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CATALYTIC TRIMERIZATION AND TETRAMERIZATION OF QOLEFINIC
MONOMERS

Field of the Invention

The present invention relates to a catalyst system for
the cligomerization of olefinic monomers. The present
invention also relates to a process for the oligomerization
of olefinic monomers.

Background of the Invention

The efficient catalytic trimerization and
tetramerization of olefinic monomers, such as the
Lrimerization and tetramerization of ethylene to l-hexene and
l~octene, 1s an area of great interest for the production of
olefinic trimers and tetramers of varving degrees of
commercial value. In particular, l-hexene is a valuable
comconomer for linear low-density polyethylene (LLDPE) and 1~
octene 1s valuable as a chemical intermediate in the
production of plasticizer alcohols, fatty acids, detergent
alcohol and lubrication cil additives as well as a valuable
comonomer in the production of polymers such as polyethylene.
l-Hexene and l~octene can be produced by a conventional
transition metal oligomerization process, although the
trimerization and tetramerization routes are preferred.

Several different catalytic systems have been disclosed
in the art for the trimerization of ethylene te l-hexene. A
numper of these catalysts are based on chromium.

US~A-5198563 (Phillips) discloses chromium~based

catalysts containing meonodentate amine ligands

useful for trimerizing olefins.
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US~A-5%68866 (Phillips) discloses an ethylene
cligomerization/trimerization process which uses a
catalyst comprising a chromium complex which contains a
coordinating asymmetric tridentate phosphane, arsane or
stibine ligand and an aluminoxane to preoduce alpha-
olefins which are enriched in l-hexene.

085523507 {(Phillips}) discloses a catalyst based on a
chromium source, a 2,5-dimethylpyrrole ligand and an
alkyl aluminium activator for use in the trimerization of
ethylene to l-hexane,

Chem. Commun., 2002, 8, 858-859 (BP), discloses
chromium complexes of ligands ¢of the type AroPN{Me)PAr,

{(Ax = ortho-methoxy-substituted aryl group) as catalysts
for the trimerization of ethylene.

WO 02/04119 (BP) discloses a catalyst for the
trimerization of olefins comprising a scurce of chromium,
molybdenum or tungsten, a ligand containing at least one
phosphorus, arsenic or antimony atom bound to at least
one hydrocarbyl or heterohyvdrocarbyl group having a polar
substituent, but excluding the case where all such polar
substituents are phosphane, arsane or stibane groups, and
optionally an activator. The ligand used in most of the
examples is (Z-methoxyphenyl) 9PN (Me) P {Z2-methoxyphenyl)s.

Although the catalysts disclosed in the BP documents
mentioned above have good selectivity for l-hexene within
the Cg fraction, a relatively high level of by-product
formation f{e.g. Cyp by-preducts} is observed,

WO 2005/039758 discloses a trimerization catalyst
conposition and a process for the trimerization of

¢lefinic monomers using said catalyst composition.
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Catalytic systems for the tetramerization of
ethylene to l-octene have recently been developed. A
number of these catalysts are based on chromium.

WO 2004/056478 and WO 2004/056473 (Sasocl) disclose
catalyst compositions and processes for the
tetramerization of clefins. The catalyst compositions
disclosed in WO 2004/056478 comprise a transition metal
and a hetercatomic ligand having the general formula

(R}nA-B-C(R)py where A and C are independently selected

from a group which comprises phosphorus, arsenic,
antimony, oxygen, bismuth, sulphur, selenium, and
nitregen, and B is a linking group between A and C, and R
is independently selected from any homo or
heterchydrocarbvl group of which at léast ong R group is
substituted with a polar substituent and n and m is
determined by the respective valence and oxidation state
of A and €. The catalyst compositions disclosed in WO
2004/056479 comprise a transition metal and a

hetercatomic ligand having the general formula (R} A-B-
C{R)y where A and C are independently selected from a

group which comprises phosphorus, arsenic, antimony,
oxygen, bismuth, sulphur, selenium, and nitrogen, and B
is a linking group between A and C, and R is
independently selected from any home or heterohydreocarbyl
group and n and m is determined by the respective valence
and oxidation state of A and/or C.

WO 2004/056480 (Sasol) discloses the tandem
tetramerization and polymerisation of ethylene.
Specifically, WO 2004/056480 discloses a process for
polymerising olefins to produce branched polyolefins in
the presence of a distinct polymerization catalyst and a

distinct tetramerization catalyst, wherein the
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tetramerization catalyst produces l-cctene in.a

selectivity greater than 30% and the l-octene produced is

Cat least partially incorperated into the polyolefin

chain.

Although the tetramerization catalysts disclosed in
the Sascl documents mentioned above have 'good selectivity
for l-octene within the Cg fraction, again, a relatively
high level of by-product formation is observed.
Typically, the by-product coﬁéists of Cg compositions;
however, only about 70 to 80 %wt. of the Cg by-product
composition is l-hexene, with the remaining Cg by-product
comprising compounds such as methylcyclopentane and
methylenecyclopentane. The presence of these remaining
Cg by-product compositions, which have very little

commercial use or value, is highly undesirable from both

AR ek evrrid e wmamd de A vwd et o e T I S L T PR

It has now been surprisingly found that the catalyst
system and process of the present inventicn provide an
effiéient route for the selective production of l-hexene
and l-octene from ethylene while reducing the level of

by4§xeduct formation, especially Cip by-products, solids
(i.e. heavy waxes and/or polyéthylene) and Cg

compositions/isomers other than l-hexene.

Summary of the Invention

The present invention relates to a catalyst precursor
composition comprising: |
a) a source of chromium, mclybdenum or tungstsn;
b} a first ligand having the geaerai formula (I):
(R1) (R2}P-X-P(R3) (RY) (1)
wherein:

X is an alkylene bridging group:

AMENDED SHEET : 15020007
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Rlyand R3 are indepéndently selected from aromatic
groups which do not contain a polar substituent at any of
the Qrthcfpasitioﬁs;

RZ and R? are independently selected from optionally

5 substituted aromatic groups, esach R? and R? bearing a
polar substituent on at least one of the ortho-positions;

c) a secend ligand having the general formula
(1) ; |

(R1") (R2")p-x"-p(R3) (RY) (1)
10 wherein:

X’ is a bridging giﬁup of the formula -N(R®')-,
wherein R3' is selected from hydrogen, a hydrocarbyl
group, a substituted hydrocarbyl group, a

heterchydrocarbyl group, a substituted heterchydrocarbyl

15 group, a silyl group or derivative thereof; and

oLl ALl Ll QL DIUMSLALULTL QEUHIT L LW W LWL e D% b WARELL LLNA

hetercaromatic and substitﬁted hetercaromatic groups of

1

which at least one of RL', RZ', R3’ and RY' is
20 substituted with a polar substituent, or R}, Rr2', r3’

and R?’ are independently selected from aromatic and -
substituted aromatic groups, including hetercvaromatic and ] J
substituted hetercaromatic groups, wherein any
substituents on one or more of R1', R2’, R3' and RY' are
25 nen-polar. _
In ancther embodiment, the present invention alsc
relates to a catalyst system comprising the catalyst
preqcursor compoaiﬁion éf the present invention and
additional component;

3G dy a eocatalyét.
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The present invention also relates to a process for
the trimerization and tetramerization of olefinic
monomers, particularly the trimerization and
tetramerization of ethylené to l-hexene and l-octene,
wherein the process comprises contacting at least one
olefinic monomer with the catalyst system of the present
invention under trimerizatioﬁ and tetramerization
reaction conditions.

The present invention further relates to the use of
the catalysts system of the present invention for the
trimerization and tetramerization of olefinic monomers,
especially for the trimerization and tétzamexizatien of

aﬁhylaﬁ& to l-hexene and l-octene.

Detailed Description of the Invention
As used herein, the term “trimerigation” means the

catalytic trimerization.of an ¢lefinic monomer to give'a

e mr m a o e m—y e pves e mm w e me me e e e em e s e F LA e e - e B —
f {

term trimerization includes the cases wherein all the
olefinic monomers in the. feed stream are identical as
well as the cases whersin the feed stream contains two or
more different clefinic monomers.

In particularly, the term “trimerization” when used
in relation to the trimerization of ethylens means the
trimerization of ethylene to form a, Cg alkene, especiélly
1-hexene,

The term “trimerization selectivity” when used in
relation to the-trimerization of ethylene to 1-hexene
means the amount of (g fraction formed within the product
composition. o

The term “l-hexene selectivity” wheh used in

relation to the trimerization of ethylene to 1-hexene

AMENDED SHEET . 15/02/2007
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means the amount of l-hexene formed within the Cg

fraction of the product composition. The overall yield

of 1-hexene in the trimerization of ethylene is the

-product of the “trimerization selectivity” multiplied' by
5 the “1-hexene gelectiviry”. .

" The term “tetramerization” means the catalytic
tetramerization cf an clefinic monomer to give a product
compesition enriched in the compound derived from the
reaction of four of said olefinic monomers. The term

10 tetramerization includes the cases wherein all the
clefinic monomers in the feed stream are . identical as
well as the cases wherein the fesd stream contains two or
more different olefinic monomers.

In particularly, the term “tetramerization” when
13 used in relation to the tetramerization of ethylene means

the tetramerization.of ethylene to form a Cg alkene,

The term “tetramerization selectivity” when used in

relation to the tetramerization of ethylene to l-octene
20 means the amount .of Cg fraction formed within the product
composition.

The term “l-octene seleé¢tivity” when used in | -
relation to the tetramerization of ethylene to l-octene f”g
means the amount of l-octene formed within the Cg

25 fraction of the product composition. The overall yield
of l-octene in the tetramerization of ethylene is the
product of the “teéramerizatien gelectivity” multiplied
by the “l-octene selectivity”. *

In one embodiment of the present invention, the

30 catalyst precursor composition system comprises:

'a)  a source of chromium, -molybdenum or tungsten;

b} the first ligand; and ‘

4 AMENDED SHEET ) 15/02/2007
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) the second 1igénd;
In another embodiment of the present invention, the
catalyst system coﬁprises: ‘
a} a source of chromium, molybdenum or éungstem;
5 b}  the first ligand;
¢)  the second ligand; and
)  a Cbcétalyst: ' ‘
Each of these four catalyst components is described
in detail below. ‘ .
10 The source of chromium, molybdenum or tungsten,
-~ component {(a), for thé catalyst system can include gimple
(:_ inorganic and organic sal#s of chromium, molybdenum or
tungsten. Examples of simple inorganic and organic salts
are halides, aae;jiacetongéas, carboxylates, oxides,
135 nitr&tas,'sulfates,and,the igke. Further sources of
- chromium, molybdenum or- tungsten can also include co-
oxdinatipn and organometallic complexes, for example‘
chromium trichloride trisftatrahydrofuraﬁ complex,
{benzene)triear@onylchxomiﬁm; chromium hexacarbonyl, and
.20 the like. Preferably, ﬁhe source of chromium, molybdernum
or tungsten, component {a), is an organic salt of
chromium, molybdenum or tungsten.

In one embodiment of the present invention, the

~

source of chromium, molybdenum or tungsten, component
25 (a), is a sinmple inorganic mr'oréanin galt of chromium,
molybdenum or tungsten, preferably an organic salt, which
is scluble in a solvent such as those disclosed in WO
02/04119. ' '
The source of chromium, molybdenum or tungsten can
30 also include z mixture of any combination of gimple
inorgénic salts, simple organic salts, co-ordination

complexes and organometaliic complexes.
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In a preferred embodiment herein, component {a) is a
gsource of chromium, paxticglarly chromium (III).

Preferred sources of chromium for use herein are
simple inorganic and organic salts of chromium and co-

5 ordination or organometallic compliexes of chromium, More
preféfr&d sources of chromium for use herein are the
organic salts of shromium, such as salts of carboxylic
acids, preferably salts of alkancic acids containing 1 to
30 carbon atoms, salts of aliphatic-f-diketones énd salts

10 of B-ketoesters (e.g. chromium (III} 2-ethylhexanocate,
chromium (IXI) octancate and chromium {III)
acetylacetonate}, and halide salts of chromium, such as
chromium trichloride, chromium trichloride tris-
tetrahydrofuran complex, chromium tribromide, chromium

15 trifluoride, and chromium tri-iodide. A particularly

preferred source of chromium for use herein is chromium

¥ i e E . - . . Y - o ~ Y 0 . ’ FP.

- - . .- R

' The first ligand of the‘cata}ys; aystem of the
20 present invention, component (b}, is of the general
formula {(I); & '
(R1) (R2)P-x-P(R3) (RY) ()
wherein:
X is an alkyiene bridging group;
25 R: and R3 are independently selected from aromatic
groups which do not contain a polar substituent at any of
the ortho-positions;
R? and R* are independently selected from optionally
substituted aroh&tic'groups, each R? and R% bearing a
BQ polar substituent on at least one of the ortho-positions.
In thﬁhgeneral formula (I), X represents an alkylene

group, comprising from 1 to 10, preferably from 2 to 6,

6 : AMENDED SHEET 1B/DP007
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more preferably from 2 to 4 and especially from 2 teo 3
' carbon atomsg in the bridge. A preferred embodiment has 2
carbon atems in the bridge. )

By “in the bridge” is understood to be the shortest

5 connection betwéen;tha two phosphorus atoms.

Suitable bridging groups include substituted and
unsubstituted alkylene groups. The alkylene groups can
optionally contain one or more heteroatoms in the bridge,
such as N (e.g. -N(Me)-}, § {(e.g. ~S805-), Si or 0.

10 Preferably, the alkylene grouﬁ contains only carbon atoms.

{“ ' in the bridge. '

. The alkylene groups can ke substituted with one or
more substituents. The substituents can be attached to
any part of the bridging group. V |

5 fhé substituents ¢n the alkylene bridging group can

contain carbon atoms and/or hetercatoms, Suitable

TR L I Ty B B O B e Y ) e T~ N T R T

SLYalgnu-Claln Or Drancned, Saturated Or unsaturated,

aromatic or non-aromatic. The hydrocarbyl substituents
20 may optionally contain hetercatoms such as 81, 8, N or 0.

Suitable aromatic hydrocarbyl substituents include

monocyclic and polycyclic aromatic groups, preferably

Y

having from'S to 10 carbon atems in the ring, such as
phenyl and Cy-C4 alkyl phenyl groups. Suitable non-

25 aromatic hydrecaxbyl substituents include linear or
branched alkyl or cycleoalkyl groups, preferably having
from 1 to 10 carbon atoms, more preferably 1 to 4 carbon
atoms.

Other suitable substituents of the,alkylene bridging

30 group include halides such as chloride, bromide and
iodide, thiol, -OH, Al-0:, -8-Al, -co-Al, -NH,, -NHAL, -

KataZ2, -cO-NAlaZ, -NO,, =0, in which Al and a2,

- - ' ARAERINT I ST I .
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independently, are non-aromatic groups preferably having

from 1 to 10 carbon atoms, more preferably 1 to 4 carbon

. atoms, e.g. methyl, ethyl, propyl and isopropyl.

When the alkyleﬁe bridging group is substituted,
preferred substituents are hydrocarbyl groups.

Particularly preferred hydrocarbyl substituents are Cy-Cy4

alkyl groups, preferably methyl, ethyl, propyl,
isopropyl, butyl, isobutyl, most preferably methyl.
Examples of non-substituted alkylene bridging groups
include methylene, ethylene and trim&thylene groups. ‘
Examples of substituted alkylene bridging groups include
2,2-dimetﬁyl«trim@thylen&, 2,2-diethyl-trimethylene, 2,2-
dimethylwtetramethyiane, 2-methyl-trimethylene, 2-
hydxoxymethyi~trimethy1éna and 2,2-di-hydroxymethyl~
trimethylene.

Particularly preferred organic bridging groups for

especially preterred organic bridging group is ethylene,
that is, -CHy-CHy-.

R} and ' R? are independently selected fxrom, aromatic
groupg which do not contain a polar substiFuent at any of S
the ortho-positions. ’ z

The term “hydrocarbyl” as used herein refers to a
group only containing carbon and hydrogen atoms; The
hydrocarbyl group may be a saturated or unsaturated,
linear or branched alkyl, a non-aromatic ring or an
aromatic ring. Preferred hydrocarbyl groups for use
herein are those containing from 1 to 2¢ carbon atoms.

The term “substituted hydrocéxbyl” as used herein
refers to hydrocarbyl groups which contain one or more

inert heteroatom containing functional groups. By “inert

AMENDED CLIERET 1 5 O3ONN0T
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heteroatom containingyfunctioﬂai groups” is meant that
the functional grmupéldm not interfere to any substantial
degree with the trimerization and tetramerization
proceass. |

5 The term “heterchydrocarbyl” as used herein refers
to a hydrocarbyl group wherein one or more of the carbon
atoms is replaced by a héteroaﬁom, such as 8, N or O,

The term “substituted heteféhydraaarhyl” ag used herein
refers to heterchydrocarbyl groups which contain one or

10 more inert heterpatom containing functional groups.

. . The term “aromatic” as used herein, fefers to a
{f monocyclic or polycyclic, aromatic or hetercarcmatic ring
having from 5 to 14 ring atoms, optionally containing
from 1 to 3 hetercatoms selected from N, O and S.

Is Preferably, the aromatic groups are monocyclic or
polycyclic aromatic rings, such as c¢yclopentadienyl,
phenvl, naphthyl or anthfacesyl. Even more preferred .
rings having from 5 to 10 ring atoms. Especialiy

20 preferred aromatic groups are monocyclic aromatic rings
containing from 5 to 6 carbon atomg, such as phenyl and
cyclopentadienyl, and a most pr@fexréd aromatic group is

a phenyl group.

e

The term ‘“gubstituted aromatic” as used herein means
25 that the aromatic group may be substituted with one or
. more substituents, Suitable substituents include those
mentioned above. in relation to the alkylene bridging
group. '
In one preférred'embgdimentg Rl and R3 are
30 independently selected from subétituted or unsubstituted
‘aromatic groups which do not contain a polar substituent
at any of the ortho-positions. By the term “ortho-

position” when used in relation to substituents on the

a T AMENDPER QUEET BN DN
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aromatic R1, RZ, R3 and R% groups, it is meant that the
substituent is in the ortho position relative to the atom
bonded to the phosphorus atom. In an even more preferred
embodiment, R! and R3 are independently selected from
5 cptionally substituted phenyl groups which do not contain
a polar substituent at any of the ortho- positions, In a
most preferred embodiment, Rl and R3 are independently
selected from cptionallf substituted phenyl groups which
do not c§ntain any polar substituents. In an especially
10 preferred embodiment, R and R3 are unsubstituted phenyl
groups.
It is preﬁérred that the R} and R3 groups are the
same, ' »l
R2 and R% are independently selected from optionally

15  substituted aromatic groups, each R2 and R% group bearing

A wmeatar saletddfaant ~an sk Tozar Arna ~F Fha Avthew

MYUTE LD . FUL LU QVWLUALLT Wi WWLRL, LS plians sacil

RZ and Rr% bearing a polar substituent on at least one of

the ortho-positions” means that, in the same ligand, R?
20 is substituted with a polar substituent on one or both of

its ortho positions and RY is substituted with a polar S
substituent on one or both of its ortho-positions. '
The term “optionally substituted” in relation to R2
and R4 means that, in addition to the polar substituent
25 on at least one of the ortho-positions, the R2 and R4
groups may contain one or more substituents. Suitable
substituents include those mentioned in relation to the
alkylene bridging group.
Preferably, R? and R% are indepaﬁdanﬁly selected
30 from optionally substituteﬁ aromatic groups having from 5

to 14 ring atoms, preferably from 5 to 10 ring atoms,

10 ARAERNE R G =T o LA I AN
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wherein each R? and R? bears a polar 5ubs§itd§nt on at

least one ¢f the ortho-positions.

In one preferred embcdiment, R2 and R% are
independently selected from optionally substituted phenyl

5 groups, wherein each R? and R% bears a polar substituent

on at least one of the ortho-positions.

Preferably, each of R2 and R4 bears a polar
substituent on cne of the two ortho-positions.
Pelar is defined by IUPAC as an entity with a
10 ‘ permanent electric dipcle moment. Therefore, as used
{' herein, the term “polar substituents” means a substituent
which incorporates a permanent electric dipole moment.
Suitable polar substituents for use herein include
but are not necessarily limited to, cptiocnally branchéé
15 Ci1-Cop alkoxy groups, i.e. hydrocarbyl groups connected

o e am ﬁz oA B8 e
VLR i IS S-S e e 33 15

r 21 and R3 provided

Tmmw e rnmmemmm mmc g e e o e e A e e mm el e e e e e e e em e

“unsubstituted aromatic groups the polar substituent ie
"not attached to any of the crtho-positions, through an

20 oxygen bridging atom; optionally substituted Cg-~Cyg
aryloxy groups, i.e. optionally substituted aromatic

groups connected to the R? and R? aromatic ring, or RI

o
N i

and R3 providad that when ﬁhéy are sgselected from
gubstituted or unsubstituted aromatic groups the polar
23 substituent is not attached to any of the ortho-
positions, through an oxygen bridging atom;’éptionalky
branched 01~C30‘alkoxy§C1;ng}alkyi gre&pé, i.e. C1-Cap
hydrocarbyl groups bearing a Cy1-Cpp alkoxy group;
hyéroxyl; amino; (di-)Cy-Cg alkylamino; nitro; C3-Cg

30 alkylsulphonyl; C1-Cg alkylthic{Ci-Cglalkyl groups;

14 . ARACKINNETY QU ET ‘ 1 &Y IO0YT
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sulphate; heterdéyclic groups, especially with at least
one N and/or O ring atom; and tosyl groups.

Examples of suitable polar substituents include
methoxy, ethoxy, isopropoxy,.phenoxy, pentafluorophenczy,

5  trimethylsiloxy, dimethylamino, methylsulphonyl, tosyl,

methoxymethyl, methylthiomethyl, 1,3-oxazolyl, hydroxyl,
amino, nitro and the like.

pPreferably, the polar substituents on R% and rR? are
independently selected from optionally branched C;-Cag

10 alkoxy groups, optionally substituted Cg-Cps aryloxy _
groups, and optiocnally branched C;~Cpg alkyl(Cqi- i 4?
Caplalkoxy groups. More preferably, the polar
substituents on »}22‘ and R? are independently selected from
optionally branched C;-Cpp alkoxy groups, especially

15 optionally branched Cy-Cg alkoxy groups such as, for
AAAAA 4 PRI T P e e T e e mde ,_.-"I P, SR
preferred polar substityent on R? and R% is methoxy.

It is preferred that the R and R% groups are the
same and bear the same number and type of polar
20 substituent (s}. It is particularly preferred that RZ
bears only one polar substituentloﬁ one of its two ortho- ¢ }
positiong and that R? bears only one polar substituent on - |
one of its two orthc»poéitions.
The ligands according to formula (I) can be prepared
25 using procedures known to one skilled in the art or
digclosed in pubiished literature. Examples of such
compounds are:
(2-meth0xypheny&)(phényl)PCHQCHQP(2~
methoxyphenyl) (phenyl) | |
30 {(2-methoxyphenyl) (phenyl) PCHoP (2~
methoxyphenyl) (phenyl) '

12 ARAENDDN OLIDET™ A TN IO
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{2-methoxyphenyl] (phenyl) PCHyCHoCH4P (2-
methoxyphenyl) (phenyl)

{2«éthoxyphenyl)fphenyl)PCHQCHQP(Z—
ethoxyphenyl) (phenyl}

izuethoxyphenyﬁ}(pheﬁyl)PCHgPtz-
ethoxyphenyl} (phenyl)

. (2-ethoxyphenyl)} (phenyl) PCH3CHaCHp P (2~
ethoxyphenyl) (phenyl)

{2-isopropoxyphenyl) {phenyl) PCHyCH P (2-
isopropoxyphenyl) (phenyl)

{2-isopropoxyphenyl) (phenyl) PCHyP (2-
isopropoxyphenyl) (phenyl)

{jSsopropoxyphenyl)(phenyl}PCHBCHQCngizm
isopropoxyphenyl) {phenyl)

A particularly preferred ligand for use herein is
foumarhnvvnhmanafnhmﬁu¥§mﬁn;ﬁﬁnuf§-
methoxyphenyl) (phenyl) .

The &econé'ligéndfaf the catalyst system of the
present invention, component (c), is of the general
formula (II); ' .

(R1') (R2)B-X-P(R3") (R4") {1T)

wherein:

X' is a bridging group of the formula -N(R5')-,
wherein R3' is selected from hydrogen, a hydrocarbyl
group, a snbstituted_hydrocaxbyl groupg, a
heterohydrocarbyl gr&aﬁ, a substituted heterohydrocarbyl
gxoup; a2 silyl greup or derivative thereof; and

rLl’, rZ2", R3’ and R4’ are, in a first embodiment,
independently selected frém aromatic and substituted

aromatic groups, ineluding hetercaromatic and substituted

hetercaromatic groups of which at least cnme of R1', R2’,

ARARITY Y LT 1 D O
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R3' and R4’ is substituted with a polar substituent, or
r1', R2', ®3' and r%Y' arve, in a second embodiment,
independently selected from aromatic and substituted
aromatic groups, including hetercaromatic and substituted
heterocaromatic groups, wherein any substituents on one or

7

more of R1', R2', R3’ and R%4' are non-polar.

The bridging group X’ is of the formula -N(R5')-,

wherein R®' is preferably hydrogen, a hydrocarbyl group,
a substituted hydrocarbyl group, a heterchydrocarbyl

group or derivative thereof. Typically, R3' is selected
from hydrogen or the groups consisting of alkyl,
substituted alkyl, aryl,; substituted aryl, aryloxy,
substituted aryloxy, alkenyl; substituted alkenyl,
ecycloalkyl, substituted eyeloalkyl, alkoxyearbonyl,
carbonvloxv. alkoxv. aminocarbcnvl. carbonvlamino.

alkyl or aryl gr&ups~sub5£§tute§ with any of these
substituents or haloéen ér.a nitro group. More pxef&rablg
R3' is an alkyl, substituted alkyl (including
heterccyclic substituted alkyi with at one heteroatom,
such as N or O, and alkyl groups substituted with a )
heterocatom or hetercatomic group), cyclealkyl,
substituted cycloalkyl, substituted cyclico aryl,
substituted aryl, aryloxy or substituted arylexy group.
Examples of suitable R3' groups include C1-C15 alkyl
groups, substituted Cy1-Cyg alkyl groups, C3-Cig
cycloalkyl groups, substituted C3-Cyg cycloalkyl groups,

Cg-Cqg aromatic groups, substituted Cg-Cyz aromatic

groups, C1-Cig alkoxy groups and substituted Cq-Cig

alkoxy groups. . Most preferred RS’ groups are the C3-Cig

ARACTRIMNVCT™S O8] Jo = 4 [ iy IO
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alkyl groups, which include both linear and branched
alkyl groups, suitable examples include methyl, ethyl,
propyl, isopropyl, butyl, iscbutyl, t-butyl, pentyl,
alkyl branched pentyl groups, hexyl, alkyl branched hexyl
5 roups, heptyl, ﬁikyl branched heptyi groups, octyl and
alkyl branched octyl groups.
Examples of suitable bridging groups include -
N{methyl) -, MN(ethyl)-,-wN(pxopyisf, -N{isopropyl)-, -
N{butyl}-, -N{t-butyl)-, -Ni{pentyl)-, -N(hexyl)-, -N{2-
10 ethylhexyl) -, -N{cyclchexyl)-, -N{l-cyclohexylethyl)-, -
— N{Z*methy}cyclchexyi}-, ~Ni{benzyl)~, -N{phenyl}-, -N{2-
( cctyl) -, -N{p-methoxyphenyl)-, -N{(p-t-butylphenvl)-, -
N((CHy)3-N-morpholine}-, -N(Si({CH3)3}-, -
N{CHpCHpCHz81 (OMe) 1)) -, -N{decyl)- and -N{allyl)-.

15 The R}, R2', RY' and R4’ groups of the second

ligand are independently selected from from aromatic and

substituted hetercaromatic groups. Suitable R1', Rr2’,

R3’ and r%' groups may be independently selected from a
20 group coﬁprising opt;pnally substituted benzyl, phenyi;
tolyl, xylyl, mesityl, biphegyl, naphthyl, anthracenyl,
77 phenoxy, toiylaxy,'thiophenyl, pyridyl, ihiophenaxy{
p— ferrocenyl and tetrahydrofuranyl groups. Preferably,
| rY', R2’, R3 and r%' are inéependently selected from a
- 25 group compriging optionally substituted phenyl, tolvl,
bibhenyl, naphthyl and thiophenyl groups.
Any of the groups RY', R2', R®' and R%?' may
independently bé linked to'one or more Qf each other or
to the bridging group X" to_fo?m a éyclic structure.

30 In the first embodiment of the second ligand wherein

at least one of R1’', R2', R3' and R%?' is substituted with

15 | | AMENDED SHEET $5/02/2007


IP-TEMP
Rectangle


IP-TEMP
Rectangle


Printed: 22/02/2007 DESCPAMD - EP2006061425

- 19 -

3

a polar substituent, up to four of Rl', R2', R3‘' and r%’
may have a substituents on an atom adjacent to the atom

bound to the phosphorus atom. -

In addition to at least one of R1', R2', R3’ and R4’

5 being substituted with a polar substituent, each of Ql’,
R2’,R3’ and RY' is aromatic, including heterocaromatic,
but preferably not all of R, 82", R3’ and rR% are h
substituted by any substituent on an atom adjacent to the
atom bound to the phosphorus atom; preferably not more

10 than twe of RY", R2', R3' and R*'may have substituents on C
the atom adjacent to the atom bound to the phosphorus
atom. ‘

Any polar sﬁbstiﬁuants on rR1°, R2", R®' and R% may
preferably not be on the atom adjacent to the atom bound

15 to the phosphorus atom.

At least one of R1', R<', R3' and R%' may be
substituted with a polar substituent on the second or
further atom {rom the atom bound to the phesphorus atom,

Any polar substituent on one or more of RY', R2",

20 R3" and R%?' may be electron donating.

Suitable pélar sﬁbétituenté include methoxy, ethoxy, ST
iscpropoxy, C3-Cpg alkoxy, phenoxy, pentaflucrophenoxy; ;
crimethylsiloxy, diméthylamino, methylsulfonyl, tosyl,
methoxymethyl, methylthiomethyl, 1,3-oxazolyl,

25 methomethoxy, hydroxyl, amino, phosphino, arsine,
stibino, suiphata, nitro and the like.

In the second embodiment of the second ligand
wherein R}, R2', R3' and R%' are independently selected
from eptianélly‘substituteé aromatic, including

30 hetercaromatic, groups, wherein any substituents on one

or more of RL', R2', R3’' and RY' are non-polar. iIn
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addition, not all the groups R!', R2', R3' and R%'have a
non-polar substituent on the atom adjacent to the atom

bound to the phosphorus atom.
Any substituents on one or more of RL', R2', R3' and
5 R%’ may not be electron donating.
IUBAC defines non-polar as an entity without a
permanent electric dipole moment . '
Suitable non-polar s&hstitﬁent$ may be a methyl,
ethyl, propyl, butyl, isopiopyi, isobutyl, tert-butyl,
10 pentyl, hexyl, cyclopentyl, 2-methylcyalohexfl,

(f” cyclohexyl, cylopentadienyl, phenyl, bi-phenyl, naphthyl,
tolyl, xylyl, mesityl, ethenyl, propenyl and benzyl
group, or the like.

In one embodiment of the second embodiment of the
15 second ligand, él', R2', R* and R4’ are unsubstituted

aromatic, including hetercaromatic, groups,

or both of the bhospharus atoms‘of the second ligand may
be independently oxidised by S, 8e, N or O,

20 The ligand may also contain multiple (R} {R27)P-X'-

P(R¥'){R?) units. Non limiting examples of such ligands
e - include ligands where theiindiviéugl units are coupled
either via one or more of the RL', R2", B3 or RY' groups
or via the brzdglng group X". ‘
25 The ligands can be prepared using procedures known
to one skilled in the art and procedures disclosed in

published literature.
Examples of the ligands wherein at least one of RL', R2',

r3" and R?' is substituted with a polaf substituent
30 include: (3-methoxyphenyl)PN{methyl)P(3-methoxyphenyl)y,

(4«methoxyphenyi}2PN{mgthyl}P{é~methoxyph¢ny1)g, (3~

4 . . R RN TP e g1 e e A N e o S
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methoxyphenyl) o PN {isopropyl) P (3 -methoxyphenyl) o, (4-
ma;hoxyphényl)EPN(isoprapyl)P(émmethoxyphenyl)2, (4~
methmxyphenyl)QPNizwethylhexyl)P(4~methcxyphenyl)g, (3~
methoxyphenyl) (phenyl) PN(methyl) P (phenyl)s, (4-

'methoxyphenyl)(phenyl}PN(mezﬁyl)P(phenyl}g, {3~

methoxyphenyl) (phenyl) PN {methyl) P(3-
methoxyphenyl) (phenyl), (4-
methoxyphenyl) (phenyl) PN {(methyl)} P (4-
methoxypﬁanyl){phanyl), {3-
methoxyphenyl) PN {methyi) P (phenyl)s, {4-

methoxyphenyl) oPN{methyl) P{phenyl}),, (4-

methoxyphenyl) o PN{l-cyclohexylethyl) P {4-methoxyphenyl) o,

{4~methoxyphenyl}QPN(E-methylcyc}ohexyl)§(4-
methoxyphenyl);, {(4~methoxyphenyl) PN{(decyl)P (4~

matrkavimharmirt o 0 A _mabtheviormioanol Y D fmantu1Y DAL

- - - c o - - - ir - -

methoxyphentyl) o, (4-methoxyphenyl) PN (phenyl)P(4-
methoxyphenyl)o, (4-Efluorophenyl} PN (methyl)P{4-~
fluorophenyl) o, (2~f1uor¢pﬁanyl)2?&(methy1}?(2~
fluorophenyl)a, (4~&imethy1aminaaphenyl)ZPN(methyi)P{4-
dimethylamino-phenyl) s, (4-methoxyphenyl) PN{allyl)P({4-
methoxyphenyl) s, (phenyl),PN{isopropyl)P(2-
methoxyphenyl) s, {4~{4wméthoxyphenyl}w

phenyl)gpﬁ{isoprop?l}?(&«{4~methoxyphenyl3~pheny1}2: {4-

methoxyphenyl)(phenylfpm(iscpropyl)P(pheny}}g, 1,2-di-
{N(P(4-methoxyphenyl}s)o) -benzene, 1,4-di-{N{P{4-
methoxyphenyl) ) 2) -benzene, |
N{CHzCHaN (P (4 -methoxyphenyl) 5)s)3 and 1,4-di- (P{4-

methoxyphenyl}N (methyl) P (4-methoxyphenyl) ) -benzene.

F N Ut n el el s ud
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Preferred liganﬁs from the above list include: {(3-
methoxyphenyl) ;PN(methyl) P (3-methoxyphenyl) o, (4~
methoxyphenyl) oPN (methyl) P (4-methoxyphenyl) 5, (3-
methoxyphenyl) o PN({isopropyl} P (3-methoxyphenyl) o, {4-
methoxyphenyl}QPN(isopropyl}P(évmathoﬁyphenyl)g, (3-
methoxyphenyl)2?N{meth?i)?(yheny§}2,v(4-
methoxyphenyl}QPN{méthyl}P(phenyl)2, {4-
methexyphenyl}2?N(penb?l)?{4~méthexyph@nyl)2, {4~
methoxyphenvl) oPN(benzyl) P (4-methoxyphenyl),, (4-
methoxyphenyl) ;BN(phenyl) P{4-methoxyphenyl) s, and
(phenyl) ;PN {iscopropyl} P (2-methoxyphenyl},.

1 '

Examples of the ligands wherein ®l’, RZ’, R3’ and

R’ are independently selected from aromatic and

substituted aromatic groups, including heteroaromatic and

ot 1 ke md Matrowvanmammte 1 n owmiivee Lrbimavean d v mowner

non-polar include: (phenyl) ;PN {methyl) ¥ (phenyl),,
(phenyl) PN (pentyl) P{phenyl) s,

{phenyl) PN {phenyl) P (phenyl};, (phenyl),PN(p-
methoxyphenyl) P (phenyl) o, fghenyi}ngig-t-

butylphenyl) P(phenyl)s, (phenyl)oPN({(CHgy)3-N-
morpholine) P (phenyl)y, (phenyl),PN(Si{CH3)3)P(phenyl)s, |
{(phenyl)sP(=Se)N{isopropyl} P (phenyl) >, {o-
ethylphenyl) (phenyl) PN (isopropyl) Pi{phenyl) g, (o~
methylphenyl)ng(isaprogyl)?(G«methylphenyl}(phenyl},
{phenyl)2?N(benzy1)?{?henyl)g, {phenyl) 4PN {1-cyclohexyl-
ethyl)P(phenyk)z,. | ‘ .
{phenyl)zPN{CH2£H2CH2Si(OM&3}]P(§henyl)2,

{phenyl) oPN(cyclohexyl) P{phenyl) s, (phenyl) PN(2-

AMENDED SHEET ‘ 15/02/2007
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methylcyclohexyl) P (phenyl),,
(phenyl}QPN(alsyl)P{phényl)g, {Z-naphthyl) 2PN (methyl) P(2-
naphthyl) o, (p«bipbenyliépﬁiméthyl}P(p»biphenyl)3, {p-
methylphenyl) ;PN (methyl) P (p-methylphenyl) ,, {2-

5 thiophenyl} 2PN {methyl}P{2-thiophenylls, (m-
methylphenyl) 2PN (methyl) P (m-methylphenyl) ,,
(pheayl}2?N{isopro§yi}?(phenyi)2;
(phenyi)2?{wS)N(isopfopyl)E{phenyl}gl 1,2-4di-
(N (P (phenyl) ) o) -benzene, 1,4-di- (N{P{phenyl),)y)~

10 benzene, N{CHCHpN(P{phenyl)p)ziy and 1,4-di-
(P(phenyl}h{méthyl}P(phenyl}g}*banzene.

The éataiyst precursor composition and catalyst

system of the present invention may independently |

comprise more than one first ligand as defined above and

15 more than one second.ligand as defined above.

present in the catalyst system in a molar ratio in the
range 05 from 100:1 te 1:100. In a preferred embodiment
the molar ratio of the first iigand to the second ligand
20 is in the range of from about 10:1 to about 1:10, more
- preferably in the range of from about 5:1 to about 1:5. STy
By wvarying the ratio of tﬁe first ligand and the L
second ligand in the catalyst precursér composition or
the catalyst systém cf the present invention, the ratio
25 of trimers and taﬁramers produced in the process of the
prééent invention can be varied. As a general principle,
by increasing the amount of the first ligand relative to
the sgecond ligand in the catalyst systeﬁ, the
concentration of trimers in the reaction product

30 composition increases relative to the concentration of

20 ARMERMNED QLIS Rt a2 tlrsar il
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the tetramers in the reaction product composition, and
vice-versa. i
Therefore, the catalyst system of the present
invention can be used in a tuneable process for the
5 trimerization and tetramerization of olefinic monomers.
By the term *tuneable” ag used herein, it is meant that
by varying the amounts of the components of the Present
invention, the amount of trimers and tetramers in the
product composition produced by the process of the
10 present invention may be varied. This may be useful for
(“* a tuneable, continuous or semi-continuous, process for
- the trimerization and tetramerization of olefinic
monomers, wherein the product composition can be changed
(e.g. from producing a higher proportion of trimers to a
15 higher proportion of tetramers, or vice-versa,) by

changing the ratio.of the first and second ligand that

tetramerizatioﬁ product flow. In particuliar, this may be

20 especially useful for a tuneable, continuous or semi-~
continuous, process for the trimerization and
tetramerization of ethylene, wherein the product
composition can be changed (e.g. from producing a higher
proportion of l-hexene to a higher proportion of 1-

25 octene, or vice-versa) by changing the ratio of the first
‘and second ligand that are fed into the reactor without
having to intaﬁrupa the olefinic monomer f{eed or the
trimerization and tetramerization product flow,

The amount of chromium, melybdenum or tungsten,

ad namely compenent {a), and the total amount of the ligand
components, i.e. the combined amount o? the first and
second ligands, namely components (b) and (c}, can be

present in the catalyst precursor composition or the

2 ARMBENMMED QUM ET 4 SV IDENYT
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catalyst system of the present invention in a molar ratio
in the range from 10000:1 to 1:10000, preferably from
100:1 to 1:100,-more preferably from 10:1 to 1:10. Most
preferably, the chromium, molybdenum or tungsten,
component {a), and the combined amounts of the ligand
components, components (b) and‘{c), are present in a
molar ratio in the range from 3:1 to 1:3. Generally the
amounts of component {(a) and the combined amount of
components (b} and {(¢) are approximately equal, i.e. a
molar ratio in the range from 1.5:1 to 1:1.5.

The cocatalyst, ccmgonen; {d}, may in printiple be.
any compound or mixture of compounds that generates an B
active catalyst system with the source of chromium,
molybdénum or tungsten, component (a}, and the first and
second ligands, components (b} and (¢) {i.e. the catalyst

precursor composition).

— " . h s P -~ . =

organic salts, such as methyllithium and methylmagnesium
bromide and inorganic acids and salts, such as
tetrafliuvorcboric acid etherate, silver tetrafluorchorate,
sodium hexafluoroantimonate and the like.

Particuiar;y preferred cocatalysts are fh}
organcaluminium compoﬁnds. Suitable 5fganaaluminium h
compounds for use herein are those having the formula
AlR®3, wherein each R® group is independently selected
from C1-C3p alkyl {préferablyvciwclg alkyl}, oxygen
containing moieties or halides, and compounds su&h as
LiAlHg and the like. Non-limiting examples of suitable
oxganoaluminiﬁm compounds include trimethylaluminium
(TMA), triethylaluminium (TEA), tri-iscbutylaluminium

(TIBA}, tri~n-octylaiﬁminium{umathylaluminium dichloride,

¥
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ethylaluminium dichloride, dimethylaluminium chloride,
diethylaiumininm chloride and'aluminexanes {also called
alumoxanes). Mixtures of organoaluminium compounds are
also sultable for use herein.

5 In a preferred embodiment herein, the cocatalyst is
an aluminoxane cocatalyst. These aluminoxane cocatalysts
may comprise any alumigéxaﬁe'campound or a mixture of
aluminoxane compounds. Aluminoxanes may be prepared by

the controlled addition of water to an alkylaluminium

10 compound, such ag those menticned above, or are available
(j - commercially. In this context it should be noted that
the term “aluminoxans” as used within this specification

includes commercially available aluminoxaﬁes, which are
derived from the corresponding trialkylaluminium by
15 addition of water and which may contain typically about 5

Fwt., but optionally about 10 %wt., of aluminium.

—— e B I e St w g wowm e w or oW wmmew— o mm o v em g v owe moom e we

The guantity of cocatalyst in the catalyst system

20 . the present invention ig ﬁyyicaliy enough to provide a
ratio in the range from 0.1 to 20,000, preferably from 1
to 2000, more preferably 1 to 1000, most preferably 1 to

(P  500, aluminium or boron atoms per atom of chromium,
molybdenum or tungsten.

25 The three csmpénants of the catalyst precursor
compogition, {(a), () and {(¢), and the fourth component
of the catalyst system, {d), may be added together
simultanecusly or sequentizlly in any order so as to
provide an active catalyst. The three compconents of the

30 catalyét precursor compositien, {a), (b) and (¢}, and the
fourth component of the catalyst system, (d), may be
contacted in the presence of any suitable solvent.

Suitable solvents are known to those skilled in the art.

03 " AMENDED SHEET 15/02/2007
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Suitable soclvents may include any inert solvent tbat,does
- not react with the co-catalyst component, such as

saturated aliphatic, unsaturated aliphatic, aromatic,
halcgenated hydrocarbons and ionic liguids. Typical

5 solvents include, but are not limited to, benzene,
toluene, xylene, ethylbenzene, cumene, pxépane, butane,
pentane, heptane, decéne, doedecane, tetradecane,
methyvlcyclohexane, methyleycopentane,; cyclohexane, 1-
hexene, 1~0ctené and the‘like& Other examples of

10 suitable sclvents are those disclosed in WO 82/04119,
such as hydroéarben solvents and polar solvents such as
die;hyl ether, tetrahydrofuran, acetonitrile,
dichloromethane; chlorcform, chlorcbenzene and the like.
If MAO is used as the cocatalyst component, {(d), the

15 solvent is preferably not a chlorinated solvent.

In one embodiment cf the present invention, the

et R A Rl A 4 it T L K el S Y ke e d s SR R o e Ak I ]

the present invention.
20 The catalyst system of the present invention may be
prepared either in the presence {i.e. “in-situ”) or
absence of the olefinic monomer, The three components of
the catalyst precursor composition, {a}, (b) and (c)} and ?Wé
the fourth component of the catalyst system, (d), may be |
25 combined fully in the absence of the clefinic monomsr, or
" the olefinic monomer may be included prior to contacting
the ‘components of the catalyst system, simultaneously
with the components of the catalyst system or at any
point in the process of contacting the components of the
30 catalyst.
Another m&thsd.ﬁor forming the catalyst system of
the present invention includes combining a first sclution

of components (a) and (b}, and optionally component (4},

DA ALANNIMED™ Q4EET 1§f{i?/‘§}}ﬂ?
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with a second scolution of components (a) and (¢), and
optionally component {(d), wherein additionai amounts of
components (a}, (b}, (c) and {d) may be further added to
the combined solution, if n&cessary; to form the desired
5 catalyst system. The combining of the above menticned
first and second solutions and any additional components
may be performed either in-situ or in the abﬁenc&lgf the

olefinic monomer,

The three components of the catalyst precursor

10 composition, {(a), (b) and {(¢), and the fourth component
-~ of the caéaly&t gystem, (d}, may be combined at a
(;_ © temperature in the range of from -100 to 200 °C,

preferably 0 to 150 °C, more preferably 20 to 100 @°C.
The catalyst system of the present invention may be
13 unsupperted or supported on a support material., Examples

of suitable support materials can be found in WO

trimerization and tﬁiramerization process of the present
20 invention can beAany olefinic monomers, which can be

converted into a trimer or tetramer. Suitable olefinic

monomers include, but are not necessarily limited to,

ethylene, propylene, opticnally branched Cy-CUsp o=

ol

olefins, optionally branched C4-Cpp internal olefins,

25 optionally brénch&d Cy-Cnp vinylidene olefins, optionaliy
branched Cy4-Chq eyclic olefins and optionally branched
Cg~Coqg dienes, as well asnaptionaily branched 64—égg

funcrionalized oleﬁins.--ﬁxamples.of suitable olefinic
monomers include, but are not necessarily limited to,

30 linear a-olefins, such as ethylene, propylene, l-butene,
l-pentene, l-hexene, l-heptene, l-coctene, l-nonene, 1-

decene, l-undecene, 1-dodecene, 1-tridecene, 1-

25 E AMENDED SHEET 15/02/2007
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tetradecene, l-pentadecene, l-hexadecene, 1l-heptadecene,
i-octadecene, l-ncnadecene and l-eicosene; branched o-
olefins such as éfmethylpeﬁt-$~eﬁ@ and }—ethy1~1-%exane;
linear and branched internal-clefins such ag 2-butene;
5 styrene; cyclchexene; norbornene and the like,
. Mixtures of olefinic monemers can also be used in
the process of the present invention.

Preferred olefinic monomers for use in the
trimerization and tetraﬁerization process of the present

10 invention are propylene and ethylene. Especially
preferred is ethylene. ,

The catalyst system and process of the present
invention are particularly useful for the simultaneoug
trimerization and tetramerization of ethylene to l-hexene

15 and l-octene. :

The trimerization and tetramerization process of the

PLUCEDE UWVLUALLULE ROUWL LU OHE SRLLLTU LU LIEE all Ui
disclosed in published literature such as, for example,

20 thoge disclosed in WO 02/04119, W0O2004/056478 and
WO2004/056479. o

The simultaneous arime:ization and tetramerization

reaction caﬁ be pa;farmad in selution phase, slurry (
phage, gas phase or bulk phase, |

25 Wher the simultanecus trimerization aﬁd
tetramerization is performed in golution or siurry phase,
a diluent or solvent, which is substantially inert under
trimerization and tetramerization conditions may be
employed. Suitable diluents or sclvents are aliphatic

30 and aromatic hydrocarbons, halogenated hydrocarbons and
olefins which are substéntially inert under trimerization

and tetramerization conditions may be employed, such as

o8 AMERMNDER SUEET : A BN IONYT
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those disclosed in WO 02/04119, WO2004/056478 and
W02004/056473.
‘ The trimerization and tetramerization process of the
present invention may be performed in any one of a number
5 of suitable reactors, which are well known to one skilled
in the art. Typically the trimerization and
tetramerization process of the present invention is
carried out in a batch, semi-batch or continucus mode.
The trimerization and tetramerization process of the
10 prasent invention may be carried cut under a wide range
. - of reaction conditidns, which are well known to a person
(ﬂ skilled in the art. Typically, the temperature will be
in the range from -100 °C to 200 °C, preferably from 0 °C
Eo 150 °é; and more preferably from 20 °C to 100 °C. The
15 pressure range under which the process of the present

invention may be performed is not ¢ritical and may vary

- - . - e . . - . oa . . H R o

atmospheric pressure to about 500 barg. Preferably, the
20 pressure will be in the range from 0 to 100 barg, more
. preferably from 1 te 50 barg. :
In one embodiment of the present invention, there is
(: a process for the trimerization and tetramerization of
- olefinic monomers, wherein the process comprises
25 contacting at least one olefinic monomer under
trimerization and tetramerization reaction conditions
with a catalyst system of the present invention, wherein-
the process is a continuous or semi-continucus process
and the ratioc of the catalyst components, especially the
30 ratio of the first ligand and the second ligand, are
varied during the process. A preferred version of this
embodiment is a process for the trimerization and

tetramerization of ethylene, wherein the process

27 _ AMENDED SHEET : 15102/2007


IP-TEMP
Rectangle


IP-TEMP
Rectangle


Printed: 22/02/2007 | 'DESCPAMD  EP2006061425

28

10

15

20

25

30

- 31 - N

comprises contacting ethylene 'under trimerization and
tetramerization resacticn conditions with a catalyst
system of the present invention, wherein the process is a
continuous or semi-continuous process and the ratio of
the catalyst components, especially the first ligand and
the second ligand, are varied during the process.

Separation of the products, r@actanf and catalyst
can be performed by any technigue known to one skilled in
the art, such as disti}lation; filtration, ,
centrifugation, liquid/liquid separation, extracticn,
etc. &

Further details r&garﬁing suitable reaétion
conditions, including further details on reactors,
solvents, separation technigues, and the like, can be
found in AWO 02/04119.

The use of the catalyst system and process of the

L R e L 7. T T TSIV QS gy T, FROPAE R R T T [ S SPUy UNepnps-egey WL npw .

simplified method of producing trimers and tetramers of
the olefinic monomer with redﬁced formation of by-
products compared with the combination of the product
compositicns of separate triwmerization and
tetramerization processes. In particular, the use of the f }
catalyst system and process of the present invention for ”
the catalytic trimerization and tetramerization of
ethylene tc l-hexene and‘l«octena provides a process with
very high selectivity for l-hexene and l-octene over all
the other products formed in the reaction.

The overall yield of l1-hexene and l-octene in the
process of the pregent inventicn depends upon the ratio
of the first ligand, component (b}, and the second

ligand, éomponent‘{c).
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“The trimerization and tetramerization selectivity
{i.e. the amount of trimers and tetramers of the olefinic
monomers in the overall product composition) of the
process of the present invention is at least 70 %wt,
5 preferably at least 80 %$wt, more preferably at least 90
twt, of the overall product composition. The
trimerization and tetramerization selectivity {i.e. the

amount of Cg and Cg fraction in the overall product
composition) for the trimerization and tetramerization of
10 ethylene using the catalyst system of the present
. invention 1s at least 80 %wt, preferably at least 85 3jwt,
(j more preferably at least 90 %wt, of the overall product
composition. '
The amount of 1-hexene produced by the trimerization
15 .and tetramerization of ethylene using the catalyst system

of the present invention is typically in the range of

- -

product composition. . The amoynt ¢f l-octene produced by
20 the trimerization and tetramerization of ethylene using
the catalyst system of the present inventicn is typically
in the range of from 15 %wt to 85 %ﬁt, preferably from 20
Q;“_ gwt to 80 %wt, more preferably from 25 %wt to 75 %wkt, of
. the overall product composgition. ‘
25 The 1-hexene selectivity (i.e. the amount of 1-

hexene pregent in the Cg fraction of the product
composition) in the trimerization and tetramerization of
ethylene using the catalyst system of the present
invention is pr@farably‘at'lﬁast 75 -%wt, more preferably
30 at least BO %wt, even more preferably at least 85 %wt and

most preferably at least 90 %wt, of the Cg fraction of

the product composition.
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The l-octene selectivity (i.e. the amount of 1-

cctene present in the Cg fraction of the preoduct

composition) in the trimerization and tetramerization of
ethylene using the catalyst system of the present

5 invention is preferably at least 75 %wt, more preferably
at least 80 %wt, even more préferably at least 85.%wt and

most preferably at least 90 %wt, Cg fraction of the

product composition.
In practice, the combined l-hexene selectivity and
10 the l-octene selectivity is typically at least B8 %wt of
the overall product composition. o
In another embodiment of the present invention, the
olefinic product composition of the trimerization and
tetramerization of ethylene ﬁsing the catalyst system of
15 the present invention typically comprises a combined

total content of l-hexerie and l-octene in the range of

t}.&.\—&.u@uu&] e e SfLLL - N LR R w Y Tl bhwd 0B e G PLUA.DLL{UJ(I o 11} ot L

to S8 %wt, wherein the ‘l-hexene content is at least 15

20 %wt, more preferably at least 20 %wt and most preferably

“at least 25 %wt, of the overall product composition and
the l-octene content is at least 15 %wL, more preferably
at least 20 %wt and most preferably ar least 25 wt, of
the overall groduct compogition.

25 in further embodiment of the present invention, the
olefinic product composition of the trimexization‘and "
tetramerization of ethylene using the catalyst system of
the present invention comprises a total content of
compounds otﬁ&r than l-hexene and l-octene of at most 12

30 swt of the overall product composition, preferably at
most 10 %wt and more preferably at most 8 %¥wt, wherein

the 1l-hexene content is at least 15 %wt, more preferably
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at least 20 %wt and most preferably at least 25 %wt, of
the overall product co&paaitiog and the l-octene content
is at least 15 %wt, more preferably at least 20 %wt and
most preferably at least 25 %wt, of the overall product
3 composition., Typically, the olafinié product composition

of the trimsrizgtion and tetramerization of ethylene
using the caﬁalyat system of the present invention
comprises a total content of compounds other than 1-

hexene and l-octene in the range of from 2 to 12 %wt of

10 the overall product composition, preferably from 2 to 10
~ swt and more preferably from 2 to 8 %wt, wherein the 1-
(; hexene content is at least 25 %wt of the overall product

composition and the l-octene content is at least 25 %wt
of the overall product composition. Typically, the
15 product composition also comprises at least 0.25 %wt of

Cg compounds othexr than l-hexene, at least 0.25 %wt of Cg

UUII%}}UU&L}A§ CGilll Al LA V.2 ‘&wu‘ WM YRR RS QL RAILL LRI R LA
comprising 12 or more carbon atoms.

20 The catalyst systems. and process of the present
invention are illustrated by the following non-limiting
examples.

Examples

~

General Procedures and Characterisation

All chemicals used in preparations were purchased
25 from Aldrich and used without further purification unless
mentioned otherwise. V
All the operations with the catalyst systems were
carried out under nitrogen atmosphere. All solvents used
were dried using standard procedures. Anhydrous toluene
30 {59.8% purity) was dried over 4A molecular sieves (final
water content of about 3 ppm}. Anhydrous heptane ({95.8%
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purity) was dried by passage over 4A molecular sieves
{(final watexr content of about 1 ppm} .
- Ethylene (99.5% purity) was purified over a column
containing 4A molecular sieves and BTS catalyst (BASF) in
5 order to reduce water and oxygen content to <i ppm.

The cligomers obtained were characterised by Gas
Chromatography (GC), in order to evaluate oligomer
distribution using a HF 5830 sgries-II apparatus ang the
following chromatographic conditions:

10 Column: HP-1 {(cross-linked methyl.siloxane), film
thickness = 0.25um, internal diameter = 0.25 mm, length
60 m (by Hewlett Packérd}; injection temperature: 325°C;
detection temperature: 325°C; initial temperature: 40°C
for 10 minutes; temperature programme rate: ‘

15 10.0°C/minute; final temperature; 325°C for 41.5 minuteé;

internal standard: n-hexylbenzene. The yields of the C4-

TRE T"LIIMErizatlon BEi@CLILVILY ", "LELITamgrizalloll

selectivity”, “l-hexene selectivity” and “l-octene
20 selectivity”  were ali'datefmined by GC analysis.

The amount of “solids”, mainly c¢onsisting of heavy
wax and polyethylene, has been determined by weighing,
after its isolation from the reactor wall and appendages, ;_f
followed by washing with toluene on a‘glass filter (P3)

25 and by vacuum drying.

The amount of “total product” is the sum of the
amount of largely clefinic product derived from GC
analysis and the amount of solids.

The NMR data was oktained at room temperature with a

30 Varian 300 MHz or 400 MHz apparatus.
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Catalyst gystams
The catalyst systems of the present invention were
prepared from catalyst precursof compogitions containing
ligands A and/or B and a chromium source, these
5 components are described below,

Chromium gsource

Chromium tris-(2,4-pentanedionate), also called
chromium tris(acetylacetonate), has been used as the
chromium souree in the simultaneous trimerization and

tetramerization reactions of ethylene,.

-~ 10 "Ligand A (first ligand)

(; The {zwmethaxyphenyl)(phényl)PCHQCHQP(QM
methoxyphenyl) (phenyl) ligand is prepared according to
the following method. '

Under a nitrogen atmosphere, to a solution of o

15 bromoaniscle (0.54 mol} in pentane {150 ml}, n-

-~

overnight, after which, the stirring is stopped and the

suspension is allowed to settle out. The liguor is

20 decanted and the solid residue of o-anisyllithium is
washed with pentane and dried under high wvacuum.
QM-" 0.20 mol of o-anigyllithium is dissolved in diethyl

ether (400 ml) and coecled to 20 °C. Slowly added under
congtant stirring to this solution is 0.2 mei ethyl

25 phenylphesphinate. The solution is then allowed to reach

* 25 °C, after which the solution is then refiuxed for 2
hours. The solution is then allowed to cool, after which
0.1 M hydrochloric acid ig added (150 ml}. The product
is then extracted with three 50 ml portions of

30 dichloromethane. The combined organic layers are then
compined and dried using magnesium sulfate. The solvents

are then removed to give an oil and then excess anisole
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is removed by warmémg {70 °C) under vacuum. The last

traces of anisole are &emoved by washing the resultant

white solid ({(Z2-methoxyphenyl} (phenyl)phosphine oxide)

with diethyl ether, followed by crystalliisation from
5 chlorcform/diethyl ether.

40 mmol of the (2-methoxyphenyl) (phenyl)phosphine
oxide is added to tetrahydrbfuran (600 ml), to which n-
butyllithium solution (25 ml, 40 mmol) is added at ¢ °C,

The orange homogeneous solution of the lithium s%lt
10 formed is then allowed to stir for 1 hour at room
temperature and then c&aiad £o 0 °C.- To this solution O
1,2-ethanediyl bis-tosylate (20 mmol) is added. The
temperature of the solutiaﬁ is then allowed to increase
to room temperature. A slurry is formed as the solution
15 is heated and refluxed overnight. The mixture is then
cooled and the reaction is quenched by the addition of
water (150 ml}. The vroduct is then extracted into
magnesium sulfate. Concentraéien of the solution affords
20 the 1,2-ethandiyl (Z2-methoxyphenyl) {(phenyl)phosphine oxide
product as a white solid. .

To a 2 mmol solution of the 1,2-ethandiyl(2-
methoxyphenyl) (phenyl)phosphine oxide product in
tetrahydrofuran (250 ml), aluminium hydride

25 (AlH3.1/3{CpHz) 20, 20 mmol) is added dropwise. The

solution is then refluxed until complete (generally
overnight), after which, the reaction is guenched by the
addition ¢f methancl (10 ml), followed by the f£iltration
of the aluminium salt precipitate. The filtrate is then
30 concentrated. Addition of methanol affords the
crystalline (2-methoxyphenyl) (phenyl) PCH;CHoP ({2~

methoxyphenyl) {phenyl) product.
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Ligand B (second ligand) .

The (phgnfl)zPN(isopropyl)P(phenyl)z ligand was
prepared by the following method. At 0 °C, under a
nitrogen apmosphere{ 15 ml triethylamine was added to 6.3
5 g (phenyl),PCl in 80 ml of dry dichloromethane. To the
resulting mixture, 0.844 g isopropylamine was addéd and
allowed to stir cvernight at room temperature. The '
solvents were removed from the resulting solution in-
vaﬁuo and 50 ml of dry toluene was added. The mixture was
10 then filtered over a small layer of silica. The toluene
("‘ was removed from the filtrate'under vacuum,
(phenyl)ZPN(igopropyl)P(phenyl)2 product was isolated as
a white solid., Crystallization from ethanol yields
(phenyi)2PN(isopropyl)P(phenyl)2 as white crystals.
" Co-catalyst

15 The ro-catalvatr nmed in +the experiments helaw was

modified methyl aluminoxane (MMAO) wherein about 25%
of the methyl groﬁps are replaced with isobutyl groups.
MMAO-3A in heptane ([Al] = 6.42%wt), available from AKZO-

20 NCOBEL Chemicals B.V., Amersfoort, The Netherlands;
- methyl aluminoxane (MAQ) in toluene, [Al]l = 5.20%wt, -
(;. supplied by Crompton GmbH, Bergkamen, Germany.

Examples 1 - 5

Catalyst system preparation for simultaneous

trimerization and tetramerization in a batch autoclave

25 ' In a Braun MB 260—G,dry box the chromium
tris(acetylacetcnaﬁe) (typically 30 pmol) and the amounts
of ligand components, indicated in Table 1, were placed
"in a glass bottle, to which dry toluene (typically 4 g)
was added to obtain the catalyst precursor solution.

30 Finally the bottle was sealed by a septum cap. These
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golutions or part of these solutions were used in the
‘simultaneous trimerization and tetramerization reaction
of ethylene. ’ )

Simultaneous trimerization and tetramerization reactions

5 of ethylene in a 1.0-litre batch autoclave

Simultanecgus trimerization and tetramerization
axperiments were'pexformed in a 1.0-litre steel autoclave
equipped with jacket cooling with a heating/cooling bath
(ex. Julabo, model ATS-2) and a turbine/gas stirrer énd
10  baffles. '
The reactor was, scavenged by intreducing 250 ml of o
toluene and 0.6 g of the MAO solution and subsequent o
stirring at 70°C under nitrogen pressure of 0.4-0.5 MPa
for 30 min. The reactor ¢oﬁtents ware discharged via a
15 tap in the base of the autoclave, The reactor was

evacuated to about 0.4 'kPa and loaded with approximately

-~ - o

Whilst gtirriéé, a MAO-solutien (typically an intake
20 of 3.12 g, 6 mmol Al, to attain an Al/Cr atomic ratio of
200) was added to the reactor with the aid of toluene
{(the total volume injected was about 25 ml: the MAO-
solution diluted with toluene to 8 ml was injected and ; §
the injector system was rinsed twice with 8 ml toluene) )
25 and the stirringAat 800 rpm was continued for 30 minutes,
The Cr-catalyst system {typically 30 umol on Cr -
intake) prepared as described above was introduced into
the stirred reactor using an injection system with the
aid of toluene (the total volume injected was about 25
30 ml:. the catalyst solution diluted with toluene to 8 ml
was injected and the injector system was rinsed twice
with 8 ml toluene). The initial loading of the xeac%ar

was about 300 ml of largely toluene.
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The addition of the catalyst system resulted, after .
an induction period of some 5 minutes, in an exotharm
{generally some 5-10°C), which generally reached a
maximum within 1 minute and was followed by establishment

5 of the tewperature of 40°C and the pressure of 15 barg.

After consuming the desired volume of ethylene, the
simultaneous tri- and tetramerization was stopped by
rapid cooling to room temperature {in about 5 minutes},

followed by venting of the ethylene, decanting the

16 product mixture into a collection bottle using a tap in
(w- the base of the autoclave. Exposure of the mixture to air
. resulted in rapid deactivation of the catalyst.

After addition of n-hexylbenzene (0.%-3.5 g} as
internal standard to the crude product, the amount of ths

15 Cq-Czg olefins and purity of Cg, Cg and Cyg clefins was

determined by gas chromatography. The experimental data

e aa e A e R s L e e W WA TR MR S 3 o e d b

pressure a similarly equipped 0.5-litre steel autoclave
20 has been used, loaded (similarly to the above-described
procedure for the 1.0-litre autoclave) with 150 ml of

teoluene, a MAO-solution and a Cr~catalyst system, The

,,_
TN

amounts of the Cr-catalyst system, MAO-solution, solvent
and ethylene consumption were typically half of those

23 used in the correspending 1.0-litre experiments to
maintain the same Al/Cr atomic ratio (of abr.. 200} and
final alpha olefin concentration as much as practicable.

The experimental data is pxcviée& in Table 1 below.
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Table 1
?E;&a~ Ligand (s) ! Time {yont] Cg 51_%* I Cg 1~cg*J Cia !clg—c‘M Solids| Total |1-Cg +
mple | (A mol/B mol) | (min) (3wt rowry | (BwE) | {Bwt) | (Swt) | (%wi) (g}; [Product |1.cg on
(Bwt) (q) Total
- ($wt)
i A/B 130 | 20 |62.7] 95.9 | 30.0] 99.2] 1.4 1.3 0.2 17.4 89.9
{0.9/0.3) (1.1) :
(1.0} A
2%, A/B 71 | 47 {41.8) 91.4 | 49.8| 88.3| 1.7 1.9 0.251] 19.4 B7.2
. (0.9/0.3) ‘ {(1.3)
' {(1.0)
3 ‘A/B 130 | 26 {48.6] 91.9 | 45.1| 9.1} 1.5 2.1 6.2 | 23.2 89.4
{0.7/0.6) : {0.9)
(1.0) .
4", B "1 120 | 32 [22.4] 79.4 ] 69.2] 99.1] 1 4t% 3.6 0.3 | 27.0 86.4
(1.1) {1.1)
(1.0)
5% #8 B 33.31113717.4] 68.5 | 70.2| 98.8]; gtt 4.4 0.2 | 47.2 81.3
(1.1) (0.5}
(1.0) :
t Turn over number, TON in kmol converted ethylene/mol catalyst.
L % of l-hexene by weight of the Cg portion of the product composition.

Carried out at 30 barg, instead of 15 barg.

% of l-octene by weight of the Cg portion of the product composition.

Predominantly branched and/or internal decenes, unless indicated differently.
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## Cowparative example.
t¥ About 50% of 1l-decene by weight of the C10 portion of the product compoesition.

C. Hydrocarbons containing 6 carbon atoms; 1-C. is l-hexene.

L

C Hydrocarbons containing .10 carbon atoms.

10

‘Clz-cm Hydrocarbons containing 12 and/or 14 carbon atoms .

Solids: The ammﬁnt; of wa«ix and polyethylene isolated by filtration.

Total Product: The amount of €4 %00 olefins, derived from GC analysis, including the

%

amount of solids.
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It is evident from the results in Table 1 that the
use of a Cr{IIE}’catalyst system according to the present
invention containing a mixture of ligands A and B results
in a product mixture comprising predominantly high purity
1-hexene and l-octene {éxamples 1-33.

It is also evident that the i-hexene content of the

Cg-fraction produced when using a Cr{III] catalyst system

according to the present invention containing a mixture
of ligands A and B is higher than that obtained with the
catalyst derived from ligand B only (examples 1-3
compared with examples 4 and 5).

It is also evident that the use of a CriIII]

. catalyst system according to the present invention

containing a mixture of ligands A and B results in a
product mixture containing a lower amount of by-products

{(i.e. Cg's other than l-hexene, Cp’s other than l-octene, .

CaTalysl Gerivel IYCHh Ligand p 'Ohly (gxXampies L-3

compared with examples 4 and 5).
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CLAIMS

A catalyst precursor composition comprising:

a) a source of chromium, molybdenum or tungsten;

b) a first ligand having the general formula (I};
(&1) (R?) P-X-P (R3) (R%) (1)

wherein:

¥ is an alkyiene bridging group;

&l and R3 are independently seslected from aromatic

groups which do not contain a polar substituent at

any of the ortho-positions;

RZ and RY are independently selected from optionally

substituted aromatic groups, each RZ and R4 bearing

a polar substituent on at least cne of the ortho-

positions; and

the polar substituents in the first ligand are

selected from optionally branched Cj-Cpg alkoxy

groups, optionally substituted Cg-Cyy4 aryloxy

groups, cptionally branched C1-Coqg alkoxy{Ci-

Coglalkyl groups, hydroxyl, amino, (di-}Cq1-Cg

alkylamino, nitro, C1-Cg alkylsulphonyl, Ci-Cg

alkylthio{(Cq1-Cgialkyl groups, sulphate, heterocyclic

groups, and tosyl groups:

and
c} a second ligand having the general formula
(L) '

(R1") (R2")p-x"-P(R3") (RY") (IT)
wherein:

X' is a bridging group of the formula -N{R3)~,

wherein R’ is selected from hydrogen, a hydrocarbyl
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group, a substituted hydrocarbyl group, a
heterohvdrocarbyl group, a substituted
heterohydrocarbyl group, a silyl group or derivative

thereof; and

F

rl”, r2", R3’ and rY are independently selected
from aromatic and substituted aromatic groups,
including heterocaromatic and substituted
hetercaromatic groups of which at least one of R,

!

A

¥

R3" and RY is substituted with a polar
substituent selected from methoxy, ethoxy,

isopropoxy, C3-Cpg alkoxy, phenoxy,

pentafluorophenoxy, trimethylsiloxy, dimethylamino,
methylsulfonyl, tosyl, methoxymethyl,
methylthiomethyl, 1,3-oxazolyl, methomethoxy,

hydroxyl, aminc, phosphino, arsino, stibino,

7

sulphate, nitro, or Rl', R2 R 83" and RY' are
independently selected from aromatic and sukstituted
aromatic groups, including hetercaromatic and

substituted hetervarcmatic groups, wherein any
substituents on one or more of RL", RZ', R3" and rR%’
are non-polar.

2. A catalyst system comprising the catalyst precursor

composition of Claim 1, which additionally comprises

component,
d) a cocatalyst.
3. A catalyst precursor composition or catalyst system

according to Claim 1 or 2, wherein X is an alkylene group
which contains frem 2 to & carbon atoms in the bridge.

4, A catalyst precursor composition or catalyst system
according to any of Claims 1 to 3, wherein ¥ is —-CHpCHp-.

5. A catalyst precursor composition or catalyst system

according to any of Claims 1 to 4, wherein Rl and RS are
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independently selected from optionally substituted phenyl
groups which do not contain a polar substituent at any of

the ortho-positions.

6. A catalyst precursor composition or catalyst system

according to any of Claims 1 to 5, wherein k2 and RY are
independently selected from optionally substituted phenyl
groups wherein the polar substituent is an optionally

branched C1~Cyp alkoxy group.
7. A catalyst precursor composition or catalyst system

according to any of Claims 1 te 6, wherein R? and R% are
Z2-methoxyphenyl groups.

8. A catalyst precursor composition or catalyst system

according to any of Claims 1 to 7, wherein R3' is
selected from C1-Ci5 alkyl groups, substituted Cy1-Cqiy
alkyl groups, Cq~C15 cycloalkyl groups, substituted Cq-
Cis cycloalkyl groups, €1-Cis aromatic groups,
substituted Cp-Cy5 aromatic groups, C1-C1s alkoxy groups
and substituted Cy1-C15 alkoxy groups, preferably Ci-Cyg
alkyl groups.

9. A catalyst precursor composition or catalyst system
according to any of Claims 1 to 8, wherein RL’, RrRZ2", R3’
and R4’ are unsubstituted aromatic, including
hetercaromatic, groups.

10, A catalyst system according to any of Claims 2 to 9,
wherein the cocatalyst, component (d), is selected from
methylaluminoxane or modified methylaluminoxane.

11. A catalyst precursor composition or catalyst system
according to any of Claims 1 te 10, wherein the source of

chromium, molybdenum or tungsten, {(a) is a source of

chromium.



- 47 -

12. A catalyst precursor composition or catalyst system
according to Claim 11, whersin the socurce of chromium is

chromium tris-(2,4-pentanedionate), Cr(acac)i.

13. A process for the trimerization and tetramerization

5 of olefinic monomers, wherein the process comprises
contacting at least one oclefinic monomer under
trimerization and tetramerization reaction conditions
with a catalyst system according to any one of Claims 2
to 12.

10 14. The use 0of a catalyst system according to any one of
claims 2 to 12 for the trimerization and tetramerization

of olefinic monomers.
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