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TETRAMERISATION OF ETHYLENE

TECHNICAL FIELD

This invention relates to the tetramerisation of ethylene, in particular in the
presence of an activated teframerisation catalyst under solution phase

conditions.

BACKGROUND OF THE INVENTION

it is known that chromium-based catalyst systems with diphosphine ligands
catalyse the selective conversion of ethylene to 1-hexene andlor 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 fo the
phosphines are crucial influences on the selectivity fowards tetramerisation of
gthylene. By tetramerisation it is meant that at least 30% 1-octene is produced in
the process.

Non-limiting examples of selective ethylene teframerisation catalyst systems
include the ubiquitous Cr / bis(phosphincjamine (ie. 'PNF} systems,
particularly of the type (Ar'YAPN(RIP(Ar (ALY, where Ar' to Ar® are aryl
groups such as pheny! and R is a hydrocarbyl or a heterohydrocarbyl group,
beginning with PNP ligands containing no substituents on the phenyl rings
honded to the P-atomse (e.g. as described in WO 2004/056478) and those with
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 nifrogen linker are
described in WO 2007/088328. Multi-site PNP ligands are discussed in US
2008/0027 188, In addilion to the Cr/PNP systems, chromium systems bearing
N N-bidertate ligands (e.g. as described in US 2008/0247388) can be used.
PNP figands with alkylamine or phosphinoamine groups bonded o one of the
PNP phosphines (e, ‘PNPNH' and ‘PNPNPF ligands) are described in WO
2009/0068979. Finally, carbon bridged diphosphine (Le. 'PCCF ligands) are
described in WO 2008/088178 and WO 2009/022770.

A serious drawback for tetramerisation catalysts generally is the low catalyst
activity when operated at elevated femperatures, especially above BG°C. This
may he explained in some cases by catalyst deactivation at elevated
temperatures as described in Applied Catalysis A: General 306 (2008) 184-191.

in a recent review arlicle describing catalyst systems for ethylene
tetramerisation, van lLesuwen af &/ (Coordingtion Chemistry Reviews, 255,
{2011), 1499-1517) have discussed the problems associated with elevated
reaction temperatures. They state that "in general the selective sthylene
tetramerisation experiments are performed in the femperature range 40-60°C.
Various studies on both semi-batch and continuous mini plant have shown 2
strong dependency of the reaction femperature on the aclivity and selectivity of
the Criil/PRNRPPh/MAO catalytic system. High reaction temperalures
(>80°C) significantly reduced the catalyst productivity as compared to reactions
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 2 process for tetramerisation of ethylene, the aim s to choose
a catalyst system and adjust process conditions in order fo produce the
maximum amount of 1-occtene, as opposed fo frimerisation 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 fowards 1-hexene. This is a further issue to consider
when operating a tetramerisation process at higher temperatures.

Furthermore, the formation of a high molecular weight polymer co-product by the
Cr-based ethylene ietramerisation catalyst may present a major technical
challenge when commercialising an ethylene tetramerisation process as polymer
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 {o 80°C, the polymer prec_ipitates out of
solution in the reactor, which brings risk o the process due to the possibility of
reactor or downstream equipment fouling.

Running a tetramerisation process at process conditions where the polymer co-
product remains predominantly dissolved in the liguid reaction medium in the
reactor {i.e. a solution phase process) would substantially reduce the possibility
of reactor or downsfream fouling. For example, in the field of polymerisation,
solution-phase polyethylene processes are used by Dow Chemicals (Dowlex™
process) and Nova Chemicals (Sclairtech™ and Advanced Sclairtech™
processes) to produce high value linear fow density polysthylene products
{Linear Low Densfty Polyethylene, Process Economics Program Report 36E,
Susan Bell, August 2008). However these processes run at reaction
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:

(@)

(&)

providing an activated catalyst comprising:

i) a source of chromium;
ity & ligating compound of the formula

R'R*P'XPRR?

wherein P' and P? are phosphorus atoms;

X is a linking group between P’ and P?, such that any heteroatom on
the shortest connecting path between P' and P? is either bound to P’
or P? or adjacent to an atom bound to P’ or P% and

R® to R* are independently a hydrocarbyl group, an organcheteryl
group or a hetarohydrocarbyl group, and

iy optionally a catalyst activaior or combination of catalyst

activators; and

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,
fogether with any other reaction products, remains substantially
disscived in the liquid phase, the polyethylene co-product being
characterised as having:

)] a weight average molecular weight (Mw), as determined by gef
permeation chromatography, of less than 200 000 g/maol;
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& number average molecular weight (Mn), as defermined by
get permeation chromatography, of less than 3 306 g/mol; and

iy a mel flow index, as determined by ASTM method D1238 at
180°C and 21.8kg, of more than 20 ¢/10 minutes.

in some embodimants of the invention the ethylene is contacted with the
activated catalyst at = reaction temperature of from above 85°C to about 110°C,
or from above 85°C to about 100°C.

In some embodiments of the invention the sthylene s contacied with the
activated catalyst at & reaction temperature of from above 90°C o about 105°C,

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

activaled catalyst at a reaction temperature of from above 80°C or sbove 85°C
or above 90°C to about 115°C or about 110°C or about 108°C or about 100°C.

DETAILED DESCRIPTION OF EMBODIMENTS OF THE INVENTION

The Invention relales 1o a process for the tetramerisation of ethylens under
solution phase conditions., The process is carried out in the presenca of an
activated catalyst at & temperature sbove 80°C and up to & temperature of
shout 115°C, The aclivated calaslyst Is provided by combining a source of
chromium, a diphosphine ligating compound and optionally a catalyst activator
or combination of calalyst activators.

Irt the specification, the following definitions apply:

A “hydrocarbyl group” as per IUPAC includes a univalent group formed by

removing one hydrogen atom from a hydrocarben;
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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
through the resuitant free valency on that carbon atom,

An "organcheteryl 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;

A “hydrocarbylene group” as per JUPAC includes divalent groups formed by
removing two hydrogen atoms from a hydrocarbon, the free valencies of which
are not engaged in a double bond,;

A “heterchydrocarbylene 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;

A “polarising substituent” is a substituent that, when bonded to any one of R to
R*, creates a permanent electric dipole moment over the bond between the
substituent and the substituted molety.

A “non-polar substituent” is a substituent without a permanent efectric dipole
moment.

Chromium Source (aj)(i):
Any source of chromium that allows the oligomerisation to proceed may be

used, The source of chromium may be an incrganic sailf, an organic sali, 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  frichloride  tris-tetrahydrofuran  compisx,
(benzene)tricarbonyl  chromium, chromium (I} octancate, chromium
hexacarbonyl, chromiurn {lIl} aceiylacetonate, chromium (H!} naphthenate,
chromium (1{} 2-ethylhexanoate, chromium: (i} acetate, chromium (i) 2,2,8,6-
tetramethylheptadionate, and chromium (i) chioride. In some embodiments it
is chromium {lil) acetylacetonate or chromium {111} 2-ethylhexanoate.

The chromium source may be infroduced to the process as a coordination
complex of the ligating compound. However, for reasons of cost and
commercial operabiiity, 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 isociable
chromiumAigand 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 (aj{ii):
Linking group X

X is a linking group between P' and P? such thal any heteroatom on the
shortest connecting path between P' and P? is either bound to P! or P? or
adjacent to an atom bound to P' 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, heterchydrocarbylene; an inorganic linking group comprising
gither a single- or two-atom linker spacer; and a group comprising
dimethylmethyiene,  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-divl, cyclopentana-1,2-diyl, eyciohexane-1,2-divl, cyclohexane-
1.4-diyl,  1,2-phenviene, naphthalene-1,8-diyl, phenanthrene-9,10-diyi,
phenanthrene-4, 5-divi, 8, 10-anthracens-divl, 1.2-catecholate, 1,2-
diarvihydrazine-1 2-civi  {-N(AN-N{Ar- whare Ar is an aryl group), 1.2-
diatkythydrazine-1,2-diyl (-N{AR-N(AlK)- where Allcis an aliyl or a oycloalkyl
group), 1-stkvi-2-arythydrazine-1,2-divl CRAIK-N{A- where AKK s an aliyl or
a cycloalkyl group and Ar is an arg group), - N{RX-NIR)- where R and R”
are independently alkyl, cycloaliyl or aryt groups and X' is a hydrocarbylene
group, -B(R%-, -SBURM», -PERY- and -N{R%- where R® is hydrogen, a
hydrocarbyl group, an organcheteryl group of a heterohydrocarbyl group.
Preferably R®is a hydrocarby! group ora heteﬁahydé‘ecar@y! Qroup.

in some embodiments X consists of -N(R%)-, -N(R%-NR)-, -CR*IR™)-NR"-
or & hydrocarbylene, where R® and R are independently a hydrocarby! group,
a heterohydrocarbyl group or an organcheteryl group, and R™ and R™ are
independently a hydrogen, a hydrocarbyl group, a heterchydrocarbyl group or
an organcheteryl group. In some embodiments R®, R, R™ and R® may be an
alkyl, cycloaikyl, substituted alkyl, substituted cycloalkyl, aryl, subsiituted anyl,
aryloxy,  substituted  aryloxy, alkoxycarbonyl,  carbonvioxy,  alkoxy,
aminocarboryl, carbonylaming, dialkylamino, pyrolyl, silyl group or derivative
thereof, and aryl substituted with any of these substituents, and R® and R™
may additionally be hydrogen. in some embodiments R®, R7, R® and R® may
be an alkyl, cycloalkyl, substituted asikyl, substituted cycloalkyl, aryl, substituted
aryl, dialkylemino, silvl group or derivetive thereof, and R*® and R™ may
additionally be hydrogen. In some emboediments, R®, R7, R¥ and R™ consist of
hydrocarbyl groups, such as methyl, ethyd, propyl, allyl, iscpropyl, cyclopropyl,
butyl, terffary-bubyl, sec-bulyl, cyclobuty!, pentyl, isopentyl, 1,Z-dimethyloropyl
{F-methyl-2-budyl), 1,22-frimethylpropyl  {R/5-3,53-dimethyl-Z-butyly,  1-(1-
methyleyclopropyl-sthyt, neopentyl, cyclopentyi, cyclohaxyl, hexyl, cycloheptyl,
cyclo-oetyl,  decyl, ovelodecyl,  1.5-dimelhyiheptyl,  T-methylheotyl,  2-
naphthylethyl, 1-naphthylmethyl, adamantyimethyl, 1-adamantyl, 2
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adamantyl, 2-isopropylcyciohexyl, 2,B-dimethylcyclohexyl, cyclododecyl, 2-
methylcyclohexyl, 3-methyicyclohexyl, 4-methylcyclohexyl, 2-ethylcyclohexyl,
2-isopropylcyciohexyl, 2 8-dimethyl-cyciohexyl, exo-2-norbornanyl,  (1,1-
bis{cyclohexyl)-4,4-methylene),  1,8-hexylene, 1-naphthyl,  2-naphthyl,
diphenyimethyl, 1,2-diphenyl-athyl, phenylethyt, 2-methylphenyl,
3-methylphenyl, 4-methylphenyl, 2.6-dimethyl-phenyl, or a 1,234-
tetrahydronaphthyl, and R™ and R® may additionally be hydrogen.

In a preferred embodiment X is a hydrocarbylene, —N(R%-, -N{RH-N(R®-,
NERH-CRNRY-, NRH-X-N(R®) where R® and R® are independently a
hydrocarbyl group, an organoheteryl group or a heterohydrocarbyl group, R’
and R® are independently a hydrogen, a hydrocarbyl group, an organcheteryl
group or a heterohydrocarbyl group, and X' is a hydrocarbylene group.

In some embodiments, X is -N(R®-, where R® is a hydrocarbyl group, a
heterohydrocarby! group or an erganchetery! group. In some embodiments R®
is a hydrocarby! group or a heterohydrocarbyl group. In some embodiments R®
is an alkyl, cycloalkyl or aryl group. in some embodiments R® is an alkyl or
cycloalkyl group. In some embodiments RY is an alkyl group of the form
-CH,R™, where R" is hydrogen or an alkyl group or a cycloalkyl group. In
some embodiments R® is methyl or a linear alkyl group

Nature of the groups R*-R"

R' to R* are independently a hydrocarbyl, an organoheteryl group or a
heterohydrocarbyl group. In some embodiments, R’ to R* are independently a
hydrocarbyl or a heterchydrocarbyl group. in some embodiments at least one
of R to R* includes an aromatic moiety or a heteroaromatic moisty directly
bonded to P' or P2 In some embodiments R' to R* all include aromatic or
heteroaromatic moieties directly bonded to P* or P?, In some embodiments R’
to R* are optionally substituted phenyl groups. In some embodiments, at least



10

15

20

23

30

-10-

one of R' to R' is an ortho-substituted phenyt group In some embodiments, at
least one of R" to R* is an optionally substituted 2-fluorophenyl group.

In this specification, a substituent with reference to moieties bound to P' and/or
P? is a moiety (excluding H) that is bound to a linear structure or a cyclic
structure bound to P andfor P?, but the substituent does not form part of the

finear or cyclic structure.

in some embodiments at least one of R" to R* is an aromatic moiety of which a
ring atom of the aromatic ring structure is bound to either P* or P? and which
has a polarising substituent bound to a ring atom of the aromatic ring structure
adjacent to the ring atom bound to P* or P*. Examples of suitable polarising
substituents include, but are not limited to, methoxy, ethoxy, isopropoxy, Cs-
Csx alkoxy, phenoxy, methoxymethyl, methylthiomethyl, 1,3-axazolyl,
methoxymethoxy, hydroxyl, amino, tosyl, methylsulfanyl, trimethylsiloxy,
dimethylamino, sulphate, nitro, halogens or the like, Any polarising substituent
on one or more of R', R?, R* and R* may be electron donating or electron
withdrawing. In some embodiments, any polarising substituent on one or more
of R", R® R® and R* is electron withdrawing. In some embodiments, the
polarising substituent bound to a ring atom of the aromatic ring structure
adjacent to the ring atom bound to P' or P? is a halogen selected from the
group consisting of fluorine, chiorine or bromine, such that one, two, three or
four of R' to R* are substituted with a halogen at a ring atom of the aromatic
ring struciure adjacent to the ring atom bound to P' or P2 In some
embodiments the halogen is fluorine.

In some embodiments at least one of R'to R* is an aromatic moiety of which a
ring atom of the aromatic ring structure is bound fo either P' or P? 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! 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, bulyl, sec-butyl, tertiary-butyl,
cyclobutyl. butenyl, butynyl, pentyl, isopentyl, neopentyl, cyclopentyl, pentenyl,
pentynyl, haxyl, sec-hexyl, cyclohexyl, Z-methyicyclohexyl, 2-ethylcyclohexyl,
2-isopropylcyclohexyl, cyclohexenyl, hexenyl, hexynyl, octyl, cyclo-ociyl, cyclo-
octenyl, decyl, benzyl, phenyl, tolyl, xyiyl, c-methyiphenyl, o-sthylphenyl, o-
isopropyivhenyl, o-tbutyiphaenyl, cumyl, mesityl, biphenyl, naphthyl,
anihracenyl, and the like. In some embodiments, the non-polar substituent is
an alkyt or cycloalky! group such that one, two, three or four of R' to R* are
substituted with an alkyt or cycloatkyl group at 2 ring atom of the aromatic ring
structure adjacent to the ring atom bound to P! or P%. In some embodiments
the non-polar group is selected from the group consisting of methyl, ethy! and
isopropyl. In scme embodiments the non-polar group is methyl.

if two or more of R' to R* are aromatic moieties with a ring atom of the
aromatic ring structure bound to either P’ or P, in some embodiments not
more than two of said aromatic moieties R’ to R* have a substituent bound to a
ring atom of the aromatic ring structure adjacent to the ring atom bound to P’
or P,

in some embodiments, R' and R* are aromatic moieties of which a ring atom of
the aromatic ring structure is bound to P’ and which has a substituent bound to
a ring atom of the aromatic ring structure adjacent to the ring atom bound to
P', and R® and R, if they are aromatic moieties of which a ring atom of the
aromatic ring structure is bound to P? do not have a substituent bound to a
ring atom of the aromatic ring structure adjacent o the ring atom bound to P2,

In some embodiments, R" is an aromatic moiety of which a ring atom of the
aromatic ring structure is bound to P and which has a substituent bound fo a
ring atom of the aromatic ring structure adiacent to the ring atom bound fo P*,
and R?, R® and R if they are aromatic moieties of which a ring atom of the
aromatic ring structure is bound to P' or P2, do not have a substituent bound to
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a ring ator of the aromatic ring structure adjacent o the ring atom bound o P’
or P2,

- (Jther considarations

Any one of R' to R? may independently be linked to one ot more of sach other,
or to X, fo form 2 cyclic structure,

The ligating compound may also include multiple R'RPP'XP*RPR? 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 R

R groups or via the linking group X.

It will be appraciated that 3 diphosphinoiming compound of the forrm R'R#P-
PU=NRMR'R" ('P-P=N") is a rearranged isomer of the diphosphinoamine
compound R'RZFPINRIPIR’R® (P-N-P") claimed in the present invention, as
shown by Dyson &t al in inorganics Chimica Acta 352 (2008) 26352843,
Regardiess of the structural formulation of the ligating compound in its purs
and isolated form, its use will fall under the present invention if it exists in the
P-N-F form when used in a2 tetramerisstion process.

in some embodiments the ligating compound may be ong of;

{phenyPN{methvl}P{phenyl); (phenyll, PMlethyiP{ohanylly;
{(phenyh.PN{propyliP (phenyl,;

{phenylPN({butyl}P(phenyl)s; {phenvli,PN{pentylP{phenyl},;
{phenyl,PN{hexyliP{phanyl)s;

(phenyllPN(heptylP(phanyl),; {phenyl)PN{octvhiP{phenyl),;

{phenyllPN{nonvhiP (phenyl)y;
{phenviLPN(decy}P(phenvi)y; (phenyl),PN{cyclopropyl)P (phenyl)s,
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(phenyl).PN{cyclobutyl)P(phenyh,; (phenyl),PN(cyclopentyiP(phenyi)a;
{phenyl);PN(cyclohexyl)P{phenyl}s; (phenyl},PN{cycloheptyhP(phenyl),;
(phenyl),PN{cyclooctyl)P(phenyl),; {phenyl):PN(cyclodecy)P{phenyl);;
(phenyl)PN(cyclododecyl)P{phenyl),; (phenyll,PN(isopropyl)P{phenyl);
{phenyl.PN(isobutyhP{phenyl)s; {phenyl),PN(secbutyl)P (phenyl);
{phenyl):PN{lertiarybutyl)P (phenylls; {phenyl)PN(neopentyl}P{phenyl).;
{phenyl),PN(1,2-dimethyl-propyl}P(phenyl)y; (phenyl).PN(allyl)P{phenvl),;

{phenyl).PN{methytheptyhP{phenyl),:
heptyl)P{phenyl),;

(phenyl):PN(1,5-dimethyl-

(phenyl),PN(2-ethylhexyl)P(phenyl). (phenyl).PN{adamantyl)P{phenyl);;
{phenyh:PN(adamantytmethyl}P{phenyl}.; {phenyl).PN(3-trimethoxysilane-

propyl}P(phenyl)s;

{phenylPN{indanyl}P(phenyl),; (phenyl};PN(cyclohexylethy)P(phenyl);;

{phenyl),PN{2-methylcyclohexyl)P{phenyl);
{phenyl),PN{cyclohexanemethyl)P{phenyi},;

(phenyl):PN(benzyl)P{phenyl),; (phenyh)PN{phenyl}P(phenyl),;

{phenyl),PN{{4-methoxy)-phenyl)P(phenyl),;
phenyP(phenyl);;
{phenyl).PN{(2-methoxy)phenyl}P{phenyl),;
pheny}P(phenyl),;

{phenyl).PN{(3-methoxy}-

{(phenyl, PN{{4-t-butyl)-

{phenyl),PN{(4-nitro)-pheny)P(phenyl),; (phenyl},PN(1-naphthyl}P{phenyl)s;
{phenyl),PN{2-naphthy}P{phenyl).; (phenyl),PN(4-pyridyl}P(phenyl),;

(phenyl),PN(3-(N-morpholine)-propylP(phenyi),;
ethyhP(phenyl);
(phenyl},PN(1-naphtyimethyl}P{phenyl),;
(phenyl),PN{diphenyimethyl}P(phenvl)s
{phenyh;PN{1.2-diphenyl-ethyl}P{phenyi},;
(phenyl):PN{phenylethyl)P(phenyi).;
{phenyl}.PN{2-methyhphenylP{(phenyi},;
methyl)phenyl}P(phenyl),;

{phenmyli,PN(2-naphtyl-

{phenyl).PN((3-
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(phenyi};PMN{{4-methyliphenyliP(phenylls, (phenyi}PN{2,6-
dimethyiphenyhF{phervil,;
(phenyll,PN{(2-athyll-phenyliP{pheryi)y; {phenyD)PN{1,2,3,4-
Tetrahvdronaphihvl)P{phenylls;

5 {phenyb.PN{(2-methylieycichexyhP(phenyl)s; {phenyt)PN{(3-

methylicycichexyP{phenys;
{phamiPN{(d-maethyhoyoichaliP{phenylly, {pheny P2~
ethylicyelohexyliP (phenylls,
{phenyll, PN 2-isopropylicvelchenyliP(phenyll {phenyll,PN((2. 8-
10 imethytioyclohexyhiP (phenylls
(phenyli,PN{exo-Z-norbornanyP{phenylls;
{phenyl}PN{sopinccampheyliP{phenyl)s;
{phenyliPN{dimethylamino}FP{phenyl)z; (phenylPN(phthalimido)P{phanyl),;
{phenyl},PN{pyrrofyl}P{phanyi);; (phenyli:PN{dmethyisivi}P(phenyll,;
15 {phenyl.PN{dimethyltertiarybutylsitvl)P(phenyl).;
{phenyl)PLN(1, 1-his{cvclohexyl)-4, 4 -methviene) ) M[P(phenyial.,
(I{phenyl},PLN(1 B-hexylene-IN[P{phenyl)sk: (2,2,2"-
tristhylaming)[NIP{phenyila bl
{4-biphenyl}PN{meathyEP (4-biphenyl),, (2-naphthylPN(methyhiP{2-naphthyll;
{(4-methylphenyl)PN{methyhP(4-methyiphenyl),;
{Z-methylphenyhPN{methy}P(3-methyiphenyl),;

g
f]

{Z-niaphthyhPR{methyhP{phenyly,; {é—naphthyif){pheﬁy!)FN(me‘ihyi)P{}-
naphthyD{pheny);
{2-raphthyPMmethyDP(2-naphthv (phenyth, {2-

25 naphthyli{phenylPN{methyl}Piphenylls;
{ethyll,PN{methyl)Plethyl),; (ethyil, PN(isopropylP (ethyl):;
(ethyl)Ph{tertiarybutyP{ethyl),; (methyllPN({isopropylP{methyl)s;
{isopropylPN{methyl)P(isoprooyl),; {eéhyf)gpi\é{isapmpyi);ﬂ(ethyi}(iaheﬂyi);
(ethyh(phenyl)PN(isopropy)Plethylyphenyl); (sthyl).PN{isopropyliP{phenvi),;
30 (ethyi}(ph&;ny%}?%‘\!{isapmpy%}?(phenyé}g;
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{(diphenylphosphonite)N(isopropyl){diphenylphosphonite);
{diphenyiphosphonite)N{isopropyh{diphenyiphosphonite);
(phenylLPN{meliyDN(methy )P {phenyl)z;
(phenyhPN{ethyi)N{sthyP{phenyli,;
{phenyl},PN{phenyliN({phenvl)P(phenyl).:
{phenyl},PN{isopropyl)N{isopropyl}P(phenyi),,
{phenyl},PN(isopropyl)N{methyl)P{phenyl),;
(phenyh:PN{isopropyljN{methyl}P(phenyl),;
{4-methyiphenvD,P-N{CHIN(CH;)-P{4-methylphenyl),;

(3-methyiphenyt),P-N{CH,)N(CH;}-P(3-methylphenyl),; {ethy!).P-
N{CHz)N({CH3)-Plathyl);

{methyl),P-N{CH;IN{CH;)-P(methyl).; {isopropyl)P-N{CH;3)N{CHy)-
P(isopropyf):;

{ethyl)oP-N(CH)N(CH,}-P(ethyi}{phenyi). (ethyli{pheny}P-N{CH)N{CH;}-
P(ethyl{phenyl);

(ethyhP-N{CH;)N{CH3)-P{phenyl}.: (ethyl)(phenyl}P-N{CH;)N{CH,}-
P(phenyl).;

{4-biphenylLP-N{CHIN{TH)-P{4-biphenvi};; {phenyl},P-1,8-naphihyl-
P{phenyl),;

{phenyl),P-8,10-phenanthrene-P{phenyi),; {phenyll,P-4,5-phenanthrene-
Piphenyl)s; :

{phenyl).P-C{CH,)>-P{phenyl),;, (phenyliP-C{CH)-P(phenyl);,
{phenyh,P-1,2-benzena-P{phenyl),; {4-methyiphenyl},P-1 2-benzens-P(4-
methylphenyl)s,;

(3-methylphenyl),P-1,2-benzene-P(3-methyiphenyl),; (methyl),P-1,2-benzene-
P{methyl)z;

{(isopropyh),P-1,2-benzene-P(isopropyl)z (ethyl),P-1,2-benzene-
Plethyly{phenyl};
(sthyh{(phenyl)P-1,2-benzene-P{sthyl){pheny!); (ethyl).P-1,2-benzene-

P(phenyl)z;
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(ethyh(phenyl)P-1,2-benzene-P(phenyl)z; (2-naphthyl),P-1,2-benzene-P(2-
naphthyl);

{4-biphenyl),P-1,2-benzene-P(4-biphenyl).; (phenyl},P-CH2CH2-P(phenyl)s;
R.R-(phenyl),P-CH(Me)CH(Me)-P(phenyl)s; ~ S,S-(phenyl);P-CH(Me)CH(Me)-
P(phenyl),;

meso-{phenyl),P-CH{Me)CH(Me)-P(phenyl),; (4-methylphenyl),P-CH,CH-P{4-
methylphenyl)z;

(3-methylphenyl,P-CH,CH-P(3-methylphenyl),;
(4-methylphenyl),P-CH,CH-P{4-methylphenyl){(phenyl};
(4-methylphenyl)(phenyl}P-CH,CH-P(4-methylphenyl}{phenyl),
(4-methylphenyl},P-CH,CH-P(phenyl);;  (4-methylphenyl}{(phenyl)P-CH,CH,-
P(phenyl)z

(methyl),P-CH.CH,-P(methyl),; (isopropyl),P-CH.CHz-P(isopropyi)s;
(ethyh),P-CH,CH,-P(ethyl}{phenyl); (ethyl){phenyl)P-CH2CH-P(ethyi)(phenyl);
(ethyl).P-CH;CHs-P{phenyl),; (ethyl){phenyP-CH,CH,-P(phenyl),;
{phenyl),PB(phenyl)P(phenyi)s; (phenyl},PP(phenyl)P(phenyl),;
{phenyl):PSi{methyl).P{phenyl),; (4-chicrophenyl)PN(isopropyl}P(4-
chiorophenyl),;

(d-methoxyphenyl),PN{methyl}P(4-methoxyphenyl),;
{d-methoxyphenyl),PN(isopropyl)P{4-methoxyphenyl);
(3-methoxyphenyl),PN(methyh)P({3-methoxyphenyl),;
{(4-methoxyphenyl),PN{(isopropyl)P{4-methoxyphenyi{phenyl);
{4-methoxyphenyl)(phenyl}PN(isopropyl)P(4-methoxyphenyly(phenyt),
(4-methoxyphenyh).PN{isopropyl)P(phenyl),,
{4-rmethoxyphenyli{phenyliPN(isopropyl )P{phenyi),;
(4-methoxyphenyl),P-N{CHIN{CH,)-P(4-methoxyphenyl}s;
(3-methoxyphenyl)P-N{CH3)N(CH:)-P(3-methoxyphenyl),;
(d-methoxyphenyl),P-N{CH;)N(CH}-P{4-methoxyphenyl}(phenyl);
{4-methoxyphenyi}{phenyl)P-N(CH3)N(CH,}-P(4-methoxyphenyl}(phenyl);
(4-methoxyphenyl),P-N(CHIN(CH,)-P(phenyl),;
{4-methoxyphenyl)(pheny)P-N{CH;)N{CH3)-P(phenyl)z;
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{4-methoxyphenyl);P-1,2-benzene-P{4-methaxyphenyl),:
{3-methoxyphenyl),P-1,2-benzene-P(3-methoxyphenyl),,
{4-methoxyphenyl),P-1,2-benzene-P{4-methoxyphenyl) (phenyl);
{4~methoxyphenyl)(phenyP-1,2-benzene-P{4-methoxyphenyl){phenyl);
{(4-methoxyphenyl),P-1,2-benzene-P{phenyl),;
(4-methoxyphenyl)(phenyl)P-1,2-benzene-P(phenyl),,
(3-methoxyphenyl),P(CH,CH,)P(3-methoxyphenyl),;
(3-methoxyphenyl).P(CH,CH,P(3-methoxyphenyl)(phenyl);
(3-methoxyphenyl){phenyl)P(CH,CH,CH,)P(3-methoxyphenyl)(phenyl);
(3-methoxyphenyl)(phenyP(CH.CH,)P(3-methoxyphenyl){phenyl),
(3-methoxyphenyl)(phenyl)P{CH,)P(3-methoxyphenyl)(phenyl);
(3-methoxyphenyl),P{CH,CH,)P(phenyl).;
(3-methoxyphenyl){pheny}P{CH,CHz)P(phenyi)s;
(4-methoxyphenyi),P{CH,CH,)P(4-methoxyphenyl),;
(4-methoxyphenyl),P(CH,CH;:)P(4-methoxyphenyl)(phenyl);
(4-methoxyphenyl)(phenyhP(CH,CH,CH,)P(4-methoxyphenyly(phenyl);
{4-methoxyphenyl){phenyP(CH,CH,)P{4-methoxyphenyl)(phenyl),
{4-methoxyphenyl}{pheny)P{CH,)P(4-methoxyphenyl}{phenyl},
{(4-methoxyphenyi),P(CH,CH,)P(phenyl).;

(4-methoxyphenyh{phenyl)P (CH,CH)P(phenyl),;
(2-fluorophenyl),PN(rethyl)P (phenyl),;
(2-fluorophenyl),PN{n-buty)P{phenyi),; (2-fluorophenyl),PN(n-
hexyl)P(phenyl),;

{2-fluorophenyl),PN(n-decyl)P(phenyl},;
(2-fluorophenyl);PN(iscbutyl)P{phenyi),;
(2-fluorophenyl),PN(isopropyl)P(phenyl),;
(2-fluarophenyl),PN(isopenty}P(phenyl),;
{(2-fluorophenyl);PN{i-butyl)P{phenyl}.. (2-fivorophenyl,PN(1,2-
dimethylpropyhP(phenyl),;

(2-flucrophenyl),PN{cyclopropyl}P(phenyl),;
(2-fluorophenyl),PN{(cyclopropylmethyP{phenyl)z;
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(2-fluorophenyl).PN{alliyl}P{phenyl},,
(2-fluorophenyl).PN{trimethylsityl)P{phenyl).;
{(2-fluorophenyl),PN{pyrollyl}P{phenyl),; (2-fluorophenyl}.PN{phenyl)P{phenyl),;
{2-fluorophenyl,PN{naphthyhP{phenyl),; (2~
fluorophenyl),PN{methylmorpholine}P{phenyl),;
(2-fluoropheny!),PN{dimethylamino)P (phenyl); (2~
fluorophenyl).PN{benzyP{phenyl)..
{2-fuoropheny))(phenyhPN(methy P (2-fluorophenyi}{phenyt),
(2-fluorophenyi)(phenyl) PN(n-hexylP(2-fluorophenyl)(phenyl);
(2-flucrophenyl}(phenyl}PN{n-decyl)P(2-fluorophenyt)(phenyl);
(2-fiucrophenyl)(phenyl) PN(isobutyl}P(2-fluorophenyl}{(phenyl);
(2-fluorophenyl)(phenyl)PN({isopropyl)P (2-flucrophenyl)(phenyi),
(2-fiuorophenyl}(phenyl}PN(1,2-dimethylpropyl}P(2-flucrophenyl}(phenyl);
(2-flucrophenyl){phenyl) PN{cyclopropy) P{2-flucrophenyl)(phenyl);
{2-fluorophenyl) (phenyl}PN{trimethylsily)P (2-fluorophenyl} (phenyh);
{2-flucrophenyl}(pheny) PN(phenyl) P(2-fluorophenyl){phenyl);

(2-fluorophenyliPN({methyP{2-fluorophenyi),; (2-fluorophenyh,PN{n-
butyP{2-fluorophenyl),;
(2-fluorophenyl). PN{n-hexyhP(2-fluorophenyl),; (2-flucrophenvl),PN{n-

decyl)P(2-fluorophenyl),;

(2-fluorophenyl),PN(isobutyl)P (2-fluorophenyl);
(2-fiuorophenyl).PN(isopenty)P (2-fluorophenyl),;
(2-fluorophenyl},PN{cyclopropy)P{phenyl),;
(2-fluorophenyh,PN(irimethylisily)P(2-fluorophenyl),;
{2-flucrophenyl),FN(phenyP{2-flucrophenyl)s; (2-
fluorophenyl).PN{benzyP{2-fluorcphenyl)s;
(2-fluorophenyl)(pheny)PN(methyl)P{phenyl},;  (2-flucrophenyl){(pheny)PN(n-
decyh)P(phenyl),;

{2-fluorophenyh{phenyl}PN{iscbutyl)P{phenyl)s;

(2~ﬂuorophenyl)(pheny¥) PN(isopropyl)P (phenyl),;

(2-flucrophenyly(phenyl) PN(trimethylsilyl) P{phenyl);
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[Z-ftucraphenyD{phenyPH{benzyliP (phanvl)s; (2
fluorophenyl(pheny)PN(phenyliP (phenyl),;
(2-fivoropheny{phenvliPN{meathyimorpholine)FP{phenyl)s
{2-flucronaphth-1-y)PN{methyliP (ohenyl}s {1-fluoronaphth-2-
yilPH methyliP{phenyl),;

(2-fluoronaphth-1-ylPR{n-butyhP{phenyl),; (1-flucronaphih-2Z-y).PN{n-
hexyhP{phenyl,; ‘

{2-fuoronaphih-1-yhPN{n-decyliP (phenyhy {1-fluoronaphth-2-
vl PN(isobutyP{phenyl)y,

{S-fluoronaphth-1-yh,PN(sopropyl)P{phenyl),; {8-fluoronaphth- -y} PM(n-
hexvliP (phenylly;

{8-fluoronaphih- -yl PN(methy)P{phenyl),;, (2-flucronaphib-i-
yizPN(phenyhP(phenyl

(B-fluoronaphth-1-yihLPN{cyclopropyl}P(phenylly,  (1-fluoronaphth-2-
yhiPN(benzyl)P(phenyll,,

(8-fluoronaphth-1-yl,P{irimethyisilyliP{phanyl). {3-fiuoronaphth-2-
PN (hexyl P {phanyl)s;

(3-Aucronaphth-2-vh)PN{isopropyliP{phenyl),; {3-fucropyrid-4-
yhaPN{methylP{phenyll,:

{3-flugropyrid-4-vij:PN{n-butyD P (phenyls, {4-fluoropyrid-3-yDLPMN(n-
butyhF(phenl,;

{3-fluoropyrid-2-yHPN{n-butyDP (ohenyl)s; {Z-fuoropyrid-3-vLPN(R-
bubyliP{pheryl)s;

(Z-ﬁus}mphancsxy}gPN{n—«bmyl}F‘{pheﬁyE; P (2-[riflucromethyiiphenvi,PN{n-
butyhP (phenyl);

{2-ltrifluorormathyliphenypheryiPN{n-butyiP (phenvily,
(2-fluorophenyll.Pi{n-butyhiP{1, 2-phenylenadioxy};
{2-fiuorophenyl(2-methylphenyliPi{isopropyliP (ohenyl)y
{2-flusropheny{Z-methyiphenyPN{n-bulyliP{phenyi).;
{Z-flucrophenyli{phenyl) PN{isopropyliP{phenyli(Z-methylphenyl);
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(2-flucrophenyllhPN{n-hexyl)P(ethyl); {Z-fluoropheryll,PN(n-

hexyhP(ethyli{phenyl),
{2-fluoroethyl}:PN{n-hexyl)P{phenyl)s; {2,2,2-trifluoroethyl};PN(n-
kexyhP(phenyl),;

{2-fiucrophenyl).,PCH,CH;P(phenyl),;
(2-fluorophenyl),PN{Me)N({Me)P(phenyl),;
{2-fluorophenyh{phenyl)PCHCHP(phenyi)s;
{2-fluorophenyb{phenylPN{Me)N{Me)P{phenyl),;

(2-fluorophenyl),PCHN(naphthyliP(phenyl)s, (2-fluoropheny).P{1,2-
phenyienelP{phenyl},;

(2-fluarophenyl},P{1 2-phenylene)P{phenyl),; (2-methylphenoxyl,PN{n-
butyl}P (phenyl),;

2-methylphenyll,PN{isopropyl}P(phenyl);;
{(2-methylphenyh.PN(iscbutyl)P{phanyl),;

{2-methylphenyl):PN{n-butyl)F (phenyl):; {2-methylpheny)(phenyl}PN(n-
hexyl)P{phenyh,,

(2-ethylphenyl),PN{n-hexyl)P{phenvl)s; (2-ethylphenyli(pheny)PN{n-
hexy)P(phenyl)z;

{2-methylphenyl}(2-flucrophenyl)PN{isopropyl) P{phenyl),;
(2-methoxyphenylLPN(n-buty)P(phenyl); {2-thiomethoxyphenyl),PN(n-
butyl}P(phenyl)z;

{2-thiomethoxyphenyl)(phenyl)PN{n-butyiP{phenyl}:;
(Z-methyiphenyl)PN{n-hexy)Plethyl,; {2-methyiphenyllLPN{n-
hexyhF(ethyl}(phenyty,

(Z2-methyiphenyi,L,PN{n-butyl}F (1, 2-phenelenedioxy);
(Z-methyiphenyl)PN(isopropyliP(1,2-phenelenadioxy),
(2-flugrophenyl).PN{n-butyl}P{1,2--phenelenadioxy),
(2-fluorophenyl);PN(sopropyl)F{1,2-phenslenedioxy);
(2-flucrophenyl},P(1,2-phenylene)P(phenyi),, {Z-methyiphenvh,P{1,2-
phenyleng)P(phenyl),,

{2-flucrophenyliPN{MeiN(Me)P(phenyl),;
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(2-methylphenyl);,PN{Me)N(Me)P{phenyl),;
(2-fluoraphenyl):PCHN{napthyl)F (phenyl)y;
(2-methyiphenyl}PCH.N(napthy)P{phenyl},.
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Activator/ Additives (a)(iii);

The above process may include an activator t6 activate the catalyst. Such an
activator is a compound that generates an active catalyst when the activator is
combined with the catalyst. These activators may be the same or similar fo
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, 1351-1394]. Mixtures of activators may alsc be used.

Suitable compounds include organoaluminum compounds, organoboron
compounds and inorganic acids and salts, such as tefrafluorobotic acid
etherate, silver tefrafluoroborate, sodium hexafluorcantimonate and the like.
Suitable organoaluminum compounds include compounds of the formula AIR,,
where each R is independently C,-C; alkyl, oxygen or halide, and compounds
such as LiAIM, and the like. Examples inciude trimethylaluminum (TMA), -
triethylaluminum  (TEA), tri-isobutylaluminium  (TIBA), tri-n-octylaluminium,
methylaluminium  dichloride, ethylaluminium dichioride, dimethylaluminium
chloride, diethylaluminium chloride, ethylaluminiumsesquichloride,
methylaluminiumsesqguichloride, and aluminoxanes. Aluminoxanes are well
known in the art as typically oligomeric compounds which can be prepared by
the controlied addition of water o an alkylaluminium compound, for example
frimethylaluminium, Such compounds can be linear, cyclic, cages or mixtures
thereof, Cominercially available aluminoxanes are generally believed to be
mixiures of linear and cyclic compounds. The ¢yclic aluminoxanes can be
represented by the formula [R'AIO], and the linear aluminoxanes by the
formula R'(R'AI0). wherein s is a number from about 2 to 50, and wherein
R R™, and R™ represent hydrocarbyl groups, typically C, to Cq alky! groups,
for example methyl, ethyl or butyl groups. Alkylaluminoxanes especially
methylaluminoxane (MAQO) are particularly suitable. (MAO is also referred to as
methalumoxane and methylalumoxane in the literature).
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it wili be recognized by those skilled in the art that commercially avaflable
alkylaluminoxanes may contain a proportion of trialkylatuminium, For instance,
commercial MAD usually contains approximately 10 wt % trimethylaluminium
(TMA), and commercial *modified MAQ” (or "MMAD™) contains both TMA and
TiBA. Quantities of alkylaluminoxane are generally quoted herein on a molar
basis of aluminium (and include such “free” triakkylaluminium). The
alkylalumincoxane andfor alkyialuminium may be added o 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
art of oligomerization and are disclosed i1 more detail in for example, U.8.
Pats. Nos. 5,491,272; 5,750,817, 5,858,257, 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
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 smail quantities of ethylens 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
employed is 0.5 to 2000 moles of aluminium per moie of chromium.

Examples of suitable organoboron activator compounds are boroxines, NaBH,,

trimethviboron, ’ triethylboron, triphenyiboron,
dimethyiphenylammoniumtetra{phenyliborate, trityltetra(phenylborate,
dimethylphenyiammonium tetrakis{(pentafluorophenyljborate, trityl

tetrakis(pentafluorophenyl)borate, tris(pentafluorophenyl) boron, sodium
tetrakis[(bis-3 5-trifluoromethyl)phenyljborate, dimethylphenylammonium
tetrakis{(bis-3 5-trifluoromethyl)phenylilborate, and trityl  tetrakis{(bis-3,5-
triflucromethyliphenyllborate.
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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 embodimendis organoboron activators, as described in WO
2010/092554, inciude a cation and a non-coordinating anion of the general

formula

(R L™ - HI [BR™)F

wherein:
L* is an atom selected from the group consisting of N, S
and P;
the cation {(R), L* - H]" is a Bronsted acid;
X is aninteger 1,2 or 3;
each R is the same or different and esach is a -H,
hydrocarbyl group or a heterohydrocarbyl group;
provided that at least one of R comprises at least &
carbon atoms and provided further that the total number
of carbon atoms in (R), coliectively is greater than 12;
R" independently at each occurrence is selected from
the group consisting of hydride, dialkylamido, halide,
alkoxide, aryioxide, hydrocarbyl, halosubstituted-
hydrocarbyl radicals, halosubstituted-alkoxide,
halosubstituted-aryloxide and a halosubstituted aromatic
moiety with at least one halide substituent on the
aromatic moisty.

filustrative, but non-limiting examples of these organoboron activators include
methyldi(octadecyljammonium  tetrakis{pentaflucrophenyl}  borate  and
triectylammonium tetrakis(pentafiuorophenyi) borate.
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The source of chromium and the organoboron activator may be combined in
propottions to provide organoboron compound /chromium molar ratios from
about 0.1 to 50 organoboron to 1 chromium, or from about 0.8 to 20
organobaron to 1 chromium, or from 1 o 10 organoboron to 1 chromium.

In some embodiments activators, as described in WO 2007/038851, inciude a
cation and an anion component, and may be represented by the foliowing

formula:
(L-H)* (A%)

where L is a neutral Lewis base; H is hydrogen; (L-H)* is a Bronsted acid; A”
is a non-goordinating anion having the charge d7; and d is an integer from 1 to
3

in these activator compounds, A% can be a fluorinated aluminate group.
llustative but non-limiting examples of the anion component A® are
[AHOC(CFa)aka]; [AKOCFe)a];  [AICsF.O2af;  [AIF{OC(CF3)s}a];
[ALF{OC(CF3)s}e]; and [Ta{OCsFs5)s].

The activator compound may optionally be a solid materiai, or be supporied on
an insoluble solid material. For example, aluminoxanes such as MAO and
borate activators may be supported on inorganic oxides such as alumina,
silica, MgCl; 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 (H.) 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

dialkyt zinc reagents such as dimethylzine or diethyizine.

Catalyst preparation:

The chromium (i) and ligand (i) may be present in any molar ratic which
produces cligomer, and in some embediments 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 ratic of between 1.5:1 and 1:1.5.

The ligand, chromium and activators of the caialyst system utilized in the
present invention may be added fogether 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
an active catalyst. For example, the ligand, chromium, activators and ethylene
may be contacted togsther simultaneously; or the ligand, chromium and
activators may be added together simuitaneously or sequentiaily in any order
and then contacted with ethylene; or chromium and the ligand may be added
together to form an isolable metal-igand complex and then added to the
activator and coniacted with ethyiene; 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
components ulilized in the present invention can be unsupported or supported
on a support material, for example silica, alumina, MgCl, or zirconia, or on a
polymer, for example polyethyiene, polypropylene, polystyrene or
noly(aminostyrene).
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Diuent:

The process of the pressnt invention may be carded oul in the presance o
absence of an added diluent. In some embodiments of the invention the
diluents include oligomerisation products e.g. t-octene andf or t-haxens,
agliphatic and aromatic hvdrocarbon  solvents and  halogenated-aromatic
selvents such as chiorobenzens, dichlorobenzene, fluorobenzena and the like.
in some embodiments the diluents are aliphatic hydrocarbon solvents including
but not limited o Isopar’™, isc-octane, cyciohexane, cyclopentane,
mathvicyclohexane, propane, ischulane, isopentane, necopertans, Z-
methylpentane, or 3-methylpentana.

Alternatively the process can be conducted as a bulk process in which
essentiaily neat reactant and/or product olefins serve as the dominant medium.

Process conditions:

The tetramerization is conducted under solution phase conditions, which is
hergin faken to mean that any polymer co-product remains substantially
dissolved in the figuid reaction medium under the chosen reaction conditions.

The formation of a high molecular weighi polymer co-product by the Crbassed
ethylene telramerisation catalyst may present a major technical chalienge when
commercialising an sthylene telramerisation process. Polymer fouling of the
reactor or downstream sections may reduce plant run ime and necessitate shut-
downs due to blockages and loss of reaction cooling dus o cogling 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
nolymer co-product precipitales in the reaclor, which can resuit in fwééng of
process equipment. To ensure process reliabliity and adequate rundimes under
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such reaction conditions, it may be necessary fo ulifise expensive or energy-

imensive process design features.

Running & telramerisation process at process conditions whereby the polymer
co-product remains predominantly dissolved in the liguid reaction medium in the
reactor (e a solution phase process) would substantially reduce the possibility
of reactor or downstream fouling. In addition, a further benafit of such a process
might be that a cheaper or more enargy-efficient process design could be used,
due to the reduced likelhood of fouling process equipment. A solution phase
process could be achieved by using higher reaction femperstures than typically
taught in the art However, the art teaches awsy from running at higher
temperatures due fo undesirable effects including poor catalyst activity,
increased polymer formation and increased selectivity {owards 1-hexene.

Given the high molecular weight nature of the polymer co-product produced in a
tetramerisation process under the preferred process conditions taught in the arl,
a person skilled in the field of polymerisafion processes would conclude that
reaction temperatures of greater than 150°C would be reguired fo achieve a
solution phase tetramerisafion process. At such temperatures, the problems of
catalyst deactivation and oclene seleciivity loss would render the process
urfeasible. Surprisingly, it has now been found that a solulion phase
teframerisation process can be achieved af temperatures from above 80°C to
118°C, while maintaining acceptable catalyst aclivities and 1-octene selectivities.
in some embodiments the femperature range is between 85°C and 110°C,
preferably 85°C to 100 °C whilst in cther embodiments the tempersiure range
is befween 80°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.

Suitable reaction pressures are from atmospheric to 800 almospheres, or from
5 atmospheres to 100 almospheres, or from 40 o 100 stmospheres, or from
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80 to 100 atmospheres. The negative effect of higher reaction temperatures
on selectivity fowards T-oclens can partially be reversed through the use of
higher reaction pressures, togsther with the catalysts and reaction tempersture

ranges of the present invenlion,

i one embodiment, the continuous process for the ietramerisation of sthylene
is & process where the reactors are run continuously. By this it is meant hersin
that the reactors, when operaling, are run in continuous mode, that is at least
one feed siream is predominantly fed continuously to the reactor, while at least
ong stream is predominantly withdrawn continuously. Reactors utilizing both
CSTR and plug flow behavior may be considered. Thers are differant potential
configurations 2s g subset of these two types of reaclors. For example, CETR
type reactors include bubhle columns, stirred tanks, loop reactors with single or
two phases while plug flow reaciors include fixed bed and homogensous
tubular typss of varving residence times. Any of the aforementioned reactor
types may be operated with liquid or vapouwr and liquid-continuous phase flow.
As a further subset, reactors can be configured with different cooling options
such as internal or external heal exchangers, interstage coolers, and cold feed
heat removal amongst others. There is opporunity to configure the same
reactor several times In series or use combinations of different reactor types
and cooling technigues together (o achieve the desired result.

For systems where {etramerisalion {akes place in the liquid phase, different.
mass transfer opporiunities axist including jet loop mixing, bubble column
sparging, fubuiar reactor mulliple injections and pre-saturstion of the feed

material amongst others.

The reactor type selected may depend on factors such as heat removal,
mechanical robusiness with regard fo fouling, residence time distributions,
product composition effects as a result of secondary regctions and mechanical

squipment cost implications, In 2 process where polymer pregipiiates out of
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the reaction medium, the selsclion 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
implemented to optimize factors such as residence time distribulions, 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
susceptibility of such heat exchangers to fouling may tule out such options for

a slurry-phase process,

Composition and properties of the teframerisation process products:

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, Le. 1-octene, as well as a polymer co-product having
properties which reduce the tetramerisation process complexity, cost and risk
relative fo a tetramerisation process performed al the preferred, lower reaction

temperatures as taught in the prior art.

The polysthylene co-product is characterised by having a comparatively low
moiecular weight as measured by gel permeation chromatography and low meit
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 alse from polyethylene produced in commercial
sokution phase polyethylene processes at much higher temperatures.

The polyethvlene co-product has a weight average molecular weight (Mw), as
getermined by gel permestion chromatography, of less than 200 000 g/mol In
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some embodiments of the invention the weight average molecuiar 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
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 permestion chromatography, of less than 3 000 gimol, In
some embodiments of the invention the number average molecuiar weight (M),
as determined by gel permeation chromatography, is jess than 2 500 g/mal. 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
index, as defermined by ASTM method D1238 at 190°C and 21.6 kg weight, of
more than 35 ¢/10 minutes. In some embodiments of the invention, the
polyethylene co-product has a melt flow index, as determined by ASTM method
D1238 at 180°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 mslt flow
index, as determined by ASTM method D1238 at 180°C and 21.6 kg weight, of
more than 80 gf10 minules.

The novel resuiting tetramerisation process product compasition, comprising at
least 30% 1-octene together with a polyethylene co-product having improved
properties, allows a commerclally viable solution phase tetramerisation process
to be rezlised, in which good catalyst aclivities and ressonasble 1-octens
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selectivities may be achieved while simultanecusly keeping all the products
substantially dissolved in the liquid reaction medium. Such a process, when
operated continuously, will be substantially less prone 1o reactor and
downstream fouling than a ielramertisation process conducted at reaction
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 processabifity of this
material downsiream 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-
consuming o 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,

Catalyst performance

The catalysts of the present invention can operate at higher temperatures with
good catalyst activity, while maintaining acceptable selectivities towards 1-
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/gCr/h at 100°C, 45 bar, or greater than 3 000 000 g/gCr/h at
100°C, 45 bar.

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
gthylene. 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
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:

The following abbreviations are used in the examples:

PCl chiorophosphine

Et ethyl

iPr isopropyl

nBu normai-butyl

1,2-DMP 1,2-dirnsthylpropyl

MCPE 1-{1-methyicyclopropyljethy!

Ph phenyi

PNH phosphinoamine, e.g. ARPN{R)H, where Aris an aryl, and R is
an organyl group

PNP bis phosphinoamine, e.g. ARPN(R)PAr,, where Ar is an aryl,
and R is an organyl group

oFPh ortho-fluorophenyl

DCM dichloromethane

THF tetrahydrofuran

MMAQ-3A  An aluminoxane product

General Experimental Conditions for Ligand Synihesis

All reactions were carried out under an argon aimosphere 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 CDCl;. PNP compounds
below were prepared by modification of the procedure described in Synthesis,
2007, 24, 3863.
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Preparation of ortho-fluorophenylmannesium bromide: (o-FPHMaBr

A dry and argon flushed Schienk was charged with iIPrMgCLLICI (1.42 g, 7.5
mmol, 1.3 M solution in THF). The solution was cooled in an ice bath and 1-
bromo-2-flucrobenzene (1.31 g, 7.5 mmol) was added dropwise. The reaction
mixture was stirred for 1hr and the resulting Grignard product was used in the

next step as described below.

Preparation of the dilo-fluorophenyliphosphinechioride; (g-FPhL.PCH

The Grignard reagent o-FPhMgBr (from abovse) was slowly added to a pre-
cooled solution of PCl; (0.52 g, 3.8 mmol} in anhydrous THF {10 mi) at room
temperature. After addition was complete, the suspension was stirred at room
temperature for a further th after which the reaction was complete as judged
by P NMR (5 61.1 (t, J = 64.5 Hz)). The product was used in the next step

without isolation.

Ligand preparation example 1; Preparation of (2-fluorophenyll.PN{iPriPPh.

iPrNH, (0.5 g, 8.46 mmol) and Et;N {1.71, 16.9 mmel) were added to the crude
(0-FPh),PCI compound (1.81g, 7.1 mmol) [prepared as described above] in
diethyl ether (10 ml). The reaction mixture was stirred at room temperature
unti) compliete formation of the PNH intermediate. The volatiles were removed
in vacuo. Ether (50 mi) was added and the resultant mbdure filtered fo give the
ether solution of the desired PNH product in reasonable purity [by *'P NMR
analysis: § 15.7 (, J = 33,4 Hz)]. The solvent was evaporated off to give the
PNH molecule (0.8 g, 2.9 mmuol) which was re-dissolved in DCM (10 ml). Et,N
(0.56g, 5.9 mmol) was added followed by incremental addition of Ph,PCI (1.3
g, 5.9 mmol) at room temperature. After complete conversion of the PNH
(judged by *'P NMR analysis) to the PNP, the post reaction mixture was
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concentrated. Ether (100 mi) was added and the resultant mixture was filtered
through a short activated alumina column. Filiration was repeated until a pure
compound was obtained. The solvent was evaporated 1o give the desired PNP
product. 'H NMR {(CDCly): § 7.49 ~ 6.82 (m, 18H, Ar), 3.79 (m, 1H, CH), 1.10
(d. 6H, J = 6.8 Hz, CHs). **F NMR (CDCk): 8 103.2 (d, J = 49.0 Hz). P NMR
(CDCIs): & 52.5 {brs), 22.6 (brs).

Ligand preparation example 2: Preparation of (2-fluorophenvlyPN(nBuiPPh,

This compound was prepared following the procedure described in ligand
example 1 above, except that nBuNH, instead of iPrNH, was used. 'H NMR
(CDClLy): 8§ 7.45 - 693 (m, 18H, Ar), 3.31 (m, 2H, CHy), 1.21 {m, 1H, CH), 0.58
(d, 8H, J = 6.8 Hz, CH,). *'P NMR (CDCla): § 63.2 {d, J = 41.6 Hz), 39.0 (m).

Catalyst_preparation example 3: Preparation of [{dopb)CrCll{(u-Ch, (dppb =
Ph,P(1.2-phenyieneiPPh,).

This complex was prepared by reaction of PhP{1,2-phenyleng)FPh;
{purchased from Sigma Aldrich) and Cr{THF),Cl; {purchased from Sigma
Aldrich) as described in Journal of Molecutar Catalysis A: Chemical 283 (2008)
114~119.

Ligand preparation comparative example 17 Preparation of {(phemdL,PMN{1.2-
DMPYP{phenyli,

This compound was prepared from the reaction of (1,2-DMPYNH, (1.0 g, 13.7
mmol}, EtN (554 g, 54.7 mmol), PhePCl (7.52 g, 41.0 mmol}, following a
procedure described in Synthesis, 2007, 24, 3863. P NMR (CDCly): & 54 (br

s).
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Ligand preparation comparative gxample 2 Preparation of

{phenvllL,PNMCPEPphenvh,

This compound was prepared from the reaction of (MCPE)NH, (1.0 g, 13.7
mmol}, EtN (5.54 g, 54.7 mmol}, Ph,PCl (7.58 g, 41.0 mmol), following a
procedure described in Synthesis, 2007, 24, 3863.%'P NMR (CDCly): 0 49-58
(brs).

Example 1 Continuous _ ethylene  telramerisation  with (2~
fluorophenyil, PN{PIPPh. at 100°C and 40 bar

A 5000 mi stainless steel continuous reactor system, equipped with a sight-
glass, was inertised by heating under vacuum, and refilling with N;. The reacfor
was charged with methyleyclohexane (2000mi} and MMAO-34A, and
pressurised to 40 bar with ethylene. A solution of Cr(acac); (83 umol/litre) and
(2-fluorophenyl):PN(iPr)PPh, (83 umolflitre) in methylcyclohexane, and a
solution of MMAO-3A (27 mmol Alflitre) in methylcyclohexane were then both
fed continuously to the reactor, so as to maintain an ALCr ratio of
approximately 10001 in the reactor. The reactor was cooled by means of a
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. H; and ZnEt; additives were added to the reactor
as well. A continuous drain of the reactor was employed o ensure a stable
liquid level within (liquid volume of 2500mi), and methylcyclohexane was
added continuocusly {0 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
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 recoverad mass of product
and the recovered polymer mass. It was observed through the sight-glass that
the reaction mixiure was homogeneous -~ the polyethylene co-product was
substantially dissolved in the fiquid medium. After 5.5 hours of operation, the
reaclion 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 formad in the
run). The activity and selectivity results are shown in Table 1.

Example 2 Continuous sthyiene tetramerisation with {2~
fluorophenyl),PN(PNPPh,,  (2-fluorophenyl.PNnBuiPPh,  and Ph,P(1.2-
phenylene)PPh, at 100°C and 40 bar

The procedure of example 1 was followed, except that after 57 hours of
continuous reaction, the ligand being fed to the reactor was switched from (2-
fluorophenvyl),PN(iPr}PPh, to (2-fluorophenyl),PN(nBu)PPh, and the reaction
temperature was reduced to 95°C, and after 8.0 hours of continuous operation,
the catalyst was switched from Cr{acac); / (2-fluorophenyl},PN{nBu)PPh; to
[(dppb)CrCLL(u-Cl), (dppb = PhyP(1,2-phenylene)PPh;). It was observed
threugh 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 aiter the run (1.0% of the polymer formed in the run). The activity and

selectivity results are shown in Table 1.

Example 3 Continuous athylene tetramerisation with {2-
flucrophenyllL,PN(nBUWPPh, at 95°C to 80°C and 40 bar

The procedure of example 1 was followed, except that the ligand (2-
flucrophenyl),PN{nBu)PPh, was used, and the reaction temperature was
maintained at 95°C and then lowered to 90°C after 8.5 hours. It was observed
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through the sight-glass that the reaction mbdure remained homogeneous
throughout ~ the polvethylene co-product was substantially dissolved in the
fiquid medium throughout the run.  After 12 howrs of operation, the reaction
was ferminated, 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 resulls are shown in Table 1.

Comparative example 1. Continuous sthyviene tetramerisation with PhaPN{1.2-
DMPYPPh, 5t 80°C and 40 bar

The procedure of example 1 was followed, except that the ligand PhPN(1 2-
DMPYPPh. and a resclor lamperature of 80°C was used. [t was observed
through the sight-glass that the reaction mbdure was a heterogenenus slurry —
the polyethylene co-product was substantially present as a precipitate in the
figuid medium. Afier 6 hours of operation, the reaclion was terminafed, 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 activily and selectivity resulls are
shown in Table 1.

Comparative  example 2. Confinuous  sthviene  ietramerisgtion  with
Ph.PNMCPEPPh, at 70°C and 40 bar

The procedure of example 1 was followed, except that the ligand
Ph,PN(MCPE)PFh, was used, the reaction diluent was 2,2 4-trimethyipeniane,
ZnEY was not added, and 2 rescior temperature of 70°0 was used. it was
ohserved through the sightglass thal the reaction mixture was 2
heterogeneous slurry — the polvethylene co-product was substantially present
as a precipitate in the lguid medium. Afler 18 hours of operation, the reaction

was terminaled, and the reactor was drained. 72g of polymer remained on the
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reactor walls after the run (69% of the polymer formed in the run). The activity
and selectivity results are shown in Table 1.

Table 1. Catalytic results to demonstrate the present invention

Exa | Timeon | Catalyst Temp Average 1-Hexene | 1-Octene | Polymer {-Octene :
mple | stream Q) Activity selectivity | selectivity | selectivity | 1-Hexene
i 8 0 o o ratio
{min) Pross. (x10 (mass %) | (mass %) | (mass %)
g/gCrih} (g/9)
(bar)
1 80 -200 Cr{acac)s/ 100,40 | 1.2 47.3 38.1 1.1 0.76
{2-FPh)PN(iPHPPh, /
MMAD-3A
200-2320 | Cr(acac)s / 100,40 | 3.0 43.6 36.4 1.5 0.83
(2-FPh):PN(PAPPh, /
MMAO-3A
2 120 -340 | Cr{acach/ 100,40 [ 2.0 451 389 1.9 0.86
(2-FPN)PN(iPT)PPhy /
MMAQ-3A




- 40 -

340~ 480 | Cr{acac)s/ 95,40 15 36.9 45.6 3.1 1.23
(2-FPh):PN{nBu)PPh;
} MIMIAC-3A
520800 | [(dppb)CrCila(u-Gil2/ | 85,40 | 0.9 49,86 36.6 1.2 0.74
MMAO-3A
3 240-720 | Cr(acac)s/ 95-90, 123 354 455 7.0 1.30
(2-FPhPN(nBUPPR: | 40
{ MMAO-3A
Comp | 180--300 | Criacac)s!/ 60,40 |40 259 58.9 1.0 2.27
1 PhaPN(1,2-DMP)PPh;
{ MMAQ-3A
Comip | 480-1060 | Cr(acac)s/ 70,40 | 4.1 337 50.4 1.5 1.50
2 PhsPN{MCPE)PPhy /

MMAD-3A
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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 fillration, and dried in
air. Before the submission of polymer for analysis, the samples were ground {o
& homogeneous powder {o ensure consistency snd representativity of the

entire bulk sample cblained.

High Temperature Gel Permeation Chromatography (GPC) analyses were
performed on a Polymer Laboratories GPC220 instrument. Single solutions of
each sample were prepared by adding 15 mi of 1,2 4-trichlorobenzene solvent
to 3.75, 7.5 or 15 myg of sample. The samples were healed at 190°C for 20
minutes whilst shaking, then cooled to 160 °C. The solutions were fiitered
through a 1 um glass fiber mesh at 160°C. The filtered solutions were analysed
in duplicate enabling 2 measure of guality of measurement and inherent
instrumentation error (quantified previously). The GPC system is calibrated for
linear polystyrene, with absoclute Mw gquaniification of polymer samples
expressed as for linear polyethylene (by adjustment with literature viscosity

constants).

Melt Flow Index (MFI) measurements are conducted according to a standard
ASTM D-1238 method [A. Furumiya, Y. Akana, Y. Ushida, 7. Masuda and A.
Nakalima, Relationship between molecular characteristics and physical
properties of iinear fow densfty polyethylene. Pure & Applied Chemistry 6, vol
57, 823-832 (1985)] using a Ceast DAS 4000 WIN instrument. The MF!
instrument consists of a small 2 mm diameter die inserted into the extruder.
The samples were loaded into the instrument and preheated for § min at
180°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 molien polymer i3 then measured, The MF!
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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 : Polymer | Catalyst Temp Mw Me MFI -
i “Ch, 21.6k
mple | from time °C) (@/mol) | (g/mol) 1.6kg
on Press.(ba (g/10min)
stream
T
{rmin)
1 80 -320 Cr(acac), / (2- 100, 40 14 500 | 1270 81.3
FPhLPN{PrPPh, /
MMAQO-3A
2 280460 1) Cr(acac); [/ (2~ | 95, 40 29000 | 18860 73.1
FPh).PN(iPr}PPh, MMAO-
3A
i) Cr(acac); / {2-
FPh),PN(nBu)PFPhy,
MMAQ-3A
2 480-800 | [(dppb)CrCLl(u-Ch, / 95, 40 10400 | 1230 70.3
cont. MMAO-3A
3 240-620 Cr{acac), / (2~ 895-90,40 | 16800 (1770 75.3
FPh,PN(nBu)PPh, /
MMAQ-3A
Com | 60-360 Cr(acac), / Ph;PN{1,2- &0, 40 32500014700 5.33
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X DMPYPPh, | MMAO-3A
Com | 80 -1080 | CHacac), / 70,40 {516 000 | 5 640 0.56
b2 Ph,PN(MCPE)PPh, /

MMAO-3A
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A continuous process for the tetramerisation of ethylene, the process including:

a)

b)

providing an activated catalyst comprising:

i)

if)

a source of chromium;

a ligating compound of the formula

R'R2PTXP?RIRA

wherein P' and P? are phosphorus atoms;
X is a linking group between P! and P2, such that any heteroatom on the
shortest connecting path between P! and P? is either bound to P' or P? or
adjacent to an atom bound to P! or P% and
R? to R* are independently a hydrocarbyl group, an organcheteryl group or

a heterohydrocarbyl group; and

optionally a catalyst activator or combination of catalyst activators; and

contacting ethylene to be tetramerised with the activated catalyst at a reaction

temperature of from above 80°C to 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:

i)

i)

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

a number average molecular weight (Mn), as determined by gel
permeation chromatography, of less than 3 000 g/mol; and

a melt flow index, as determined by ASTM method D1238 at 190°C and
21.6kg, of more than 20 g/10 minutes.
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A continuous process according to claim 1, wherein the ethylene is contacied with the

activated catalyst at a reaction temperature of from above 85°C 1o 110°C.

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 105°C.

A continuous process according to claim 1, wherein the polyethylens has:

i)

i)

i)

a weight average molecuiar weight (Mw), as determined by gel permeation
chromatography, of less than 150 000 g/mol;

a number average molecular weight (Mn), as determined by gel
permeation chromatography, of less than 2 500 g/mol; and

a melt flow index, as determined by ASTM method D1238 at 180°C and
21.6kg, of more than 35 g/10 minutes.

A continuous process according to claim 1, wherein the polyethylene has:

i)

i)

i)

a weight average molecular weight (Mw), as determined by gel permeation
chromatography, of less than 100 000 g/mof;

a number average molecular weight (Mn), as determined by gel
permeation chromatography, of less than 2 000 g/mol; and

a melt flow index, as determined by ASTM method D1238 at 190°C and
21.6kg, of more than 50 g/10 minutes.

A continucus process according fo claim 1, wherein the polyethylene has:

i)

i)

)

a weight average molecular weight (Mw), as determined by gel permeation
chromatography, of iess than 50 000 g/mol;

a number average molecular weight (Mn), as determined by gel
permeation chromatography, of less than 1 900 g/mol; and

a melt flow index, as determined by ASTM method D1238 at 190°C and
21.6kg, of more than 60 g/10 minutes.

A continuous process according to claim 1, wherein at least one of R' to R*is an

aromatic moiety or a hetercaromatic moiety.

A continucus process according to claim 1, wherein R' to R* are ali aromatic or

heteroaromatic moieties.
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17.
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A continuous process according to claim 1, whersin R' o R* are ail optionally

substituted phenyl groups.

A continuous process according to claim 1, wherein at least one of R' to R* is an
aromatic moiety of which a ring atom of the aromatic ring structure is bound to either P’
or P? and which has a polarising substituent bound to a ring atom of the aromatic ring
structure adjacent to the ring atom bound to P'or P2

A continuous process according 1o claim 10, wherein the polarising substituent bound
to a ring atom of the aromatic ring structure adjacent to the ring atom bound to P! or P2
includes methoxy, ethoxy, isopropoxy, Ci:-Czo alkoxy, phenoxy, methoxymethyi,
methylthiomsthyl,  1,3-oxazolyl, methoxymethoxy, hydroxyl, amino, {osvi,

methylsulfanyl, trimethyisiloxy, dimethylamino, sulphate, nitro, halogens or the like.

A continuous process according to claim 10, wherein the polarising substituent bound
to a ring atom of the aromatic ring structure adjacent io the ring atom bound fo P' or
P2 is a fluorine atom.

A continuous process according to claim 1, wherein at least one of R' to R* is an
aromatic moiety of which a ring atom of the aromatic ring structure is bound to either P’
or P? 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*or P2,

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! or P2

includes an alkyl or cycloalkyl group.

A continuous process according to claim 1, wherein X is —N(R%)-, where R® is a

hydrocarbyl group, a heterchydrocarbyl group or an organchetery! group.

A process according o claim 1, wherein the average activity of the activated catalyst
is greater than 700 000 g/gCr/h at'100°C, 45 bar.

A process according to claim 1, wherein at lsast 35 mass % 1-octene is produced.

A process according to claim 1, wherein at least 45 mass % 1-octene is produced.
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A product composition comprising at least 30% 1-octene and a polyethylene co-
product in a liquid reaction medium, the polysthylene co-product being substantially

dissolved in the liquid reaction medium and characterised as having:

iy a weight average molecular weight (Mw), as determined by gel permeation
chromatography, of less than 200 000g/mol;

ii} a number average molecular weight (Mn), as determined by gel permeation
chromatograpvhy, of less than 3 000g/mol; and

ity a melt flow index, as determined by ASTM method D1238 at 190°C and 21.68kg, of

more than 209/10 minutes,

the product composition being obtainable by a continuous process for the

tetramerisation of ethylene, the process including;
a) providing an activated catalyst comprising:

i) asource of chromium;

i) aligating compound of the formula
RIR?PIXP2RR?

wherein P'and P? are phosphorus aioms;

X is a linking group betweern P! and P?, such that any heteroatom on the shortest
connecting path between P'and P? is either bound to P! or P? or adjacent to an
atom bound to P’ or P2, and

R' to R* are independently a hydrocarbyl group, an organoheteryl group or a
heterohydrocarbyl group; and

i) optionally a catalyst activator or combination of catalyst activators; and
b} contacling ethylene to be {etramerised with the activated catalyst at a reaction
temperature of from above 80°C to about 115°C, thereby to form the product

composition.

A continuous process for preducing a tetramerisation reaction product composition
comprising at least 30% 1-octene and a polyethylens co-product in a liquid reaction
medium, the polyethylene co-product being substantially dissolved in the liquid reaction

medium and being characterised as having:
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i)

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

a number average moleculér weight (Mn), as determined by gel permeation
chromatography, of less than 3 000g/mol; and

a melt flow index, as determined by ASTM method D1238 at 190°C and 21.6kg, of more
than 20g/10 minutes,

the process including:

a)

providing an activated catalyst comprising:

i) a source of chromium;

i) a ligating compound of the formula

R'R2PIXP2RR?

wherein P! and P2 are phosphorus atoms;

X is a linking group between P! and P2 such that any heteroatom on the shortest
connecting path between P! and P? is either bound to P' or P2 or adjacent to an atom
bound to P! or P?; and

R' to R* are independently a hydrocarbyl group, an organocheteryl group or a
heterohydrocarbyl group; and

i) optionally a catalyst activator or combination of catalyst activators; and
confacting ethylene to be tetramerised with the activated catalyst at a reaction

temperature of from above 80°C to about 115°C.



