WO 2009/ 121456PCT/ EP2009/ 001518 1 Catal yst for oligonerization of ethylene,
nmet hod foryghepasaks on thereof and process for oligoneri paiisphoou@bRgs it The
present invention relates to a catalyst for oligonerization of ethylene, a
met hod for its preparation and a process for oligomnerization of ethylene
utilizing that catal yst. Existing processes for the production of |inear

al pha oleflns (LAOS) |ncIud|ng connnonergrade 1- butene and 1- hexe?e rely

t hey | ead to a product di strlbu Jon of eth | ene- ollgorrers of chai n | engt h
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ser ved PESPRTabion andh a peqepssifor pdigemeripivaat sthylenepiiliziedhatiatal st si ze and
growt h, geography, fragnentation etc. It is, therefore, very difficult for
the producer to adapt to the market requirenents since part of the product
spect i glbrodiSsck Tohitaprigi@il diMtiad hiffR RERBMWO OfcRiting Wihdifonfth- { he
sane tine o product cuts m ght not mar ket abl e at all or only in a
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The only known sel ective C6- comercial process has been comm ssi oned by
Chevr oBrodfih| m«bdwp@@em@nt TeacBpR otiepsM leddingyte e, Schulavflogesey, Ppissan prastughn,

" Advan £5 i ﬁel ective ethylene trinerisation - a critical overview',

Jour naf>gt uEﬂgganomet allic Chem stry 689 (2004) 3641- 3668. Furtherm)re

pat ent applications have been filed by Sasol (WD 03/053891 Al) disclosing
chrom um based sel ective ethylene-trinerization catal yst systens, typically
of t heFtonpéheGnerka(ibg poin?-of ivﬁﬁ\an}aismroélmnidﬂmmmm[}ambﬂe)fbnnidable challenge for

MAO( et h | um n ane o, di osed
( theytjuﬁ -range a Xha ol)efms produc he reason is that each market segment served exhibits

a very different behavior in terms of market size and growth, geography, fragmentation etc. It
is, therefore, very difficult for the producer to adapt to the market requirements since part of
the product spectrum might be in high demand in a given economic context, while at the same

time other product cuts might not be marketable at all or only in a marginal niche.

Thus, the on-purpose production of the most economically viable LAOs, i.e. comonomer-

grade 1-hexene, appears highly desirable.

To meet the requirements regarding high single-a-olefin selectivities, especially high 1-
hexene selectivities, new processes have been developed. The only known selective C6-
commercial process has been commissioned by Chevron Phillips, see J. T. Dixon, M. J.
Green, F. M. Hess, D. H. Morgan, "Advances in selective ethylene trimerisation — a critical
overview", Journal of Organometallic Chemistry 689 (2004) 3641-3668.

Furthermore, patent applications have been filed by Sasol (WO 03/053891 Al) disclosing
chromium-based selective ethylene-trimerization catalyst systems, typically of the type

CrCl;(bis-(2-diphenylphosphino-ethyl)amine)/)  MAO(methylaluminoxane). Also disclosed



WO 2009/ 121456PCT/ EP2009/ 001518 2 were variations of the ligand structure

(e.g. bi S(%odi()ﬁ’&/@f:iseh%ph' no- et hyl ) -am ne, pentanet hyl di g&%&gﬁ@é’%ﬁ@ ne

etc.). However t hese conpl exes gegerate consi derabl

unwant ed si de products such as LAGCs other than 1-hexene and pol yet hyl ene.

A large body of scientific publications and patent literature describes the
use of chrom um based netal -organic conplexes with |igands featuring the
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trimerization and also tetramerization of ethylene. Excess amounts of MAO are most

commonly used as activator/co-catalyst.

While the majority of the published studies rely on Cr-PNP complexes, some deal with other
ligands, e.g. of the general formula (R1)(R2)P-X-P(R3)(R4), where X is a bivalent organic
bridging group, see WO 2005/039758 Al, or deal with entirely different complexes, such as
titanocenes, see H. Hagen, W. P. Kretschmer, F. R. van Buren, B. Hessen, D. A. van
Oeftelen, "Selective ethylene trimerization: A study into the mechanism and the reduction of
PE formation", Journal of Molecular Catalysis A: Chemical 248 (2006) 237-247. In either

case, the major concemn is always selectivity and minimization of polyethylene formation.

a-Olefin selectivities are, in fact, of major concern in the prior art but the same applies to the
catalyst's turnover rate as well. Consequently, recent publications (H. Hagen, "Determination

of Kinetic Constants for Titanium-based Ethylene Trimerization Catalysts", Ind. Eng. Chem.



res., 2006, 45, 3544-3551) deal with reaction network and kinetics of

titani um efhofibysl ene trimerization. From a technol ogi galdp9iealosRhs Vi ew,
the catalyst"s specific activity is inportant due to several aspects: Very

| ow specific activities will inevitably result in either too high amounts
of required catalyst or in prohibitively |arge equipnent, leading to
excessive cost in both cases. Conversely, very high turnover rates may
cause penA0OGE4 N ASHAIBSAT) deninowithl reactin) netwonk and Kibetidshufemdnimh-baeatéthpene
runaway Wi t.h all _negative consequences, |ike conprom sing plant integrity
and podtimgngatiopofieo ﬁrt%%h!@f%cﬁrﬂgw. vmége £HalysE) sreeifireactivHy ieHRPITant and
trimerigpatd QRerat 84Rkyst s and processes disclosed so far in scientific and
patent literaturegenerally have to cope with the follow ng chall enges:
Low selectivities to the val ue-products, e.g. 1l-hexene, giving rise to the
formati on of undesired by-products fromside reaction channels. Linmted
puriti denpflowhwepifisdantivities) widl ingyétably| weult vin teither wha high emeunisedf fequires- cut
are su ijral. due to d.somerization. branched ol efin for i on, C..onMAX
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pr oducConverelyyvay hidy titidvenrat€ fay palsy ptdblémas eithiisanfeneshairRehiking up the
cross-linked PE, this |leads to considerable | osses in product yield and to

f oul i ndhreat efgeagtior Fnawapwithtall prggtive perseguences ke \compiemising plant im&grity ng
in hi glﬂf&ﬁﬁstirég?%iolﬁgtlﬁ&ﬁg‘t’&EafetgHi gh catal yst- and/or |igand- cost.
ul't 11 n i

Diffic synthesis, resulting in poor availability and high overall
catal yst cost. WD 2009/ 121456PCT/ EP2009/ 001518

Thus, the selective ethylene di- and trimerization- catalysts and processes disclosed so far in

scientific and patent literature generally have to cope with the following challenges:

» Low selectivities to the value-products, e.g. 1-hexene, giving rise to the formation of

undesired by-products from side reaction channels.

¢ Limited purities of the products, i.e. the selectivities within the specific C6-cut are

suboptimal due to isomerization, branched olefin formation, etc.
¢ Wax formation, i.e. formation of heavy, long-chain, high carbon — number products.

e Polymer formation, e.g. polyethylene, branched and/or cross-linked PE; this leads to

considerable losses in product yield and to fouling of equipment.
* Poor turnover rates / catalyst activity, resulting in high cost per kg product.
e High catalyst- and/or ligand- cost.

» Difficult ligand synthesis, resulting in poor availability and high overall catalyst cost.



4 Susceptibility of catalyst performance to trace inpurities, in terns of
both acti i l ectivity (catal yst | osses/ catal yst i I

D fficul tv\h’g)r?gﬁh%&gf catal yst componepts in a technical P%ﬁl{/@)?gdr?@g)nstl?
synthesis of the catal yst-conplex, pre-mxing, inertization, catalyst- or
ligand recovery. This is mainly due to the fact that the prior art-systens
are honobgeneous catal yst systens. Consequently, they are subject to the
usual dif#i Qilsteribilits dPchalytpyfdrmanbe tdand!imparifés, dn tRARIIF OB RSIVity and
containing the active constituents in solution: the separation of the
physi cal |y desByiesatalysilqsses’ salahyst POisQRaR®- from t he reacti on nmass requires
conplex and costly unit operations. Harsh reaction conditions, i.e. high
tenperatures and pressures, resulting in high invest, naintenance, and
energy cost. High co-catalyst/activator cost and/or consunption. Poor

| ong- t er e stlifii¢ult yandfing oif catabist chrapereagenacushried] @nyrbmayst eyrhesis of the
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present invention to provide a catalyst”for oligonerfzation o ene
whi ch over céranseqrently, thepste mbjachicts ustwd difffisultias kssoofatechwiththohandling of

Especially, .a catal yst shall .be provided i ch avoids. the broad spectrum of
CA0 pr oduct & SR 1B S Rpminic oL RAYE oo bt 2 Rofitioh " BrecsRtmgRat bt y
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Further, the catalyst shall be very stable and robust w thout |eaching of
active cat alapdeogtbnpuhensrationswp 2009/ 121456PCT/ EP2009/ 001518 5
Additionally, a method for the preparation of such catalyst as well as a
process for oligonerization of ethylene utilizing that catal yst shall be

provi ded.
o Harsh reaction conditions, i.e. high temperatures and pressures, resulting in high

invest, maintenance, and energy cost.

* High co-catalyst/activator cost and/or consumption,

» Poor long-term stability of prior art heterogeneous catalyst systems.

* Susceptibility to varying co-catalyst qualities; this is often the case when larger
amounts of relatively ill-defined compounds must be used as activators (e.g. certain
MAO-varieties).

It is therefore an object of the present invention to provide a catalyst for oligomerization of
ethylene which overcomes or at least minimizes the drawbacks of the prior art. Especially, a
catalyst shall be provided which avoids the broad spectrum of LAO products and allows for
the selective production of the economically most desired products 1-hexene or 1-butene, free
from undesired coproducts. Further, the catalyst shall be very stable and robust without

leaching of active catalyst components,



The first object is achieved by a catalyst for oligonerization of ethylene,

conpri si nqvég(ljdgm{ Jdspnalized solid support; a ligand i mmgglr)ﬁ,g‘gm@@ﬁwe

sol id suppor em cal bonding, whegein the imobilized I1gan

structure (R1)( R2) P-N(R3) - P(R4) - Y-support or

(12.1) (R2) P-N(123) - P(R4) - N(Rs) - P(R6) - Y-support, wherein R, R2, Rs, R4, RS
and 126 are independently selected fromaliphatic group, aryl group, am no

group anditionallpt hyinsthodl f@ ehed padpra¥iohSof Rack waelysenal vallowp Ofprédees Fupport
or a derivative thereof; and a chrom um conpound reacted with the l'i gand.

Pr ef er &liggmenization o€ ethyleneiusidigingdhatatalysp shall hespramidsfgani ¢ or i nor gani ¢
support. Most preferred, the functionalized solid support is functionalized
with an am ne group, preferably a prinmary am ne group. In one enbodi nent, a
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the i nvention rovi ded for ?reparl ng a cat algl
ol i gomindependently mie‘éed1§t10@h@hp}@bﬁﬁmm BapsaB e groyyoan trimethylsﬂyl group

2009/ 1 1 ilizi he

struct B8 % ) Pray N O & t*%fﬂBPOf? i FiOPeB R Rt s piem,
Wi th Xchaphmhdaeh@evivhl the Dpghdand 121, R2, R3, R4, R5 and R6 being

i ndependently sel ected from al i phatic group, aryl group, am no group and

trimethyl silyl group, on a functionalized solid support via chem cal

bondi ng, .a T . . .. .
greferggly the functionalized solid support is an organic or inorganic support.

Most preferred, the functionalized solid support is functionalized with an amine group,

preferably a primary amine group.

In one embodiment, a spacer group is provided between the solid support and the functional

group.

It is preferably provided that R;, R, R3, R4, Rs and Rg are independently selected from
methyl, ethyl, isopropyl, tert-butyl, phenyl, benzyl, tolyl and xylyl.

Moreover, it is preferred that -Y- is -NH-.

In another embodiment the chromium compound is present at least in an amount necessary to

saturate all ligands immobilized on the support.

According to the invention a method is provided for preparing a catalyst for oligomerization

of ethylene, comprising the steps:



(i1) reacting a chrom um conpound with the inmobilized |igand. Preferably

the chrom H/WZ%WB?%CI Is selected fromorganic or i norgaryﬁcr[,%s‘géégﬁ)&s(l?l .

coordi nation ‘conpl exes and organonetal ki c conpl exes of Cr

In a preferred enbodi nent the chrom um conmpound is selected from
CrC13(THF) 3, Cr(Ill)acetyl acetonate, Cr(I11)octanoate, chrom um

hexacar bonyl, Cr(111)-2-ethyl hexanoate and (benzene)tri carbonyl -chrom um
Further preferred is that the functional group ia an am ne group,
preferably a primary am ne group. Mreover, X is preferably selected from
C, Br or I. According to the invention is also a catalyst, prepared
according to the inv%ﬁtive met hod. Additiognally a_ process i rovi ded for

ol i gormeri zati on of etHyl ed®miHRE s? nigapfchaviag Be SWC&HF?E?SRI (Radf -Bf{R)r ene

in the presence of the in ty. . € > t ' ACEA by
a cocatal yst. WO 2009/ 12\143%%% %%%%%Bﬁ%@?@%ﬁégﬁyﬁ,@?g?ﬁgﬁﬁ}?mwhﬁﬁege
et hyl al um nundi chl ori de, neaiyg gtaup andxRun &, RRBL4, Bs amdxR ubadsg indepadentiFven

preferred the ratio of ALRrdSsLLomaRaut Sk, 19,1990, PLslher 2Rl L

trimethyl silyl group, on a functionalized solid support via

chemical bonding, and
(i) reacting a chromium compound with the immobilized ligand.

Preferably the chromium compound is selected from organic or inorganic salts, coordination

complexes and organometallic complexes of Cr(II) or Cr(III).

In a preferred embodiment the chromium compound is selected from CrClhy(THF);,
Cr(Ill)acetylacetonate, Cr(lil)octanoate, chromium hexacarbonyl, Cr(Ill)-2-cthylhexanoate

and (benzene)tricarbonyl-chromium.

Further preferred is that the functional group ia an amine group, preferably a primary amine

group.
Moreover, X is preferably selected from CI, Bror 1.
According to the invention is also a catalyst, prepared according to the inventive method.

Additionally a process is provided for oligomerization of ethylene, comprising the step of
oligomerizing ethylene in the presence of the inventive catalyst, the catalyst being activated

by a cocatalyst.

Preferably, the cocatalyst is selected from trimethylaluminum, triethylaluminum,

triisopropylaluminum, triisobutylaluminum, ethylaluminumsesquichloride,



In one preferred enbodi nent, the oligonerization is carried out at a

t enper at ungpaboopneisseen 10 and 200C, preferably 20 to 100@cT/EPEOOONOGESS | S
preferably a continuous process and nean residence tines are between 10

m nutes and 20 hours, preferably Ito 10 hours. Even preferred, the process
is carried out in a stirred tank reactor, a fixed bed flow reactor or a
bubbl e colum reactor. Finally, the oligonerization is nost preferably a

di ner i sithyplumiaeshleridawthdalumipuradichiofide.anethy Blmpinosang(MAQ)tor gk tyrgsnd

t hat tQﬁr&ﬂventive catal yst significantly overcones the drawbacks of the
prior art Especially, a selective production of 1-hexene and/or 1-butane
fromethylene with high yields, high selectivities and hi gh product
purities can be achieved w thout undesired broad product distribution or
pol yet Byer peeféroadytite ranio oT Wd/Cras fbysibonas. 1 be ¢00Q mpoeferabhys fromrabost 2 200.r obust
and high productive catalyst. No | eaching of active catal yst conponents was
detected, probably due to strong chem cal bonding of the catalyst to the
solid support . Further,. hi rocess.fl.exi.bility r rdin roducti.on rate,
el ect 18 BES Pleteriod dmBfinEf dp pREGRG S in et o APR ki PRRER 4 ReA ) ¢
and stnabg@no@wlpﬂﬁ&aghqg;ﬁsuﬁﬁglgn for the oligonerization can be provided
due to the immobilized system In detail, no (honbgeneous) catal yst
separation and recycle step is necessary. The catal yst proposed provides
IOM/cagﬁlyst/process costs due to the high catalyst, stability. The catal yst
may be IPRAEPGERT 1 PiEisrablyap cantinypusiaseshdnd dneamespiease Hings are Messstaldi ds
the genghgks éﬂd{id Fllt ) e Pbl P PTDI6 ROMS, catal ysis, such as quenching of the
reaction, catalyst s€paration, recovery and recycle, by inmobilizing a very
stabl e and highly sel ecti ve honbgenous catal yst on a solid support. This
WO 2009/ 121456PCT/ EP2009/ 001518 8 i mmobi li zation is achi eved via chem cal
bondi n§vempietarredhthe nre¢ass phasiiechbutdn setiped tank requier, kdigidihgd flovaresetabprea

het er o syste conprising the originally honbgeneous catal yst and a
suitabﬁgaggéng T8¢ %organic support. Therefore, according to the

i nvention, the advantageous properties of the honbgeneous catal yst system
such as high activity and excellent selectivity towards the desired

pr oductinaly ahe olipprerdzationlis irfvet prefdirsbly adipedyaeohiaad/optrimetiaition of ethgtons.
system from a chem cal engineering point of view no catalyst separation,
sinple fixed bed or slurry reactive design and ease of operation.

Surprisingly, it was found that the inventive catalyst significantly overcomes the drawbacks of
the prior art, Especially, a selective production of 1-hexene and/or 1-butane from ethylene
with high yields, high selectivities and high product purities can be achieved without
undesired broad product distribution or polyethylene formation. The catalyst has been proven
as very stable, robust and high productive catalyst. No leaching of active catalyst components
was detected, probably due to strong chemical bonding of the catalyst to the solid support.
Further, high process flexibility regarding production rate, selectivity control and reactor
concept can be achieved. Further, a simple and straight forward process design for the
oligomerization can be provided due to the immobilized system. In detail, no (homogeneous)
catalyst separation and recycle step is necessary. The catalyst proposed provides low
catalyst/process costs due to the high catalyst stability. The catalyst may be indefinitely re-

usable.

In other words, the present invention avoids the general difficulties of homogenous catalysis,
such as quenching of the reaction, catalyst separation, recovery and recycle, by immobilizing

a very stable and highly selective homogenous catalyst on a solid support. This



Further advantages and features of the subject-matter of the present

i nvention @hS W dds! ustrated in the follow ng detailed qﬁﬁf‘iﬂzﬁ&%ﬂfhw th

reference to the acconpanying draw ngsg wherein figure 1 ilTlustrates the

et hyl ene uptake of an inmobilized ethylene trinerization catal yst system
(sequenzi ng batch operation) in dependency on the trinerization tine; and
figure 2 illustrates the influence of different catal yst activation

pr ocedumesotahzhtioh ivachiavédovia dharmded ibeadiap ratheposhtrhen physichleadsofgiohpthug at e;
et hyl ege-d:onsu ti.on %?r amsg versus tinme (mnutes). Catalyst preparation In
a typi IR AR PCGTOGREOYSHVEISH SATPRHRE the aigizaibphospogangouspaialyst and
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1976, 1424-1428. WD 2009/ 121456PCT/ EPZ00910 18 Ph 1Ph +
simple fixed bed or slurry reactive design and ease of operation.

Further advantages and features of the subject-matter of the present invention are now
illustrated in the following detailed description with reference to the accompanying drawings,

wherein

figure 1 illustrates the ethylene uptake of an immobilized ethylene trimerization catalyst

system (sequenzing batch operation) in dependency on the trimerization time; and

figure 2 illustrates the influence of different catalyst activation procedures and of variations in
activator composition on the reaction rate; ethylene-consumption (grams) versus time

{minutes).

Catalyst preparation

In a typical embodiment of the invention, the first step of the catalyst manufacture, comprises

the provision of the ligand.

One preferred example of such a ligand is the compound thPN(iPr)P(Ph)Cl, wherein Ph
stands for phenyl and ‘Pr denotes an isopropyl. The synthesis of this class of compounds is
known and described for instance in R.J. Cross, T.H. Green, R. Keat, "Conformational Effects
on P-N-P Coupling Constants in Diphosphinoamines and Related Compounds", J. Chem. Soc.
Dalton Trans., 1976, 1424-1428.

As an example, the synthesis of the preferred compound can be described by the following

reaction equation:



Cl'" NG -<N/ILC - HCIl PPh2 The ligand is then converted to an

I mobi |1z ] ystem typically via a reaction with
am ne-fun???&h@?’igg‘g support. The suppgrt may consi st of P%rhEPIZOM"OO15(1organl C

or inorganic), a spacer-grqup and a primary a h1e group. rr\pl cal exanpl es
for suitable sgp%orts Mg V\/nereF'('P) staﬁds ;for a pol C support
backbone and ( ) is af edanple f a mcﬂlgam@l sup t PJhe |atter can

preferentiall y,BQ SiTI c%lw al amﬂnh ased—Ptemy| gr?hp 19 used as a
spacer. Addi®#onafly, suitable suppoif‘ts may bgcpl so
2009/ 121456PCT/ EP2009/ 001518 PPh,

The ligand is then converted to an immobilized ligand system, typically via a reaction with an
amine-functionalized support. The support may consist of a polymer (organic or inorganic), a

spacer-group and a primary amine group. Typical examples for suitable supports are

(P H a

NH,
O~
H
NH,
N‘ NN
H H

where (P) stands for a polymeric support backbone and (8i0O) is an example for an inorganic

NH,

support. The latter can preferentially be silicon or aluminum -based. Phenyl group is used as a

spacer.

Additionally, suitable supports may be also

SiO } [CH20H20H2NH2
X y



10 Chemvatri xO: Tentagel (r) is a cross-linked polystyrene with grafted
pol yet hyl - - side chain. Tentagele is a tradenar | ymer e
GTbH, and%@%&%ﬁ%sﬁe is a registered fo ademark of Matri flélTﬁiIrF&g/%%ﬁ}le)ﬁg I nc.
Many of those resins are comrercially available. In a preferred enbodi nent
of the invention, a tris-2-(am noethyl)-polystyreneresin (100-200 nesh, 1%
crosslinked with divinyl benzene (DVB), 0.6-1.0 nmol amine/g) is reacted

wi t h t hehdmMgame@®ccording to the foll owing schenme: WO
2009/ 121456PCT/ EP2009/ 001518 11

O—CH,CHz—NH,

Tentagel® is a cross-linked polystyrene with grafted polyethylene-glycol — side chain.
Tentagel® is a trademark of Rapp Polymere GmbH, and ChemMatrix® is a registered

trademark of Matrix Innovation, Inc.

Many of those resins are commercially available,

In a preferred embodiment of the invention, a tris-2-(aminoethyl)-polystyreneresin (100-200
mesh, 1% crosslinked with divinylbenzene (DVB), 0.6-1.0 mmol amine/g) is reacted with the

ligand according to the following scheme:



Ph NNCI pPh2 - HCl Subsequently, the nodified resin undergoes a reaction
with a chrom um corrgound to yield the catal yst conpl ex, i bi | :wégd via the

pol ymeric backbonli. In the follow n@ &ggﬁ%’
e

1518

|l i gand' s ¥R AP 4
(thf = tetrahydrofurane): + CCl3

CrC13.(th03 is used as a chrom um sour
3thf on. FINC | CRC
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<P
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1
_PPh
>N,

PPh,

Subsequently, the modified resin undergoes a reaction with a chromium compound to yield
the catalyst complex, immobilized via the ligand's bond to the polymeric backbone. In the

following example, CrCls«(thf); is used as a chromium source (thf = tetrahydrofurane):

+ CrCl; 3thf

thf

The chromium compound is added in an amount of at least the concentration required to
saturate all immobilized ligand — species attached to the polymer backbone, This means, in
this particular example, that CrCl;«(thf); is added in excess of 1 mmol per g resin. Any other
Cr(I1) or Cr(III) — organic or inorganic salt or coordination- or organometallic-complex can be

used as a chromium source as well.



Cl PPh2 The chrom um conpound is added in an anount of at |east the
concentration required to saturate all immobilized |igand - species
attached t\YOt%%‘”’%é‘f%?ner backbone. This means, in this paPCTEHRHI/ Bicddrp| e,
that CrCl13.(th03 is added in excess of!%1 ol per g resin. Any other C(11)
or Cr(lll) - organic or inorganic salt or coordination- or

organonetal | i c-conpl ex can be used as a chrom um source as well. WO

2009/ 1 o kR 1 ally
caui val oat PSR CReeh Sne s sney AR ALeel 8 i de Lo Y AT R

hi gh 1-dxbibétsexsalyabe sarne hxghGahadeysseIathyatl on The active cat aI yst is
prepared by conbining the catalyst fromthe previous step with a
co-catalyst, preferentially trimethylalum nmun, triethyl alum num

trii sopl.; (?Qﬁlt%'ctivg num triisobutylal um num ethyl al um nunmsesqui chl ori de,

di et hyl ride, ethylalum nundi chl oride, nethylal um noxane ( MAO

or a mxture thereof The preparation is done under dry inert gas (nitrogen
or argon) or dry ethylene. The co-catalyst, also called activator, can al so
be pr epaieetttiby calal}tsi &l preysied bysiosnbifiingnige oftalybefraimothepratioon ewp puitlea co-
corrpounds usin ef i ned nts of water, preferentially 0.1 - 2000
wt . ppmeaRlsht egre\?e 63% | ;}nmf: Wi, yHtetipdalupmiamas talsgaqoafliaﬁwmwn
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The preterred A/ Cr ratio 1's m)Urm The so uene canh be
repl ac @dlywumtmmdldﬂbmmmthﬂehmusome eEA Q) mmnodanetthmobffﬂnelpraﬁammmft uene

(benzenge, ethyl benzene, cumenene nes e etc. phat |

by oc SpBeRba SN TER T dascHiTRHRR: o gt ctnylape” e Gascageft RS Tahéa
cycl oh@y@ifdr, cahA40BE- ;ﬁ%ﬁared Cﬂyefahﬂﬁ%l hygz%lﬁ@(Sﬂ%nyh@PEiﬁnﬁforQﬁérﬁfbﬂe&t;ﬁlre or
ethers like, for exanple diethylether or tetrahydrofurane. In general, the

functi samppundseusing well defised a@ow@is @é talest prefarent@llyc®ipt 2000awt psh eod Wagert he

i mmobi i zed secqnd am ne fun 10

ot ol y o B HE B salihih 4 ot o RHRR O Rke- 28 B dp PP AR APRL " S
chrom geween u)elr adds] (®I0kyblahel The Ipeéfexbeﬂ Al/ax Uirago ts@toc’moalhyvmal. reaction.
a-olefin oligonerization process

The solvent toluene can be replaced by other solvents such as aromatic hydrocarbons other
than toluene (benzene, ethylbenzene, cumenene, xylenes, mesitylene etc.), aliphatic
hydrocarbons (both straight-chain and cyclic, e.g. hexane, octane, cyclohexane), straight-
chain olefins like hexene, heptene, octene etc. or ethers like, for example diethylether or

tetrahydrofurane.

In general, the function of the co-catalyst is to activate the Cr-complex attached to the
immobilized ligand. Most likely, the secondary amine function in the catalyst is deprotonated
upon contact with the co-catalyst and the chromium-center is alkylated, thereby starting the

catalytic reaction.

o-olefin oligomerization process

The catalyst is subjected to a gas phase of dry ethylene at pressures between 1 and 200 bar,
preferentially 10 and 50 bar, in a suitable pressure reactor, either as an agitated
shury/suspension in the solvent or as a solid-phase fixed bed. In the latter case, the fixed

catalyst bed is exposed to a flow of ethylene-saturated solvent with a well-defined amount of



The catalyst is subjected to a gas phase of dry ethylene at pressures
between 1 and 200 bar, preferentially 10 and 50 bar, in a suit%g) e géessure
reactor, SYQRM1ZWSGn agitated slurry/suspension in the S6FGEHIYEISES a

sol i d-phase fixed bed. I'n the latter ddse, the fixed catalyst bed is
exposed to a flow of ethyl ene-saturated solvent with a well-defined anount
of WD 2009/ 121456PCT/ EP2009/ 001518 13 co-catalyst. Alternatively, a

three- phas@rki i SRR b} oG Hystitagdss phe/ent
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heat exchangers, by the solvént's |atent heat of eVaporation (boiling
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tenperatures. To s ri ze, .t react qr can bhe af .an i nd, sui tabhle.to
or ovi aBea G ieoRgr, L UM sebvenhs Pl R eviplianth GroytRraftet b i
bubbl et&beﬁF&aﬁ@@Oith&ea?z{aHf'{ ﬂow—iﬁ&érﬁ%&ﬂtu&@ﬂk reactors, fixed bed flow
reactors with fixed or distributed ethylene-injection and the I|ike.

Preferred reaction tenperatures are between 10 and 200 C, the nost
preferred tenperature regine is_20 g&dlooc Mean resi dgnce times an

d
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t enper beduflew acmttqrs eadhuixad. orthsriputed ethybaheriajegion sndithediké0 hours. Using the
described i mobilized catal yst system the process produces 1-hexene with
hi gh productivity, high selectivity and very high product (e.g. 1-hexene)

puritigs. Furthernore, virtually no Iy ner 5 ion was Qgbserv
Bependl e g sttpetishistars Pemsh TR a0 i ains dPostHissRRpdderaure

Pr essUfegirdd ik 263 160UL MehR resiidnbe tintdQanll-regiien® tineldistabuidie (Wesase afedl or
C6 can be co-produced along with 1-butene. In general, C6-yields in_excess

of 85 cOIiRUEIPIERSSE AEE Ichossa wWeas ko achigye mifficisak eprvession @t ibigh sdectiviiashi n
t he totgl. -fracti i n: A..; r B slngl LLwas. f ound
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i . e. akagetiterleyand @retleme).i Matproferred sargieden ved0 dvars. very | ong tinmes-onstream
(Fig. 1). This is uncommon for processes involving ethylene
ol i gonerization, since in prior art systens the formation of |ong-chain or

even pgalyneric byproducts .woul d i.nevitably. block the acti catal yti,c
cent or B5BR (P detheiben dHenEB e ot S HAE Erocet BrOULEes | JerauE High an
al most ploppRaiat %ié}ﬂgelkﬁiﬁ%/ gepchi ﬁ%rh‘)%oﬁﬁctt S CAhatefR) putifles: FlrfiRehore! he
catal yst according WO 2009/ 121456PCT/EP2009 1518 14
virtually no polymer formation was observed. Depending on the exact composition of the co-
catalyst, temperature, pressure and residence time, either the 1-hexene yield can be
maximized or C6 can be co-produced along with 1-butene. In general, C6-yields in excess of
85 — 90 wt% can easily be achieved with 1-hexene selectivities (within the total Co-fraction)

in excess of 99 wt%,

Most surprisingly, it was found that the immobilized catalyst system shows virtually
unlimited stability, i.e. absolutely no deactivation was observed over very long times-on-
stream (Fig.1). This is uncommon for processes involving ethylene oligomerization, since in
prior art systems the formation of long-chain or even polymeric byproducts would inevitably
block the active catalytic centers on the heterogeneous catalyst surface. This usually results in

an almost immediate and total deactivation of the catalyst. In contrast, the catalyst according



to this invention does not | oose any of its activity and selectivity,
regar dl ess, of % jme of its use under synthesis conditi r rdl ess
how of t en ?ﬁ%mé ﬁ?%ﬁuous or sequencingmbatch process is #ﬁﬁ@?&ﬂ #@gﬁgThe
reactor can even be opened and the reaction can be re-started w thout
conprom sing the catalyst's performance. Undoubtedly, this robustness is
caused by the extrenely high selectivity of the catal yst, thereby avoiding
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aromati ¢ conmpounds, e.g. alkyl-substituted benzenes. Exanples Exanple 1:
Catal yst Preparation Inmmobilization of the |igand 2,2g Ph2PN(I POP( Ph) Cl1

wer e addedcatdyst'snactivityecaf b3 gljtsted -H¥- Camtraibeg loatefulbplths taymeme ofepartially
100- 200 sh, 1%crosslinlced with QVB, 0.6-1.0 mmol am.ne/q), ,20nl
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ng of fdvet davEi N2pwill ie@andlat thedddsdin dckikvitywher eupon the col or of the beads
changed slowy frompale yellow to green. After additional stirring for 24h

}us at roomtenperature, the beads were filtrated off, washed 3 tines with

thf, 2.times wth ta%@u'ene,a,nd were dried under vacuumto give 590ng of the
i nsol ubftgeR g ratatyshFpriavIty can 59 Bn enhancae by A4€Ing £lectanodanor SPRRRYRGS
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gas entrai nment stirrer, coo g col control units t enper at ur e,
pressure, and stirrer speed (all hooked up to a data acquisition systen)
was inertized with dry argon and filled with 100 mM anhydrous toluene. 0.5
g of tHxamples| yst beads and 4 m 1.9 nol/1- triethylalum num (TEA) -
solution in toluene were added.

Example 1: Catalyst Preparation
Immobilization of the ligand

2,2g PhyPN('Pr)P(Ph)Cl were added to a mixture of 3 g tris-2-(aminoethyl)-polystyrene resin
(100-200 mesh, 1% crosslinked with DVB, 0.6-1.0 mmol amine/g), 20ml diethylether and
Sml triethylamine. The suspension was stirred for 3 days at room temperature, whereupon an
additional precipitate was formed. After filtration, the residue was washed 3 times with
methanol, 2 times with diethylether and dried under vacuum to give 2,95g of the immobilized

ligand.

Formation of the Chromium-complex



The reactor was seal ed, pressurized with 30 bar dry ethylene and heated to
65 C. Wi (NAY! at 200 rpm the ethylene consunptio 1 ed by
the data ﬁ%géog{lﬁétgﬁ system and an el ggtroni c bal ance bypgﬁg%‘gﬁ@?%%
wei ghing the ethylene pressure cylinder. After 5 hours residence tine, the
reaction in the |liquid phase was quenched by transferring the liquid
inventory through the internal filtration systemto a glass vessel, filled
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determ ned. 1-Hexene yields were always in excess of 85 wt% at 1-hexene

sel ect ipyi L . W%in the total C6-fraction. WO
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The catalyst beads remained in the reactor for subsequent use without further treatment.

The entire gas phase from the reactor's head space was quantified by a calibrated gas meter
and was then collected quantitatively in a purged and evacuated gas bag. After separation of
the liquid organic product-phase, the total mass was determined by weighing. Subsequently,
the composition of the organic phase was analyzed by GC/FID. The previously collected gas
phase was analyzed separately by GC/FID. Based on the measured data, the mass balance was
closed and the overall yields and selectivities were determined. 1-Hexene yields were always

in excess of 85 wt% at 1-hexene selectivities greater than 99 wt% in the total C6-fraction.



17 Cains 1. Catalyst for oligonerization of ethylene, conprising a
functionaljzed solid support; a ligand i mobilized on the solid support by
chenical bYRAPY213er ei n the i mobi lized |igand has t he B{T/ER2PQH/081518

(R1) (R2) P- N( R3) - P(R4) - Y- support or 16

(R)(R2)PN(R3) - P(R4- N(R5) - P(R6) - Y-support, wherein R, R2, R3, Rr, R5 and
R6 are independently selected fromaliphatic group, aryl group, am no group

Got b TR fha st wes SREQRURL AR Bl | DR SR, Majdd e hUBROA 00"

derivative thereof; and hr om um oun

Cat al ystp mc@oTnguem -silafion dnd Bheraed nf t:ﬂhglehaneﬁfcmalyi gstablshingch bupgerd | S
an organi c or inorganic support. 3. Catalyst according to claim1 or 2,
wher ei rPetiFECgh @?‘iho'r?é’lefaﬁlga solid support is functionalized with an anine
group, preferably a primary am ne group. 4. Catalyst according to any of
the preceding clains, wherein a spacer group is provided between the solid

suppor tFignt shdies fhenethilen@leoy n.ﬂglmﬁas aCﬁln%hMﬁTofaﬁﬁ@bﬂlsﬁemﬁovmﬁéapﬁcmﬂﬁks
precedi.ng cl aj ns, vvherel n R , 123, R4, R5 and R6 are independently

sel ect dadiFats Fhentimgs of sasion-taraupatiopyand subsequsnt yﬁ-stamél‘rkw reaﬁmyﬂaﬂs ok y |
and ;(ylrwﬁn/fﬁy 5%(@ AL (?I?IPSOEIRI ggel&% e@’lX a con%tgﬁ Pheg&dl téTEfter se&/rﬁl%'l n

- Y- tal'yst “accor |ng hé préc ng ¢t arng, erein

t he chrdays. dile ceagtion mdnﬂamepﬁx&lbﬁlﬂttel&twﬂﬁ&ﬁls kny Ios@bf sal@dtivitynecessary to
saturate all ligands i mobilized on the support. 18 8. Method for preparing
a catalyst for oligonerization of ethylene, conprising the steps:

In the experiment visualized by Fig. 1, the overall reaction rate was deliberately adjusted to a
fairly low level. This was just to ensure that well-controlled and strictly isothermal process
conditions could be ensured over the entire experimental run, thus meeting the requirements

of good scientific practice, namely not to change several parameters at the same time.

Fig. 2, however, shows that the rate of 1-hexene production can be adjusted over a large
range, by controlling carefully activation conditions and activator composition. In fact, the
reaction rate can be increased at constant selectivity to figures that are only limited by more
chemical engineering considerations, like, ¢.g. the maximum heat of reaction that can be

removed per time unit within a given reactor system.

The features disclosed in the foregoing description, in the claims and in the drawings may,
both separately and in any combination thereof, be material for realizing the invention in

diverse forms thereof,



(1) imobilizing a ligand having the structure (R1)(R2)P-N(R3)- P(R4)Cl or
(R (R2)P-N(R3) -P(RAN(R3)-P(R6) X, with X being a |l eaving group and R, R2,
R3, R4, R5 and R6 being independently selected from aliphatic group, aryl
group, amno group and trimethylsilyl Yroup, on a functionalized solid
support via chem cal bonding, and (ii) reacting a chrom um conpound with
the inmmobilized Iigand. 9. Method according to claim8, wherein the chrom um
conmpound is selected fromorganic or inorganic salts, coordination

conpl exeg,;apd organonetal [ic conplexes of Cr(11) or C(lIl11). 10.Method
accordi ng” 6 claim 9, wherein the chrom um conmpound is selected from
CrC1l3(THF) 3, Cr(lll)acetylacetonate, Cr(l11)octanoate, chrom um

hexacar onyI ) - 2-et hyl hex e and benze tricarhon chrom um
et aa. e CoRbsh T B SHRCTAr, CHEPRIRG 6 GHAT LS 3o S SOt ne
group, pref e'h@gl{dy iBnfIviRGY oﬁnﬂffbe sgﬁ@uﬁl - B@t HRehisdCBbRHiNgE tihefdi@i k8,

wherein X is Selected fromd, E Process for oligonerization of

et hyl ene, compmiobilizgd ﬂiﬁ@ldsh@pthofstlo¢tuw3BKRﬁPn]§(léﬂ+WRén‘é sipparher ghidBelfce of
t he_ catal yst I\Eﬁ@%{é&ﬁﬂ&%&ﬁﬁ%}?%u&?&t Clw erein Rl, Rz, ﬁ C,atlezl YR& ﬁ(,e' ad

activated by
independently selected from aliphatic group, aryl group, amino group and
trimethylsilyl group and Y is the functional group of the support or a derivative

thereof; and a chromium compound reacted with the ligand.

2. Catalyst according to claim 1, wherein the functionalized solid support is an organic

or inorganic support.

3. Catalyst according to claim 1 or 2, wherein the functionalized solid support is

functionalized with an amine group, preferably a primary amine group.

4. Catalyst according to any of the preceding claims, wherein a spacer group is provided

between the solid support and the functional group.

5. Catalyst according to any of the preceding claims, wherein Ry, Rz, R3, Rq, Rs and Rg
are independently selected from methyl, ethyl, isopropyl, tert-butyl, phenyl, benzyl,
tolyl and xylyl.

6. Catalyst according to any of the preceding claims, wherein -Y- is -NH-.
7. Catalyst according to any of the preceding claims, wherein the chromium compound

is present at least in an amount necessary to saturate all ligands immobilized on the

support.



19 14. Process according to claim 13, wherein the cocatal yst is selected
fromtrinmethylalumnum triethylalumnum triisopropylal um num
triisobutylal um num ethylal um nunmsesqui chl oride, diethylal um nunchl ori de,
et hyl al um nundi chl ori de, nethyl al uni noXane (MAO) or nixtures thereof. 15.
Process according to claim 14, wherein the ratio of AI/Cr is fromabout 0.1
to 1000, preferably fromabout 2 to 200. 16. Process according to any of
the clains 13 to 15, wherein the oligonerizat on is carried out at a
tenperature of between 10 and 200C, preferably 20 to 100C. 17. Process
according to any of the clains 13 to 16, wherein the process is a

conti nudus phdtkssioapttpasagna caslyaeic oligimezatdoeobehyless) ctpming ttesstepsd 20
hours, preferably 1 to 10 hours. 18. Process according to any of the clains
13 to 17, wherein the process is carried out in a stirred tank reactor, a

fixed bed flow reactor (1‘?r anlﬂ%'ahénfgob q@anﬁ 8RGIng" thelsgrucffﬁQQR%gRﬁPNRg] ng to

any of the clains 13 t0°18, wherein the oligonerization is a nerisation
and/or trinmerisation of et hPI(RAE] or (R)(R2)P-N(R3)-P(RON(R;5)-P(Re)X, with X being

a leaving group and R;, Ry, Rs, R4, Rs and Rg being
independently selected from aliphatic group, aryl group, amino
group and trimethylsilyl group, on a functionalized solid

support via chemical bonding, and
(i1) reacting a chromium compound with the immobilized ligand.

9. Method according to c¢laim 8, wherein the chromium compound is selected from
organic or inorganic salts, coordination complexes and organometallic complexes of

Cr(Il) or Cr(1I0).

10.  Method according to claim 9, wherein the chromium compound is selected from
CrCly(THF);, Cr(IiDacetylacetonate, Cr(IIl)octancate, chromium hexacarbonyl,

Cr(I11)-2-ethylhexanocate and (benzene)tricarbonyl-chromium.

. Method according to claim &, wherein the functional group is an amine group,

preferably a primary amine group.
12. Method according to claim 8, wherein X is selected from Cl, Bror L.
13. Process for oligomerization of ethylene, comprising the step of oligomerizing

ethylene in the presence of the catalyst according to any of the claims 1 to 7, the

catalyst being activated by a cocatalyst.



14.

15.

16.

17.

18.

19.

19

Process according to claim 13, wherein the cocatalyst is selected from
trimethylaluminum, triethylaluminum, triisopropylaluminum, triisobutylaluminum,
ethylaluminumsesquichloride, diethylaluminumchloride, ethylaluminumdichioride,

methylaluminoxane (MAQ) or mixtures thereof.

Process according to claim 14, wherein the ratio of Al/Cr is from about 0.1 to 1000,

preferably from about 2 to 200.

Process according to any of the claims 13 to 15, wherein the oligomerization is

carried out at a temperature of between 10 and 200°C, preferably 20 to 100°C.

Process according to any of the claims 13 to 16, wherein the process is a continuous
process and mean residence times are between 10 minutes and 20 hours, preferably 1

to 10 hours.

Process according to any of the claims 13 to 17, wherein the process is carried outin a

stirred tank reactor, a fixed bed flow reactor or a bubble column reactor.

Process according to any of the claims 13 to 18, wherein the oligomerization is a

dimerisation and/or trimerisation of ethylene.



