problems of 

20 catalyst deactivation and octene selectivity loss would render the process 

unfeasible. Surprisingly, it has now been found that a solution phase 

tetramerisation process can be achieved at temperatures from above 80°C to 
115°C, while maintaining acceptable catalyst activities and 1-octene selectivities. 
in some embodiments the temperature range is between 85°C and 110°C, 

25 preferably 85°C to 100 °C whilst in other embodiments the temperature range 

is between 90DC and 1Q5°C. in some embodiments the temperature range is 
from above 80°C or above 85°C or above 9Q°C to about 115°C or about 110°C 

or about 105°C or about 100°C. 

Suitable reaction pressures are from atmospheric to 800 atmospheres, or from 

5 atmospheres to 100 atmospheres, or from 40 to 100 atmospheres, or from 
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60 to 100 atmospheres. 	The negative effect of higher reaction temperatures 

on selectivity towards 1-octene can partially be reversed through the use of 

higher reaction pressures, together with the catalysts and reaction temperature 

ranges of the present invention. 

5 

In one embodiment, the continuous process for the tetramerisation of ethylene 

is a process where the reactors are run continuously. By this it is meant herein 

that the reactors, when operating, are run in continuous mode, that is at least 

one feed stream is predominantly fed continuously to the reactor, while at least 

10 one stream is predominantly withdrawn continuously. 	Reactors utilizing both 

CSTR and plug flow behavior may be considered. There are different potential 

configurations as a subset of these two types of reactors. For example, CSTR 

type reactors include bubble columns, stirred tanks, loop reactors with single or 

two phases while plug flow reactors include fixed bed and homogeneous 

15 tubular types of varying residence times. 	Any of the aforementioned reactor 

types may be operated with liquid or vapour and liquid-continuous phase flow. 

As a further subset, reactors can be configured with different cooling options 

such as internal or external heat exchangers, interstage coolers, and cold feed 

heat removal amongst others. There is opportunity to configure the same 

20 reactor several times in series or use combinations of different reactor types 

and cooling techniques together to achieve the desired result. 

For systems where tetramerisation takes place in the liquid phase, different 

mass transfer opportunities exist including jet loop mixing, bubble column 

25 sparging, tubular reactor multiple injections and pre-saturation of the feed 

material amongst others. 

30 

The reactor type selected may depend on factors such as heat removal, 

mechanical robustness with regard to fouling, residence time distributions, 

product composition effects as a result of secondary reactions and mechanical 

equipment cost implications. 	In a process where polymer precipitates out of 
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the reaction medium, the selection criteria of heat removal and mechanical 

robustness with regard to fouling may be expected to dominate and many 

reactor configurations may therefore be excluded. 	In 	a solution phase 

process, a wider range of reactor configurations may be considered and 

5 implemented to optimize factors such as residence time distributions, product 

composition effects as a 	result of secondary reactions and mechanical 

equipment cost implications. In particular, the use of reactors wherein reaction 

cooling is effected by means of heat exchangers in contact with the reaction 

medium 	may 	be 	practical 	in 	a 	solution 	phase 	process, 	whereas the 

10 susceptibility of such heat exchangers to fouling may rule out such options for 

a slurry-phase process. 

Composition and properties of the tetramerisation process products: 

15 it has now surprisingly been found that a particularly favourable and novel 

product composition is achieved when running a tetramerisation process at 

temperatures from above 80°C to 115°C. This composition includes both a 

valuable product for sale, i.e. 1-octane, as well as a polymer co-product having 

properties which reduce the tetramerisation process complexity, cost and risk 

20 relative to a tetramerisation process performed at the preferred, lower reaction 

temperatures as taught in the prior art. 

The polyethylene co-product is characterised by having a comparatively low 

molecular weight as measured by gel permeation chromatography and low melt 

25 viscosity as measured by a high melt flow index measurement. As such, it differs 

substantially from the polyethylene produced 	in tetramerisation processes 

conducted at or below 80°C, and also from polyethylene produced in commercial 

solution phase polyethylene processes at much higher temperatures. 

30 The polyethylene co-product has a weight average molecular weight (Mw), as 

determined by gel permeation chromatography, of less than 200 000 g/mol. In 
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some embodiments of the invention the weight average molecular weight (Mw), 

as determined by gel permeation chromatography, is less than 150 000 g/mol. In 

some embodiments of the invention the weight average molecular weight (Mw), 

as determined by gel permeation chromatography, is less than 100 000 g/mol. In 

5 some embodiments of the invention the weight average molecular weight (Mw), 

as determined by gel permeation chromatography, is less than 50 000 g/mol. 

The polyethylene co-product has a number average molecular weight (Mn), as 

determined by gel permeation chromatography, of less than 3 000 g/mol. in 

10 

15 

some embodiments of the invention the number average molecular weight (Mn), 

as determined by gel permeation chromatography, is less than 2 500 g/mol. In 

some embodiments of the invention the number average molecular weight (Mn), 

as determined by gel permeation chromatography, is less than 2 000 g/mol. In 

some embodiments of the invention the number average molecular weight (Mn), 

as determined by gel permeation chromatography, is less than 1 900 g/mol. 

The polyethylene co-product has a melt flow index, as determined by ASTM 

method D1238 at 190°C and 21.6 kg weight, of more than 20 g/10 minutes. In 

some embodiments of the invention, the polyethylene co-product has a melt flow 

20 index, as determined by ASTM method D1238 at 190°C and 21.6 kg weight, of 

more than 35 g/10 minutes. In some embodiments of the invention, the 

polyethylene co-product has a melt flow index, as determined by ASTM method 

D1238 at 190°C and 21.6 kg weight, of more than 50 g/10 minutes, In some 

embodiments of the invention, the polyethylene co-product has a melt flow 

25 index, as determined by ASTM method D1238 at 190°C and 21.6 kg weight, of 

more than 60 g/10 minutes. 

The novel resulting tetramerisation process product composition, comprising at 

least 30% 1-octene together with a polyethylene co-product having improved 

30 properties, allows a commercially viable solution phase tetramerisation process 

to be realised, 	in which good catalyst activities and 	reasonable 1-octene 
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selectivities may be achieved while simultaneously keeping all the products 

substantially dissolved in the liquid reaction medium. 	Such a process, when 

operated 	continuously, 	will 	be 	substantially 	less 	prone 	to 	reactor 	and 

downstream fouling than a tetramerisation process conducted at reaction 

5 temperatures of at or below 80°C, as taught in the art. 	The lower molecular 

weight of the polymer co-product will also improve the processability of this 

material downstream of the reactor, for example in flash vessels as described in 

WO 2011/045701. 	In addition, any fouling of process equipment by a lower 

molecular weight polymer co-product may be easier, cheaper and less time- 

10 consuming to clean, for example by hot-washing. 

The reduced risk of fouling, the potentially simpler and lower cost process design 

and the improved polymer processability would make a high temperature, 

solution phase tetramerisation process highly advantageous. 

15 

Catalyst performance 

The catalysts of the present invention can operate at higher temperatures with 

good catalyst activity, while maintaining acceptable selectivities towards 	1- 

20 octene and low levels of polymer formation. 	in some embodiments of the 

invention the average activity of these catalysts is greater than 700 000 g/gCr/h 

at 100°C, 45 bar, or greater than 1 000 000 g/gCr/h at 100°C, 45 bar, or greater 

than 2 000 000 g/gCrfh at 100°C, 45 bar, or greater than 3 000 000 g/gCr/h at 

100°C, 45 bar. 

25 

In some embodiments the catalyst produces at least 35 mass % 1-octene at 

100°C, 45 bar ethylene, or at least 45 mass % 1-octene at 100°C, 45 bar 

ethylene. 	In some embodiments the catalyst produces less than 4 mass % 

polymer co-product, or less than 3 mass % polymer co-product, or less than 2 

30 mass % polymer co-product. 
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The invention will now be described in more detail, by way of example only, 

with reference to the following non-limiting examples. 

EXAMPLES: 

5 

The following abbreviations are used in the examples: 

P Cl 	chlorophosphine 

Et 	 ethyl 

iPr 	isopropyl 

10 nBu 	normal-butyl 

1,2-DIVIP 	'I ,2-dimethylpropyl 

MCPE 	1 -(1 -methyloyclopropyl)ethyl 

Ph 	phenyl 

PNH 	phosphinoamine, e.g. Ar2PN(R)H, where Ar is an aryl, and R is 

15 an organyl group 

PNP 	bis phosphinoamine, e.g. Ar2PN(R)PAr2, where Ar is an aryl, 

and R is an organyl group 

oFPh 	ortho-fluorophenyl 

DCM 	dichloromethane 

20 THE 	tetrahydrofuran 

MMAO -3A 	An aluminoxane product 

General Experimental Conditions for Ligand Synthesis 

25 All reactions were carried out under an argon atmosphere using a dual 

vacuum/nitrogen line and standard Schlenk techniques. Solvents were purified 

via a 	Braun solvent purification system. 	All reagents purchased from 

commercial suppliers were used without further purification. NMR spectra were 

recorded on a Varian 400 MHz spectrometer using CDCI3. PNP compounds 

30 below were prepared by modification of the procedure described in Synthesis, 

2007, 24, 3863. 
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recorded on a Varian 400 MHz spectrometer using CDCI3. PNP compounds 
30 below were prepared by modification of the procedure described in Synthesis, 

2007, 24, 3863. 
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Preparation of ortho-fluorophenvImadnesium bromide: (o-EPh)Mq1E3r 

A dry and argon flushed Schlenk was charged with iPrMgCl.LiCI (1.42 g, 7.5 

5 mmol, 1.3 M solution in THE). The solution was cooled in an ice bath and 1-

bromo-2-fluorobenzene (1.31 g, 7.5 mmol) was added dropwise. The reaction 

mixture was stirred for lhr and the resulting Grignard product was used in the 

next step as described below. 

10 Preparation of the di(o-fluorophenyl)phosphinechloride; (o-FPh)zPCI 

The Grignard reagent o-FPhMgBr (from above) was slowly added to a pre-

cooled solution of PCI3  (0.52 g, 3.8 mmal) in anhydrous THE (10 ml) at room 

temperature. After addition was complete, the suspension was stirred at room 

15 temperature for a further lh after which the reaction was complete as judged 

by 31P NMR (6 61.1 (t, J = 64.5 Hz)). The product was used in the next step 

without isolation. 

20 

Liciand preparation example 1: Preparation of (2-fluorophenv1),PN_IiPOPPh, 

iPrNH2  (0.5 g, 8.46 mmol) and Et3N (1,71, 16.9 mmol) were added to the crude 

(o-FPh)2PCI 	compound (1.81g, 7.1 mmol) [prepared as described above] in 

diethyl ether (10 ml). 	The reaction mixture was stirred at room temperature 

until complete formation of the PNH intermediate. The volatiles were removed 

25 in vacua. Ether (50 ml) was added and the resultant mixture filtered to give the 

ether solution of the desired PNH product in reasonable purity [by 31P NMR 

analysis: 6 15.7 (t, J = 33,4 Hz)]. The solvent was evaporated off to give the 

PNH molecule (0.8 g, 2.9 mmol) which was re-dissolved in DCM (10 ml). Et3N 

(0.56g, 5.9 mmcl) was added followed by incremental addition of Ph2PCI (1.3 

30 g, 5.9 mmol) at room temperature. 	After complete conversion of the PNH 

(judged by 31P  NMR analysis) to the PNP, the post reaction mixture was 
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concentrated, Ether (100 ml) was added and the resultant mixture was filtered 

through a short activated alumina column. 	Filtration was repeated until a pure 

compound was obtained. The solvent was evaporated to give the desired PNP 

product. 1H NMR (CDCI3): 6 7.49 — 6.82 (m, 18H, Ar), 3.79 (m, 1H, CH), 1.10 

(d, 6H, J = 6.8 Hz, CH3). 19F  NMR (CDCI3): 6 103.2 (d, J = 49.0 Hz). 31P NMR 

(CDCI3): 6 52.5 (br s), 22.6 (br s). 

Lioand preparation example 2: Preparation of (2-fluorophenv{)2PN(nBu)PPh2  

This compound was prepared following the procedure described in ligand 

example 1 above, except that nBuNH2  instead of iPrNH2  was used. 1H NMR 

(CDCI3): 6 7.45 — 6.93 (m, 18H, Ar), 3.31 (m, 2H, CH2), 1.21 (m, 1H, CH), 0.58 

(d, 6H, J = 6.8 Hz, CH3). 31P NMR (CDCI3): 6 63.2 (d, J = 41.6 Hz), 39.0 (m). 

Catalyst preparation example 3: Preparation of f(dppb)CrChlz(= 

Ph P 1 2- la 1,Ilene PPh 

This 	complex 	was 	prepared 	by 	reaction 	of 	Ph2P(1,2-phenylene)PPh2  

(purchased from Sigma Aldrich) and Cr(THF)3Cl3  (purchased from Sigma 

Aldrich) as described in Journal of Molecular Catalysis A: Chemical 283 (2008) 

114-119. 

Lidand preparation comparative example 1: Preparation of (phenyl),PN(1 2- 

DMP)P(pheny1)7  

This compound was prepared from the reaction of (1,2-DMP)NH2  (1.0 g, 13.7 

mmol), Et3N (5.54 g, 54.7 mmol), Ph2PCI (7.59 g, 41.0 mmol), following a 

procedure described in Synthesis, 2007, 24, 3863. 31P NMR (CDCI3): 6 54 (br 

s). 

30 
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10 This compound was prepared following the procedure described in ligand 

example 1 above, except that nBuNH2 instead of iPrNH2 was used. 1H NMR 
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This complex was prepared by reaction of Ph2P(1,2-phenylene)PPh2 

(purchased from Sigma AJdrich) and Cr(THF)3CI3 (purchased from Sigma 

20 Aidrich) as described in Journal of Molecular Catalysis A: Chemical 283 (2008) 
114-119. 

Ligand preparation comparative example 1: Preparation of (phenvl)?PN(1.2-
DMP)P( phenyl)? 
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This compound was prepared from the reaction of (1,2-DMP)NH2 (1.0 g, 13.7 

mmol), Et3N (5.54 g, 54.7 mmol), Ph2PCI (7.59 g, 41.0 mmol), following a 

procedure described in Synthesis, 2007, 24, 3863.31P NMR (CDCI3): 5 54 (br 

s). 

30 
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Liqand 	preparation 	comparative 	example 	2: 	Preparation 	of 

ipheny1)2PN (M CPET (phenyl), 

This compound was prepared from the reaction of (MCPE)NH2  (1.0 g, 13.7 

5 mmol), Et3N (5.54 g, 54.7 mmol), Ph2PCI (7.59 g, 41.0 mmol), following a 

procedure described in Synthesis, 2007, 24, 3863. 31P NMR (CDCI3): 6 49-58 

(br s). 

Example 	1: 	Continuous 	ethylene 	tetramerisation 	with 	(2- 

10 fitienyl)ZEN0,,E 2E1 at 100°C and 40 bar 

A 5000 ml stainless steel continuous reactor system, equipped with a sight-

glass, was inertised by heating under vacuum, and refilling with N2. The reactor 

was 	charged 	with 	methylcyclohexane 	(2000ml) 	and 	MMAO-3A, 	and 

15 pressurised to 40 bar with ethylene. A solution of Cr(acac)3  (83 pmol/litre) and 

(2-fluoropheny1)2PN(iPOPPh2 	(83 	pmol/litre) 	in 	methylcyclohexane, 	and 	a 

solution of MMAO-3A (27 mmol Al/litre) in methylcyclohexane were then both 

fed 	continuously 	to 	the 	reactor, 	so 	as 	to 	maintain 	an 	Al:Cr 	ratio 	of 

approximately 1000:1 in the reactor. The reactor was cooled by means of a 

20 water-cooled jacket to maintain a constant temperature of 100°C throughout 

the run. The reaction pressure was kept constant at 40 bar throughout the run 

by feeding ethylene on demand, 	and the consumption of ethylene was 

monitored via a flow meter. H2 and ZnEt2  additives were added to the reactor 

as well. A continuous drain of the reactor was employed to ensure a stable 

25 liquid level within (liquid volume of 2500m1), and methylcyclohexane was 

added continuously to maintain the targeted residence time and product: 

diluent ratio. The reactor drainings were cooled and depressurised in a vent 

pot, and then drained into a drum and weighed. A small sample was taken for 

GC-FID analysis. The polymer by-product, which precipitated out of the cooled 

30 reaction mixture, was collected by filtration, dried overnight and weighed. The 

reaction selectivity and activity were then calculated from the catalyst flow 
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25 liquid level within (liquid volume of 2500mS), and methylcyciohexane was 
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GC-FID analysts. The polymer by-product, which precipitated out of the cooled 

30 reaction mixture, was collected by filtration, dried overnight and weighed. The 

reaction selectivity and activity were then calculated from the catalyst flow 
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rates, the ethylene consumption, the GC data, the recovered mass of product 

and the recovered polymer mass. It was observed through the sight-glass that 

the reaction mixture was homogeneous — the polyethylene co-product was 

substantially dissolved in the liquid medium. 	After 5.5 hours of operation, the 

reaction was terminated, and the reactor was drained. Only 1.7g of polymer 

remained on the reactor walls after the run (2.4% of the polymer formed in the 

run). The activity and selectivity results are shown in Table 1. 

Example 	2: 	Continuous 	ethylene 	tetramerisation 	with 	(2- 

fluoropheny1)2PN(iPr)PPh2, 	(2-fluoropheny1)2PN(nBu)PPh2 	and 	Ph2P(1,2- 

phenylene)PPh2  at 100°C and 40 bar 

The procedure of example 1 was followed, except that after 5,7 hours of 

continuous reaction, the ligand being fed to the reactor was switched from (2-

fluorophenyl)2PN(iPr)PPh2  to (2-fluorophenyl)2PN(nBu)PPh2  and the reaction 

temperature was reduced to 95°C, and after 8.0 hours of continuous operation, 

the catalyst was switched from Cr(acac)3  / (2-fluoropheny1)2PN(nBOPPh2  to 

[(dppb)CrCl2]2(p-Cl)2  (dppb = Ph2P(1,2-phenylene)PPh2). 	it was observed 

through the sight-glass that the reaction mixture was homogeneous — the 

polyethylene co-product was substantially dissolved in the liquid medium 

throughout the run. 	After 10 hours of operation, the reaction was terminated, 

and the reactor was drained. Only 0.7g of polymer remained on the reactor 

walls after the run (1.0% of the polymer formed in the run). The activity and 

selectivity results are shown in Table 1. 

Example 	3: 	Continuous 	ethylene 	tetramerisation 	with 	(2- 

fluorophenyl) PN(nBu)PPha  at 95°C to 90°C and 40 bar 

The procedure of example 	1 	was followed, except that the ligand 	(2- 

fluorophenyl)2PN(nBu)PPh2  was used, 	and the reaction temperature was 

maintained at 95°C and then lowered to 90°C after 9.5 hours. It was observed 
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10 fluorophenvl);PN(iPr)PPh7, (2-fluorophenvl)?PN(nBu)PPh? and Ph?P(1,2-
phenvlene)PPh? at 10Q°C and 40 bar 

The procedure of example 1 was followed, except that after 5,7 hours of 

continuous reaction, the ligand being fed to the reactor was switched from (2-

15 fluorophenyl)2PN(iPr)PPh2 to (2~fluorophenyl)2PN(nBu)PPh2 and the reaction 

temperature was reduced to 95°C, and after 8.0 hours of continuous operation, 

the catalyst was switched from Cr(acac)3 / (2-fluorophenyl)2PN(nBu)PPh2 to 

[(dppb)CrCI2]2(fj-CI)2 (dppb = Ph2P(1,2-phenylene)PPh2). It was observed 

through the sight-glass that the reaction mixture was homogeneous - the 

20 polyethylene co-product was substantially dissolved in the liquid medium 
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Example 3: Continuous ethylene tetramerisation with (2-
fluorophenvl)?PN(nBu)PPh? at 95°C to 90°C and 40 bar 

The procedure of example 1 was followed, except that the ligand (2-
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through the sight-glass that the reaction mixture remained homogeneous 

throughout — the polyethylene co-product was substantially dissolved in the 

liquid medium throughout the run. 	After 12 hours of operation, the reaction 

was terminated, and the reactor was drained. Only 2.4g of polymer remained 

on the reactor walls after the run (0.8% of the polymer formed in the run). The 

activity and selectivity results are shown in Table 1. 

Comparative example 1: Coritirmq§itlaigngtptr i with PhPN 1 2- 

DMPRPh2  at 60°C and 40 bar 

The procedure of example 1 was followed, except that the ligand Ph2PN(1,2-

DMP)PPh2  and a reactor temperature of 60°C was used. It was observed 

through the sight-glass that the reaction mixture was a heterogeneous slurry —

the polyethylene co-product was substantially present as a precipitate in the 

liquid medium. After 6 hours of operation, the reaction was terminated, and the 

reactor was drained. 13g of polymer remained on the reactor walls after the run 

(44% of the polymer formed in the run). The activity and selectivity results are 

shown in Table 1. 

Comparative 	example 	2: 	Continuous 	ethylene 	tetramerisation 	with 

Ph7PN(MCPE)PPh2 at 70°C and 40 bar 

The 	procedure 	of 	example 	1 	was 	followed, 	except 	that 	the 	ligand 

Ph2PN(MCPE)PPh2  was used, the reaction diluent was 2,2,4-trimethylpentane, 

ZnEt2  was not added, and a reactor temperature of 70°C was used. It was 

observed 	through 	the 	sight-glass 	that 	the 	reaction 	mixture 	was 	a 

heterogeneous slurry — the polyethylene co-product was substantially present 

as a precipitate in the liquid medium. After 18 hours of operation, the reaction 

was terminated, and the reactor was drained. 72g of polymer remained on the 

WO 2013/168102 PCT/IB2013/053691 

-38-

through the sight-glass that the reaction mixture remained homogeneous 

throughout - the polyethylene co-product was substantially dissolved in the 

liquid medium throughout the run. After 12 hours of operation, the reaction 

was terminated, and the reactor was drained. Only 2.4g of polymer remained 

S on the reactor walls after the run (0.8% of the polymer formed in the run). The 

activity and selectivity results are shown in Table 1. 

Comparative example 1: Continuous ethylene tetramerisation with Ph?PN(1.2-

10 DMPffPh, at SOX and 40 bar 

The procedure of example 1 was followed, except that the ligand PhaPN(1,2-

DMP)PPh2 and a reactor temperature of 60°C was used, it was observed 

through the sight-glass that the reaction mixture was a heterogeneous slurry -

15 the polyethylene co-product was substantially present as a precipitate in the 

liquid medium. After 6 hours of operation, the reaction was terminated, and the 

reactor was drained. 13g of polymer remained on the reactor walls after the run 

(44% of the polymer formed in the run). The activity and selectivity results are 
shown in Table 1. 

20 
Comparative example 2: Continuous ethylene tetramerisation with 
Ph?PN(MCPE)PPh? at 70°C and 40 bar 

The procedure of example 1 was followed, except that the ligand 
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reactor wails after the run (59% of the polymer formed in the run). The activity 

and selectivity results are shown in Table 1. 
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Polymer characterisation 

The polymer that was present as a suspension / precipitate in the cooled and 

depressurised reaction product was isolated by vacuum filtration, and dried in 

5 air. Before the submission of polymer for analysis, the samples were ground to 

a homogeneous powder to ensure consistency and representativity of the 

entire bulk sample obtained. 

High Temperature Gel Permeation Chromatography (GPC) analyses were 

10 performed on a Polymer Laboratories GPC220 instrument. Single solutions of 

each sample were prepared by adding 15 mL of 1,2,4-trichlorobenzene solvent 

to 3.75, 7.5 or 15 mg of sample. The samples were heated at 190°C for 20 

minutes whilst shaking, then cooled to 160 °C. The solutions were filtered 

through a 1 pm glass fiber mesh at 160°C. The filtered solutions were analysed 

15 in duplicate enabling a measure of quality of measurement and inherent 

instrumentation error (quantified previously). The GPC system is calibrated for 

linear polystyrene, 	with 	absolute 	Mw quantification 	of polymer samples 

expressed as for linear polyethylene (by adjustment with literature viscosity 

constants). 

20 

Melt Flow Index (MFI) measurements are conducted according to a standard 

ASTM D-1238 method [A. Furumiya, Y. Akana, Y. Ushida, T. Masuda and A. 

Nakajima, 	Relationship 	between 	molecular characteristics 	and physical 

properties of linear low density polyethylene. Pure & Applied Chemistry 6, vol 

25 57, 823-832 (1985)1 using a Ceast DAS 4000 WIN instrument. The MFI 

instrument consists of a small 2 mm diameter die inserted into the extruder. 

The samples 	were loaded into the instrument and preheated for 5 min at 

190°C, after which a weight of 21.6 kg was introduced. This weight exerts a 

shear force on the molten polymer and it immediately starts flowing through the 

30 die. 	The flow rate of the molten polymer is then measured. 	The MFI 
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Polymer characterisation 

The polymer that was present as a suspension / precipitate in the cooled and 

depressurised reaction product was isolated by vacuum filtration, and dried in 

5 air. Before the submission of polymer for analysis, the samples were ground to 

a homogeneous powder to ensure consistency and representativity of the 

entire bulk sample obtained. 

High Temperature Gel Permeation Chromatography (GPC) analyses were 

10 performed on a Polymer Laboratories GPC220 instrument. Single solutions of 

each sample were prepared by adding 15 mL of 1,2,4-trichlorobenzene solvent 

to 3.75, 7.5 or 15 mg of sample. The samples were heated at 190°C for 20 

minutes whilst shaking, then cooled to 160 °C. The solutions were filtered 

through a 1 pm glass fiber mesh at 160°C. The filtered solutions were analysed 

15 in duplicate enabling a measure of quality of measurement and inherent 

instrumentation error (quantified previously). The GPC system is calibrated for 

linear polystyrene, with absolute Mw quantification of polymer samples 

expressed as for linear polyethylene (by adjustment with literature viscosity 

constants). 

20 
Melt Flow Index (MFI) measurements are conducted according to a standard 

ASTM D-1238 method [A. Furumiya, Y. Akana, Y. Ushida, T. Masuda and A. 

Nakajima, Relationship between molecular characteristics and physical 

properties of linear low density polyethylene. Pure & Applied Chemistry 6, vol 

57, 823-832 (1985)] using a Ceast DAS 4000 WIN instrument. The MFI 

instrument consists of a small 2 mm diameter die inserted into the extruder. 

The samples were loaded into the instrument and preheated for 5 min at 
190°C, after which a weight of 21.6 kg was introduced. This weight exerts a 

shear force on the molten polymer and it immediately starts flowing through the 

die. The flow rate of the molten polymer is then measured. The MFI 
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measurement is expressed as grams of polymer/10 minutes of flow time, for 

the given weight applied. 

The polymer characterisation data are shown in Table 2. 

5 

Table 2. 	Characterisation data for polyethylene co-product produced in 

the continuous tetramerisation examples. 

Exa 

rnple 

Polymer 

from time 

on 

stream 

(min) 

Catalyst Temp 

(CC), 

Press.(ba 

r) 

Mw 

(g/mol) 

Mn 

(gimol) 

MF1- 

21.6kg 

(g/lOmin) 

1 80 -320 Cr(acac)3 / 	(2- 

FPh)2PN(iPr)PPh2  / 

M MAO-3A 

100, 40 14 500 1 270 81.3 

2 280-460 i) Cr(acac)3 	/ 	(2- 

FPh)2PN(iPr)PPh2, MMAO-

3A 

ii) Cr(acac)3 	I 	(2- 

FPh)2PN(n6u)PPh2, 

MMAO-3A 

95, 40 29 000 1 860 73.1 

2 

cont. 

460-600 [(dppb)CrC1212(P-C1)2I 

MMAO-3A 

95, 40 10 400 1 230 70.3 

3 240-620 Cr(acac)3  I 	(2- 

FPh)2PN(nBu)PPh2  / 

M MAO-3A 

95-90, 40 16 800 1 770 75.3 

Corn 60-360 Cr(acac)3 / Ph2PN(1,2- 60, 40 325 000 4 700 5.33 
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measurement is expressed as grams of polymer/10 minutes of flow time, for 

the given weight applied. 

The polymer characterisation data are shown in Table 2. 

5 

Table 2. Characterisation data for polyethylene co-product produced in 

the continuous tetramerisation examples. 

I Exa 
mple 

Polymer 

from time 

on 
stream 

(min) 

Catalyst Temp 
(°C), 

Press, (ba 

r) 

Mw 

(g/mol) 

Mn 

(g/mol) 

MFI -
21.6kg 

(g/10m in) 

1 80 -320 Cr(acac)3 / (2-

FPh)2PN(iPr)PPh2/ 
MMAO-3A 

100, 40 14 500 1 270 81.3 

2 280-460 i) Cr(acac)3 / (2-

FPh)2PN(iPr)PPh2, MMAO-

3A 

ii) Cr(acac)3 / (2-

FPh)2PN(nBu)PPh2, 

MMAO-3A 

95, 40 29 000 1 860 73.1 

2 
cont. 

460-600 [(dppb)CrCI2j2(|J-CI)2/ 

MMAO-3A 

95, 40 10 400 1 230 70.3 

3 240-620 Cr(acac)3 / (2-

FPh)2PN(nBu)PPh2 / 
MMAO-3A 

95-90, 40 16 800 1 770 75.3 

Com 60-360 Cr(acac)3/ Ph2PN{1,2- 60, 40 325 000 4 700 5.33 
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p1 DMP)PPh2  / MMAO-3A 

Corn 

p 2 

80 -1060 Cr(acac)3  / 

Ph2PN(MCPE)PPh2  

M MAO-3A 

/ 

70, 40 516 000 5 640 0.56 

WO 2013/168102 PCT/IB2013/053691 

-43-

p1 DMP)PPh2 / MMAO-3A 

Com 

P 2 

80-1060 Cr(acac)3 / 

Ph2PN(MCPE)PPh2 / 

MMAO-3A 

70, 40 516 000 5 640 0.56 
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CLAIMS 

1. A continuous process for the tetramerisation of ethylene, the process 

including: 

5 

a) providing an activated catalyst comprising: 

i) a source of chromium; 

ii) a ligating compound of the formula 

10 
RiR2pixp2R3R4 

wherein P1  and P2  are phosphorus atoms; 

X is a linking group between P1  and P2, 	such that any 

15 heteroatom on the shortest connecting path between P1  and 

P2  is either bound to P1  or P2  or adjacent to an atom bound to 

P1  or P2; and 

R1 	to 	R4 	are 	independently 	a 	hydrocarbyl 	group, 	an 

organoheteryl group or a heterohydrocarbyl group; and 

20 

iii) optionally 	a 	catalyst 	activator 	or 	combination 	of 	catalyst 

activators; and 

b) contacting ethylene to be tetramerised with the activated catalyst at 

25 a reaction temperature of from above 80°C to about 115°C, thereby 

to form at least 30% 1-octene and a polyethylene co-product that, 

together with any other reaction 	products, 	remain substantially 

dissolved in the liquid phase, the polyethylene co-product being 

characterised as having: 

30 
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CLAIMS 
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10 

1. A continuous process for the tetramerisation of ethylene, the process 

including: 

a) providing an activated catalyst comprising: 

i) a source of chromium; 

ii) a ligating compound of the formula 

R1R2P1XP2R3R4 

wherein P1 and P2 are phosphorus atoms; 

X is a linking group between P1 and P2, such that any 

15 heteroatom on the shortest connecting path between P1 and 

P2 is either bound to P1 or P2 or adjacent to an atom bound to 

P1 or P2; and 

R1 to R4 are independently a hydrocarbyl group, an 

organoheteryl group or a heterohydrocarbyl group; and 

20 

iii) optionally a catalyst activator or combination of catalyst 

activators', and 

b) contacting ethylene to be tetramerised with the activated catalyst at 

a reaction temperature of from above 80°C to about 115"C, thereby 

to form at least 30% 1-octene and a polyethylene co-product that, 
together with any other reaction products, remain substantially 

dissolved in the liquid phase, the polyethylene co-product being 

characterised as having: 
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i) a weight average molecular weight (Mw), as determined by gel 

permeation chromatography, of less than 200 000 g/mol; 

ii) a number average molecular weight (Mn), as determined by 

gel permeation chromatography, of less than 3 000 glmol; and 

5 iii) a melt flow index, as determined by ASTM method D1238 at 

190°C and 21.6kg, of more than 20 g/10 minutes. 

2. 	A continuous process according to claim 1, wherein the ethylene is 

contacted with the activated catalyst at a reaction temperature of from 

10 	above 85°C to about 110°C. 

3. 	A continuous process according to claim 1, wherein the ethylene is 

contacted with the activated catalyst at a reaction temperature of from 

above 90°C to about 105°C. 

15 

4. 	A continuous process according to claim 1, wherein the polyethylene has: 

i) a weight average molecular weight (Mw), as determined by gel 

permeation chromatography, of less than 150 000 g/mol; 

ii) a number average molecular weight (Mn), as determined by 

20 gel permeation chromatography, of less than 2 500 g/mol; and 

iii) a melt flow index, as determined by ASTM method D1238 at 

190°C and 21.6kg, of more than 35 g/10 minutes. 

5. 	A continuous process according to claim 1, wherein the polyethylene has: 

25 i) a weight average molecular weight (Mw), as determined by gel 

permeation chromatography, of less than 100 000 gimol; 

ii) a number average molecular weight (Mn), as determined by 

gel permeation chromatography, of less than 2 000 g/mol; and 

iii) a melt flow index, as determined by ASTM method D1238 at 

30 190°C and 21.6kg, of more than 50 g/10 minutes. 
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i) a weight average moiecular weight (Mw), as determined by gel 

permeation chromatography, of less than 200 000 g/mol; 

it) a number average molecular weight (Mn), as determined by 

gel permeation chromatography, of less than 3 000 g/mol; and 

5 iii) a melt flow index, as determined by ASTM method D1238 at 

190°C and 21.6kg, of more than 20 g/10 minutes. 

2. A continuous process according to claim 1, wherein the ethylene is 

contacted with the activated catalyst at a reaction temperature of from 
10 above 85°C to about 110°C. 

3. A continuous process according to claim 1, wherein the ethylene is 

contacted with the activated catalyst at a reaction temperature of from 
above 90°C to about 105CC. 

15 

4. A continuous process according to claim 1, wherein the polyethylene has: 

i) a weight average molecular weight (Mw), as determined by gel 
permeation chromatography, of less than 150 000 g/mol; 

ii) a number average molecular weight (Mn), as determined by 

20 gel permeation chromatography, of less than 2 500 g/mol; and 

iii) a melt flow index, as determined by ASTM method D1238 at 

190°C and 21.6kg, of more than 35 g/10 minutes. 

5. A continuous process according to claim 1, wherein the polyethylene has: 

25 i) a weight average molecular weight (Mw), as determined by gel 
permeation chromatography, of less than 100 000 g/mol; 

ii) a number average molecular weight (Mn), as determined by 

gel permeation chromatography, of less than 2 000 g/mol; and 

iii) a melt flow index, as determined by ASTM method D1238 at 
30 190°C and 21.6kg, of more than 50 g/10 minutes. 
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6. A continuous process according to claim 1, wherein the polyethylene has: 

i) a weight average molecular weight (Mw), as determined by gel 

permeation chromatography, of less than 50 000 girnol; 

ii) a number average molecular weight (Mn), as determined by 

5 gel permeation chromatography, of less than 1 900 g/mol; and 

iii) a melt flow index, as determined by ASTM method D1238 at 

190°C and 21.6kg, of more than 60 g/10 minutes. 

7. A continuous process according to claim 1, wherein at least one of R1  to 

10 R4  is an aromatic moiety or a heteroaromatic moiety. 

8. A continuous process according to claim 1, wherein R' to R4  are all 

aromatic or heteroaromatic moieties. 

15 9. A continuous process according to claim 1, wherein R1  to R4  are all 

optionally substituted phenyl groups. 

10. A continuous process according to claim 1, wherein at least one of R1  to 

R4  is an aromatic moiety of which a ring atom of the aromatic ring structure 

20 is bound to either P1  or P2  and which has a polarising substituent bound to 

a ring atom of the aromatic ring structure adjacent to the ring atom bound 

to P1or P2. 

11. A continuous process according to claim 	10, wherein the polarising 

25 substituent bound to a ring atom of the aromatic ring structure adjacent 

to the ring atom bound to P1  or P2  includes methoxy, ethoxy, isopropoxy, 

C3-C20  alkoxy, phenoxy, methoxymethyl, methylthiomethyl, 1,3-oxazolyl, 

methoxymethoxy, hydroxyl, amino, tosyl, methylsulfanyl, trimethylsiloxy, 

dimethylamino, sulphate, nitro, halogens or the like. 

30 
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6. A continuous process according to claim 1, wherein the polyethylene has: 

i) a weight average molecular weight (Mw), as determined by gel 

permeation chromatography, of less than 50 000 g/mol; 

ii) a number average molecular weight (Mn), as determined by 

5 gel permeation chromatography, of less than 1 900 g/mol; and 

iii) a melt flow index, as determined by ASTM method D1238 at 

190°C and 21,6kg, of more than 60 g/10 minutes. 

7. A continuous process according to claim 1, wherein at least one of R1 to 

10 R4 is an aromatic moiety or a heteroaromatic moiety. 

8. A continuous process according to claim 1, wherein R1 to R4 are all 

aromatic or heteroaromatic moieties. 

15 9. A continuous process according to claim 1, wherein R1 to R4 are all 

optionally substituted phenyl groups. 

10. A continuous process according to claim 1, wherein at least one of R1 to 

R4 is an aromatic moiety of which a ring atom of the aromatic ring structure 

20 is bound to either P1 or P2 and which has a polarising substituent bound to 

a ring atom of the aromatic ring structure adjacent to the ring atom bound 

to P1 or P2 

11. A continuous process according to claim 10, wherein the polarising 

25 substituent bound to a ring atom of the aromatic ring structure adjacent 

to the ring atom bound to P1 or P2 includes methoxy, ethoxy, isopropoxy, 
C3-C20 alkoxy, phenoxy, methoxymethyl, methylthiomethyl, 1,3-oxazolyl, 

methoxymethoxy, hydroxy!, amino, tosyl, methylsulfanyl, trimethylsiloxy, 

dimethylamino, sulphate, nitro, halogens or the like. 

30 
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12. A continuous process according to claim 	10, wherein the polarising 

substituent bound to a ring atom of the aromatic ring structure adjacent to 

the ring atom bound to P1  or P2  is a fluorine atom. 

5 	13. A continuous process according to claim 1, wherein at least one of R1  to 

R4  is an aromatic moiety of which a ring atom of the aromatic ring structure 

is bound to either P1  or P2  and which has a non-polar substituent bound to 

a ring atom of the aromatic ring structure adjacent to the ring atom bound 

to P' orP2. 

10 

14. A continuous process according to claim 13, wherein the non-polar 

substituent bound to a ring atom of the aromatic ring structure adjacent to 

the ring atom bound to P' orP2  includes an alkyl or cycloalkyl group. 

15 	15. A continuous process according to claim 1, wherein X is —N(R9)-, where 

R9  is a hydrocarbyl group, a heterohydrocarbyl group or an organoheteryl 

group. 

16.  A process according to claim 1, wherein the average activity of the 

20 activated catalyst is greater than 700 000 g/gCr/h at 100°C, 45 bar. 

17.  A process according to claim 1, wherein at least 35 mass % 1-octene is 

produced. 

25 	18. A process according to claim 1, wherein at least 45 mass % 1-octene is 

produced. 
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10 

12. A continuous process according to claim 10, wherein the polarising 
substituent bound to a ring atom of the aromatic ring structure adjacent to 
the ring atom bound to P1 or P2 is a fluorine atom. 

13. A continuous process according to claim 1, wherein at least one of R1 to 
R4 is an aromatic moiety of which a ring atom of the aromatic ring structure 
is bound to either P1 or P2 and which has a non-polar substituent bound to 
a ring atom of the aromatic ring structure adjacent to the ring atom bound 
to P1 or Pz. 

14. A continuous process according to claim 13, wherein the non-polar 
substituent bound to a ring atom of the aromatic ring structure adjacent to 
the ring atom bound to P1 or P2 includes an alkyl or cycloalkyl group. 

15 15. A continuous process according to claim 1, wherein X is -N(R9)-, where 
R9 is a hydrocarbyl group, a heterohydrocarbyl group or an organoheteryl 
group. 

16. A process according to claim 1, wherein the average activity of the 
20 activated catalyst is greater than 700 000 g/gCr/h at 100°C, 45 bar. 

17. A process according to claim 1, wherein at least 35 mass % 1-octene is 
produced. 

25 18. A process according to claim 1, wherein at least 45 mass % 1-octene is 
produced. 


