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

the highest-value LAO product is comonomer-grade 1-hexene for the polymer industry.

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 C6-
selectivities, new processes have been developed. A selective C6- commercial process has
been commissioned by Chevron Phillips, see for a comprehensive review 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, WO 03/053891 Al, discloses chromium-based selective ethylene-trimerization
catalyst systems, typically of the type CrCls(bis-(2-diphenylphosphino-ethyl)amine)/
MAO(methylaluminoxane). Also disclosed were variations of the ligand structure (e.g. bis(2-
diethylphosphino-ethyl)-amine, pentamethyldiethylenetriamine etc.). However, all these com-
plexes generate considerable amounts of unwanted side products such as LAOs other than 1-

hexene, as well as waxes and polyethylene.
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o phOS'Prri]-l a?n% 'II'_eItPazrinne(rjizg‘Eii(;/nl",n ré)a;grr;l%{allics 2006, 25, 715-718; T. Agapie, S. J. Schofer, J. A.
Labinger, J.E. Bercaw, "Mechanistic Studies of the Ethylene Trimerization Reaction with
Chromium-Diphosphine Catalysts: Experimental Evidence for a Mechanism Involving Metal-
lacyclic Intermediates”, J. Am. Chem. Soc. 2004, 126, 1304-1305; S. J. Schofer, M. D. Day,
L. M. Henling, J. A. Labinger, J. E. Bercaw, "Ethylene Trimerization Catalysts Based on
Chromium Complexes with a Nitrogen-Bridged Diphosphine Ligand Having ortho-
Methoxyaryl or ortho-Thiomethoxy Substituents: Well-Defined Catalyst Precursors and In-
vestigations of the Mechanism", Organometallics 2006, 25, 2743-2749; S. J. Schofer, M. D.
Day, L. M. Henling, J. A. Labinger, J. E. Bercaw,"A Chromium-Diphosphine System for
Catalytic Ethylene Trimerization: Synthetic and Structural Studies of Chromium Complexes
with a Nitrogen-Bridged Diphosphine Ligand with ortho-Methoxyaryl Substituents", Or-
ganometallics 2006, 25, 2733-2742; P. R. Elowe, C. McCann, P. G. Pringle, S. K. Spitz-
messer, J. E. Bercaw, "Nitrogen-Linked Diphosphine Ligands with Ethers Attached to Nitro-
gen for Chromium-Catalyzed Ethylene Tri- and Tetramerization", Organometallics 2006, 25,
5255-5260; Sasol patent applications WO 2004/056578, WO 2004/056479, EP 02 794 480.0,
EP 02 794 479.2; S. Kuhlmann, C. Paetz, C. Haegele, K. Blann, R. Walsh, J. T. Dixon, J.
Scholz, M. Haumann, P. Wasserscheid, "Chromium catalyzed tetramerization of ethylene in a
continuous tube reactor — Proof of concept and kinetic aspects", J. Catal. 2009, 262, 83-91 or

the SNS-structure D. S. McGuinness, D. B. Brown, R. P. Tooze, F. M. Hess, J. T. Dixon, A.



Met hoxyaryl or ortho-Thi onmet hoxy Substituents: Well-Defined Catalyst
Precursors and In vestigations of the Mechanisnm', Organonetal lics 2006, 25,
2743- 2749y03010011580hofer, M D. Day,.3. M Henling, J. RCTIFRRimgerss2J. E.
Ber caw, "A Chrom um Di phosphi ne System for Catal ytic Ethylene Trinerization:
Synthetic and Structural Studies of Chrom um Conplexes wth a

Ni t r ognz Bibelf el 1 BROSRMeriatldnowitit CMPINP &idt (bxosttctmplaxast Eﬁb&t&ifllligmdlt s",
O ganonetalllcs 2006, 25, 2733-2742; P. R Elowe, C

Pri nglSéructre, MetgpOxidatier State, and Role glopgtivatorog @a@b/éﬁ",@faae@nﬁaﬁw&%%@ﬁ :ne

Li gan her eg | ene
Tri - %%d%ds{]%éétr(r)e?‘ atfr} %ﬁ%‘l%g)ngﬁrr%‘%&% gi %Baggﬁg? Kg?ggggz%é%tgaso

pat ent"Rafpédf thaMARSOX @260 8{a05mRE SNEOC2 Q@M}Q’B ot Ethylefe TAmEdi4atddd) 140)a- EP 02
794 479.2; S. Kuhlmann, C. Paetz, C. Haegé#gc; K. Blann, R _\alsh, J.

Di xon,tiop of Dicprs FrivalentiGatioaifnintarmediates ok tem. SOk SO AT S AP 2AH c'

tet t f -n

bnd k1 TG A Ml p CRYEHE < il PURBOENUPR, TR Ehihu, 1 THE Siesttn FONEP!

§| M Ghe méeﬁstdaﬁ)on ?tatBﬂth’e, {@(SNS)}Tﬁﬂlnb/stP EII; QellecHes §,thylene TrimBrixaion: }A]fll\/l Z. f
avin, "Et ene Tr rization . wt E t

L1 gandUmIAEHSA 4 OBRHOT AED br kAt Chesh B Aot OB B dpr both ™ ©

Cat al yt%n% No MoF-IaTelar 3 i1 HH AT %@%135 3605-3610; A. Jabri, C Tenple, P.
Cr ewdso nga éag%@arotta 2 .nKoroge R. Duchateau, "Role of the Mt al

O(ldatlon State in the SNS—Cr Catalyst for Ethyl ene Trinmerization: Isola
tion of Di- and Tri val ent Catlonlc | nt er nedi at es, . Am Chem Soc. 2006,

Kor bbidgRresraof MO i, fosf g, el B SR T,

{ O ( SNShicidlpt didet irf e r&%lneﬁinletie stﬁaynysfsnﬁuﬂlmmmzmamrc Hiegtlo gkt Blahmat ed
Re- Oxi dati on Pat hway", ew. Chem Int. Ed. 2006, 45, 7050- 7053 f or both,

tri merRz¥algnm Jardd @@‘Pﬂar’re Fhelzi Mh Haumaansy FanWasserscheld, aRbiamivmosataligsdar e
ot SOPBRB 758 A I PSR e sl T ncPseomppesneglalite
K. Bl agpaets", J. Catal. 2009, 262, 83-91, where an Al- (in the form of MAO or modified MAO) to
Cr- ratio of up to 8100 mol/mol was employed. While the required amounts of the chromium-
precursor (e.g. chromium acetylacetonate) are impressively low, due to the very high catalyst
activities reported in these studies, this alleged advantage turns out to be eventually detrimen-
tal: very low concentrations of the catalyst's active component render the system extremely
susceptible to minute traces of inhibitors and catalyst poisons that are inherently inevitable in
a technical environment. These can be impurities in feedstock, solvent or auxiliary additives
(e.g. water, oxygen, sulfur compounds, corrosion products, etc.). To avoid poisoning or deac-
tivation, excess amounts of a scavanger are required, for example MAO. Thus, seemingly low
costs for the catalyst's active component are being overcompensated by the cost for huge

amounts of scavenger / co-catalyst / activator.

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 A1, "Catalytic Trimerization of Olefinic Monomers",
or deal with entirely different complexes, such as titanocenes, see H. Hagen, W. P. Kret-
schmer, F. R. van Buren, B. Hessen, D. A. van Oeffelen, "Selective ethylene trimerization: A

study into the mechanism and the reduction of PE formation", Journal of Molecular Catalysis
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While the catalyst system from WO 2009/006979 A2 works very well at low process tem-
peratures (e.g. 40 — 50°C) and these mild conditions might be advantageous in some technical
environments, it might still be desirable to operate the process at higher temperatures in other

cascs.

Higher temperatures would allow to utilize the enthalpy of evaporation of the solvent, or of
suitable solvent constituents, for cooling the reaction mass in the exothermic ethylene-
trimerization reaction. This cooling effect is especially useful since the incorporation of heat
exchanger surfaces in close contact with the reaction mass is less advantageous in these proc-
esses, due to the fact that these surfaces are prone to fouling effects, caused by wax- or poly-

mer-formation under upset conditions.

The selective ethylene trimerization catalysts and processes disclosed so far in scientific- and

patent-literature generally have to cope with the following challenges:
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and the co-catalyst is triethylalum num (TEA). Using this catalyst system
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Lower process tenperatures, i.e. 40 - 50C, lead to very high 1-hexene

sel ectiviti g6a¢@ ofipanedy). wher eas hi gher tenpera tures (65 - 90 0C) favor
the formation of small anpbunts of C4-ol efins as main byproducts. Al so, the
catalytic activity decreases to sone extent as the process tenperature

i ncreases while, sinmultaneously, the 1-hexene selectivity renains
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o High catalyst- or ligand cost.
e Difficult ligand synthesis, resulting in poor availability and high catalyst cost.

e Susceptibility of catalyst performance, in terms of both activity and selectivity, to

trace impurities (catalyst losses/-poisoning).

o Difficult handling of catalyst components in a technical environment (catalyst com-

plex synthesis, pre-mixing, inertization, catalyst- or ligand-recovery).

e Harsh reaction conditions, i.e. high temperatures and pressures, resulting in high in-

vest-, maintenance-, and energy-cost.
¢ High co-catalyst/activator cost and/or —consumption.

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

varieties).
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turnover-frequency for a technical process. Furthernore, the invention ains
at an en hancenent of the catal yst systems flexibility in terns of

bound e ﬁgp%jgétqpéchiié%a %?% &Yalyst composition comprising:

(a) a chromium compound;
(b) a ligand of the general structure RR,P-N(R;)-P(R4)-N(Rs)-H,

wherein R;, Ry, R3, R4 and Rs are independently selected from halogen, amino,
trimethylsilyl, C;-C,¢-alkyl, substituted C;-Cjo-alykl, aryl and substituted aryl, or any
cyclic derivative of the ligand, wherein at least one of the P or N atoms of the
PNPNH-unit can be also a member of a ring system, the ring system being formed

from one or more constituent compounds of the ligand by substitution;
(c) a modifier containing organic or inorganic halide; and
(d) an activator or co-catalyst.

As it is to be understood, any cyclic derivative of the ligand can be utilized, wherein at least
one of the P or N atoms of the PNPNH-unit is a ring member, the ring being formed from one

or more constituent compounds of the ligand by substitution, i.e. by formally eliminating per



chem cal engineering considerations. The first object is achieved by a
catal yst conposition conprising: (a) a chrom um conpound; (b) a |igand of

t he generwD 28tvuusi2are R R2P-N(R 3)-P(R4) - N(R 5) - H, wher @Ch/ER2010/0184R , R4
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or ror Fe¥Fhata gemtonpounds of the |igand by substitution, i.e. by
formally elimnating perconstituent conpound either two whol e groups R1l-R5
(as defined) or H one atomfromeach of two groups Ri-R (as defined) or a
whol e group R1-R (as defined) or H and an atom from another group Ri-R 5
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hexacar bonyl, Cr(111)-2-ethyl hexanoate, benzene(tricarbonyl)-chrom um or
Cr(ll'l)chloride. If a hal ogen containing chrom um conpound is sel ected,
such a compound cannot act both as

If a halogen containing chromium compound is selected, such a compound cannot act both as

chromium compound and a modifier containing a halide as such a compound can only pro-
vide an intramolecular interaction, whereas a modifier is intended to provide an intermolecu-

lar interaction. Thus, chromium compound and modifier have to be different compounds.

Even preferred the modifier is selected from ammonium or phosphonium salts of the type
[H4EJX, [H;ER]X, [H-.ER,]JX, [HER3]X or [ER4]X with E=N or P, X=Cl, Br oder I and

=alkyl, cycloalkyl, acyl, aryl, alkenyl, alkyny!l or the corresponding bridging di-, tri- or mul-
tiunits; HX; or RX; preferably tetraphenyl phosphoniumchloride, tetraethylammoniumchlo-
ride-monohydrate, tetraethylammoniumchioride, isopropylamine-hydrochloride, triethyl-
amine-hydrochloride, tetrapropylammonium chloride, tetra-n-butylammonium chloride, tetra-
ethylammonium bromide, p-toluidine-hydrochloride, dimethyldistearylammonium chloride,

(tri-n-butyl)-n-tetradecylphosphonium chloride, benzoyl chloride and acetyl chloride.
In general, any compound which can release a halogenide is a suitable modifier.

The modifier may be also selected from ammonium or phosphonium salts based on non-
cyclic and cyclic amines, like piperidine. The term “bridging di-, tri- or multi units” is to be
understood to comprise, e.g., N,N,N’,N’-tetramethylethylenediamine of ethylenebis(diphenyl-
phosphin), as well as, for tri- or multiunits, compounds according to the type Y(HER), and



chrom um conmpound and a nodifier containing a halide as such a conpound can
only pro vide an intranol ecul ar interaction, whereas a nodifier is intended
to provi deoamwmnseonol ecul ar interactgon. Thus, chrom urCTaPR@o/ocisand

nodi fier have to be different conmpounds. Even preferred the nodifier is

sel ected from amoni um or phosphonium salts of the type [HAE] X, [ H3ER] X,

[ H2ZER2 (KR}, WABSEXNr H, lﬁR4]Z>énWY b dayNn@t (bRnched@lkylBeyQ6ikyll agN Gtdahish! |

cycl oal yI, acyl, aryl, alken Fkynyl or the correspondlng bridgi ng di-
tri- d&rid mmﬁwaﬁmﬂgwnﬁxﬁﬂﬂo 2preferab|y t et r aphenyl phosphonlunchlorlde

t et raet hyl ammoni unthl ori de- nDnohydrate t et raet hyl ammoni unthi ori de,

i sopropyl am ne- hydrochl oride, triethylam ne- hydrochl ori de,

t et rapr opyl anmoni um chl ori de, tetra-n-butylannoniun1ch|oride,

t et r adh loyheawands, eombiming de, clromblmisdirce-ahy dicomblidiet teay result i 1n ammonium-

Chl or (8. PSS ASY-ERICERAe SomMESE at yhe SoiA er il bfen] Svdrihldombound
o b R tehﬁ‘?’?d@am%‘ﬁﬁ‘&%‘ﬂz?’éﬁﬁggﬁéﬂn i ST AR %ﬁgfﬁ%gr??y‘%??i and

cyclic amnes, like piperidine. The tern1"br|dg|ng di-, tri- or nmulti
units" |s to be understood to conpri se,

N, N, N tetramet.h Ieth nedlanl Ienebl di phen hosphi n as
vel | b g bRk E e A5 A o St a&%fea}%ﬂff@%%ff BRYeRR
andY( Eigngnts: Wi th E N or P, n> 2 and Y = any unit (branched al kyl,

cycl oal kyl, aryl, etc.) which bridges the substituents -EHR or -ER2. I n
ot her words, conbining the chrom um source and the nodifier nmay result in
ammoni umand phosphoniun}chronate conplexes of the type [AI[CX ], [A2[CrX

d [Al3 hﬁgk& HER3] +, [ER4 +, with
],an aLlekgg%gé?*%égl bove SH oﬁg¥ﬁ?ﬂgm$E§g%ﬁFbLiunlgourge and tﬁ%

nodi fier may result in mxtures fromthe com ponents:
- Cr-salts and anhydrous hydrohalogen acid, especially hydrochloric acid, with H;E,
HzER, HERz or R3E,
- Cr-salts and RX, for example benzoyl chloride, with H;E, H,ER, HER; or R3E.
In an alternative, the invention provides a catalyst composition comprising:
(a”) a halide containing chromium compound;

(b) a ligand of the general structure RjR,P-N(R3)-P(R4)-N(Rs)-H,

wherein Rj, Rz, R3, R4 and Rs are independently selected from halogen, amino,

trimethylsilyl, C,-Cy¢ alkyl, aryl and substituted aryl,;

() a modifier containing a free amine group; and



- Cr-salts and [H4E] X, [H3ER] X, [H2ER2] X, [HER3] X, [ER4] X, - Cr-salts and
anhydr ous hydrohal ogen acid, especially hydrochloric acid, with H3E, H2ER,
HER2 or R8@20@HsEPts and RX, for exanpl e benzoyl chl oripdeEPaiiootds3E, H2ER,
HER2 or R3E. In an alternative, the invention provides a catal yst
conposition conprising: (a') a halide containing chrom um conpound; (b) a

| i gand of the{dyener ahn aétivaedirwt eofcatzBBREN(R 3)-P(P M) -N(R 5)-H, wherein R,
R2, R, R4 and R5 are independently selected from hal ogen, am no,
trimethylsilyl, GCG-C 0 alkyl, aryl and substituted aryl; (c') a nodifier
containing a free am ne group; and(d) an activator or co-catalyst.

Pr ef epadkiblyife MRMifidrYontMhgh TrédGmiind %ﬁﬁxgﬂ%&@ctgéi Gdh p3masY, §&doRlarl loP™

prinary, secondary or tertiary aliphatic aromatic amne.” A preferred

al i phagrtiaryatiphatid o artsropimquyinanmpeefefmbah;dtautwamme vrsapoemydmingst i s sel ect ed
fromtrinmethyl alumnum triethyl alumnum triisopropyl alum num
triisobutyl alum num ethyl alum num sesquichloride, diethyl alum num

chl oride, ethyl alum numdichloride, nethyl alum noxane (I\/AO) or mxtures

t her eqthe dcﬁvaaleoﬁa@@@kbmems deletadiofranh tringy/ dRimindid, anﬁa ARMifurk, frigsoS0,
preferabli 0.8 to 0. The molar AI/Cr ratio is prefera % froml lto
1000: Propyi edwniagmy tlmolzutybalzmn@n, Fthxl ﬁbmapumowwehlp@e,r P‘ihbj RRITHRER er ab v

:;?F]ogh&)}l(c}% %ﬁ%ﬁﬁﬁfé@?ﬂl}%d% I%W%l%ﬁo%{ ltg\kl S O Vi OUS or &sf(r)]?reglr)llear

skilled in the art, the conponents for providing the catal yst conposition
are nore or |less considered as starting nateri al s but may be converted

F cgar &5 OPh G BRP AL CBd et Ga R BT A o) RETRULO 5 Fent | on can be

also illustrated as bei ng contai nable by conbin

The molar Al/Cr ratio is preferably from 1:1 to 1000:1, preferably 10:1 to 200:1.
The molar modifier/Cr ratio is preferably from 0.01 to 100, preferably 1 to 20.
In a further embodiment the molar ratio of Cr/halide is from 1:1 and 1:20.

As it is obvious for someone skilled in the art, the components for providing the catalyst
composition are more or less considered as starting materials, but may be converted when the
components are mixed to form the catalyst composition. In this regard, the catalyst composi-
tion according to the present invention can be also illustrated as being containable by combin-
ing at least components (a), (b), (c) and (d) according the first embodiment, and combining at

least components (a’), (b), (¢’) and (d) according to the second embodiment.

The second object is achieved by a process for oligomerization of ethylene, comprising sub-
jecting a catalyst composition according to the invention to a gas phase of ethylene in a reac-

tor and conducting an oligomerization.



ing at | east conmponents (a), (b), (c) and (d) according the first

enbodi nent, and conbi ning at | east conponents (a'), (b), (c') and (d)

accor di ngvoaotonaszecond enbodi ment. .The second obj ect | eCaaire@v@oishy a
process for oligonerization of ethylene, conprising sub jecting a catalyst
conposition according to the invention to a gas phase of ethylene in a reac
tor armdefemabtiutht ioligomerigdtiogdsearrizaounit. Fpreistrabf ¥ td D60 bri prf@EbIZa0ite501 S
carried out at a pressure of 1 to 200 bar, preferably 10 to 50 bar. Al so
prefeﬁﬁéd the oligonerization is carried out at a tenperature of from10 to
200 OC, pref erably 20 to 100C. Finally the mean residence tine is
preferably from 10 mnutes to 20 hours, preferably 1 to 4 hours.
Surprisingly, it was found in a first enbodi nent that nodifiers that

i nt r odlse prefiercadgthaeioligomerizasiogas icarried loutiet a tenuperdterecatt fadbmsl0 to\2008@, pref- e
capable%ﬁo ﬁphﬁﬂﬁg the overall performance of catal yst conmpositions to a
great TARAY O ‘i s probably acconplished by the fornmation of entirely
new catal ytic centers via the reaction of the Cr- / PNPNH1igand /
activatior - cata lysts with the halide - bearing nodifiers. In an
alternative enbodi nent of the invention, a halide-containing chrom um

sour c&ngllyrthe megpppddencetingerisprelsrably fromzl0 gupptesetochbouradoraferablnl fte de

am ne,y preferentially an aliphatic amne, e.g. isopropylamne. This

conbi nat1on constitutes an "in-situ" al kyl amonium chl o ride conponent and
is therefore roughly equivalent to a catal yst conposition of the first em
bodi nent. Besi des enhanci ng the wi ndow of operability in terns of process

condi ty ons, the_ inventipn also provides re flexibility regarding. the

cat al yPPHREEH SRsdor 5 Tt EPBeR (Y P SOES.BY BUGERTOR reagicdte r ed.

Wi | e iAgoRdiahaliint@ e St st! SRS aRf cabaBR48N@h&RABE IoVEfaY: pePfoRRERS of
catalyst compositions to a great extent. This is probably accomplished by the formation of
entirely new catalytic centers via the reaction of the Cr- / PNPNH-ligand / activatior — cata-

lysts with the halide — bearing modifiers.

In an alternative embodiment of the invention, a halide-containing chromium source, for ex-
ample CrCl3(THF); or CrCls, can be combined with a free amine, preferentially an aliphatic
amine, e.g. isopropylamine. This combination constitutes an “in-situ” alkyl ammonium chlo-
ride component and is therefore roughly equivalent to a catalyst cbrnposition of the first em-

bodiment.

Besides enhancing the window of operability in terms of process conditions, the invention
also provides more flexibility regarding the catalyst system's activity, thus affecting process
productivity as desired. While maintaining very high levels of 1-hexene selectivity, process
productivity can be enhanced whenever the heat removal- and mixing rates in the technical
process allow to do so. Conversely, if heat removal is critical, the catalytic system's overall

activity can be adjusted so as to avoid potential runaway conditions.

Prior art processes do so by simply lowering total catalyst concentrations to extremely low

levels. This, however, requires the addition of copious amounts of co-catalyst/activator (e.g.



productivity can be enhanced whenever the heat renoval- and mxing rates in
the technical process allowto do so. Conversely, if heat renoval is
critical , woheloasabytic systenml s overgll activity can beCadjposedissd as to
avoid potential runaway conditions.’ Igri or art processes do so by sinmply

| owering total catalyst concentrations to extrenely |low levels. This,
hoveveviAO)eHEd R Ai0aRidishi RB £ a SORLAYS BFRYM SmBiint¢ O CALA) yg&é&ﬁtdrvat or
(e.g.- - MAO) since the activator also acts as a scavenger fof trace
anountdsagiivating ithywitiqspthgioars abmost éneyitablytabmdanhimrealtteemical patcessee al nost

i nevitably abundant in real technical processes. The invention avoids these
tradeoffs and restrictions by providing a wide range of flexibility in
terms of catal yst conposition which, in turn, controls process

pr oducThevintsntiohesbids ehadsadasils a8l f6irlctibhy bp Brévidingl @Skide FanPeUTaRXibility
tenperature | evel within the scope defined by the systenis cheni cal

pr operifitegds of gatalyst eampasitianwhish dprivray eeptals praeess psddustivitn hentaelease andvel s

t hat j ] r i ' ironment. The
cti ve RsfaR, bt dn B ANIR AR PR RUIRR o BRTREAR MR STREY | gana
in ﬁ sulmemaada:] pr@ﬁhiee.nThis flerfodlitgris heliévedt @l coraiest conbexation @elrv/ersMﬁétQiaﬁka@E,

such t.hat t chrom um concentra tion iis 0.001 to 100 mol / 1,

pr ef er! %qéﬂnﬁ?eﬂé{‘ %W(ﬁl.ea 10,3 (e chpicRRAVATPNISAL t he |igand/Cr - ratio is 0.5
to 50 nol/nol, preferentially between 0.8 and 2.0 nol/nol. An exanple for a
pre ferred structure of the ligand is shown bel ow and is henceforth
referred to as the PNPNH - |igand. The co-catalyst, preferentially

tri et hifleaacting eaiahysiris arepared by qombiting thesehrgining sourcmanhidie Wigand insa suidbld as a
sol uti ' result in.an Al/Cr - ratio between 1 and 1000
nol / rmslg.welf‘ﬂé%}eéﬁgfﬁl eg)%ﬁ%)% C? he Xt ?rocinEOhfﬁm}eo S%Oth%&‘le OMHL RS E Fder i s
added thm B0.00 te500 mnid)/ApreBstedtiallgrdebiveen 0atdnd 1f nndlA dnd hOUpRY/EPT!
preferen tially 1 to 20 nol/no]. The sol vent toluene can be repl aced by

y !
ot her T8%? {sht & 89 malaly refegentialy pefregndlf a2 0ane)/mol. An example for a pre-
ferred structure of the ligand is shown below and is henceforth referred to as the PNPNH —

ligand.
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mati ¢ hydrocarbons ot her than toluene (benzene, ethyl benzene, cunenene,

xyl enes, nesitylene etc.), aliphatic hydrocarbons (both straight-chain and
cyclic, ewg.2otemasze, octane, cycl ohexane), straight-chaipoTalPediongish ke
hexene, heptene, octene etc. or ethers like, for exanple, diethylether or
tetrahydrofurane. Most preferred is 1-hexene, because this is also the

pr odughe Qlo-dabydRr ?fe@é%nﬁ’aﬂﬂr #RdtRflaluinifm 2orS Ay Stk tirs AdYRMHyRIaAINSnPasaUSe
this greatly sinplifies the separation units of the process. Furthernore,
t he sHMAD isiadjedds esdletien inrfolucheserme to sesuly émamdd/Cr erratip hetwean l ginddAe) The

o cos TRYE e ahrer sl oo b3S | GAD BlRR TV 710 ana ad bar in a suitabl e

pressure reactor. The reactor can be of any type suitable to provide
sufficient contact between gas- and |iquid phase, such as bubble col umm
reactors, stirred tank reactors, flow reactors with fixed or distributed

et hyl he madilasts addedisq a6 frerasilt & a medifigs{Gr t1atir 0bP-0d fie 10@ modimad. prefseano,

confi gﬁ§§k950h§m&&ﬂensure a sufficiently fast gas- to liquid nmass
transfer; so as to avoid phase transfer limtations, especially at high con
version rates achived by highly active catal yst conpositions. Preferred
reaction tenperatures are between 10 and 200 C, the nost preferred

tenperature reginme is 20 to, 100C. an resjdence tinme nd resi,dence tine
i ot r MG BRRT (HHFoE £28 1 eRLaEon Y A SOBFRE TR SaE’ Bha S SId & goach! eve
suf fi ghatiathydfitufiont @thedtthdd SRl @ehdevib! étBFlberXéRé,CilimiRAd fydsesomestyt | Mes
are between 10 mnutes and 20 hours.&gegendlng on tenpera ture and

pr ess dgng)etc. ¥ radiphaticf kydrechrpensgdothsstrmight-chainand syclio esgirhesanez ectangecygloesent

i nvention proyi .he, fol | aw advant ages..  production af, 1+ hexene wth
ni o CEPRSPGRAS Rl I G0 AR R AL Ry ke o R o

syst eridtiylethéady ©tralgairofitaneNMst prefdifed it rotiBxeis) Wetduse $hiaiglalbd tet pratiddns i n
process conditions; selective production of 1-hexene;. no undesired

by- pr Gd e Brocessradsisieg Eoaschsallgaitls advigHageouesaype this greatly simplifies the

separation units of the process. Furthermore, the solubility of ethene in 1-hexene is even bet-

ter than in toluene.

The catalyst solution is then subjected to a gas phase of dry ethene at pressures between 1 and
200 bar, preferentially 10 and 80 bar in a suitable pressure reactor. The reactor can be of any
type suitable to provide sufficient contact between gas- and liquid phase, such as bubble col-
umn reactors, stirred tank reactors, flow reactors with fixed or distributed ethylene-injection
and the like. The main task of the selected reactor configuration is to ensure a sufficiently fast
gas- to liquid mass transfer, so as to avoid phase transfer limitations, especially at high con-

version rates achived by highly active catalyst compositions.

Preferred reaction temperatures are between 10 and 200 °C, the most preferred temperature
regime is 20 to 100°C. Mean residence times and residence time distributions (in case of a
continuous process) are chosen so as to achieve sufficient conversion at high selectivities.
Typical mean residence times are between 10 minutes and 20 hours (depending on tempera-

ture and pressure). The preferred range is 1 to 4 hours.

To summarize, the present invention provides the following advantages: production of 1-

hexene with high turnover rate and selectivity; high reproducibility, i.e. catalyst system is



totally or to a |l arge extent replaced by cheaper substances, preferably by
triethyl alum num co-catalysts prone to quality instabilities, due to
their relNP20BVN5BPAre definition of _ghem cal structure PNREP2014/0@18AArt|y or
totally replaced by well-defined chemcal species (trietyl alu mnun); no
wi de LAO product distribution; very good suppression of polyner formation;

M| d rspded hinst PREHEIERAS froAP EREHRRTANY Mi@itadtionest perets comlitidrie kleantk- scal e
pl ant and |l ow en ergy and operation costs; allows for relatively sinple,

st r ai gmeductiemaf d-hskerse s whdshitad by -arofdupisyexressive ceeaialysts aish|asMALaR gh

roduct rities without additional rifi | an |0 A
[ ai neowat i £k Bt el tS Sheatt GhbiaBku e~ py it ERRRAL! O
easi | kob@tdlyskeplonaes qaMiSinttabilees, dubeoansin deltivetp paiet dedististedf cleahibyl t he

techni cal environnent; wde vari ability of possible operati na condi ti ons;
easy oPUFRresAIAS), ut rarty o1 tojallyvgplaeed by wellrdelined shemisgl srecigairigbil @ltheeds;

and siml e.and che Sty DI at t d ' i:
o rarTRyAE B¢ O TG FafbukF SiiGRRAE Ve oo B RO, of PUGRE) MG
mul t anaid sdaytionBorlittdn3] Behskdeenfly JbwSrV &€ tbsts foraschyical-dsalaplakinavhiownert-he
prior art. Further, it was, preferably,. found ,tha} t he behavi pur of nmany of
t he Crergy aediPREREOMMERSSY: ablpws g slatively, smphs | sEraight Tormesg Pracsss Helenpfdved
when i : .nodi fier i i i al . . . ) Jei g

& (acaigh G elepiffREt o pigH frolBei THRREL Ryt dddRicol b FREERs HLRD. i on
gr adi esepahptiaf trainyiendilyphvaylablel cldap etiroshiehf sourdes; datakpst sFaterniven casitydetfmges and
features of the present inventiqn ar ow.llustrated in the fol.low ng
exanpl funeds30 35R met ﬁ‘e&&”é‘aﬁrh’ 6@“8’6“’{1?1 geé’]{%‘g&%‘éﬁ }‘?Chﬂlc %{WFW&E’_CRL &Yde Marr; gur es
1-7 1l Auag& %@ggssﬁﬂi‘goﬁérmﬂ?%%dﬁm UéHé? loBfimY¥atibn bt ARivit9 ran@weéﬂﬁ@%éoxaﬁ,gor di ng
to exanpl és to 9. Example 1: Ethylene trimerization using the Crd 3(THF) 3
/' PNPNB#l varidtingeds PRl siin@le andcchpdjFtatdytipréga@tioncat al yst system A 300 i

pressure reactor, equipped with dip tube, thernmowel |, gas entrai nnment
stirrer, cool

The present invention aims primarily at the improvement of the catalyst’s activity, while, si-
multaneously, maintaining the high selectivities/yields as known in the prior art. Further, it
was, preferably, found that the behaviour of many of the Cr precursors which are readily
available and cheap, can be improved when adding the modifier. This is especially true for
Cr(acac);. Using Cr(acac); with the ligand forms a real physical solution (no concentration

gradients) of a virtually unlimited shelf-life time.

Further advantages and features of the present invention are now illustrated in the following
example section with reference to the accompanying drawings wherein figures 1-7 illustrate

the ethylene consumption with time for experiments according to examples 3 to 9.

Example 1: Ethylene trimerization using the CrCl3(THF); / PNPNH / TEA / [PPhy]Cl
and [NEt4]Cl - H,O — catalyst system

A 300 ml pressure reactor, equipped with dip tube, thermowell, gas entrainment stirrer, cool-
ing coil, control units for temperature, pressure, and stirrer speed (all hooked up to a data ac-

quisition system) was inertized with dry argon. The isobaric ethene supply was maintained by



ing coil, control units for tenperature, pressure, and stirrer speed (all
hooked up to a data ac quisition systerr) was inertized wwth dry argon. The
i sobari c woheret1sizppl y was nai nt ai ne __an al um numppTA&EPMioasd2 gas
cylinder on a balance to nmonitor the éthene consunption over tinme by neans
of a conmputerized data acquisition system Before conducting an experinent,
t he reac S al Severals: to

ol m el tpinCp SRy b dlthdbs Bh o NRREER, MRS e DA it

cat al yinte Wy @paisaifiaadmplubeeizsd ditalabquisitionsysernf t he PNPNH-|igand (61.4 ng
(Ph)2PN( i Pr)-P(Ph)-N(iPr)-H, Ph = phenyl, iPr = isopropyl), chrom um
precursor (Crd 3(THF)3, 37.5 ng) and the nodifier

t et raphenyl phosphoni uncthl ori de (P(Ph) 4C, 37.7 ng) were weighed in and
char geghrtR @naedi] %% ¢ ﬁrﬂéﬂfiﬁtﬁe 'ré’h@fotr \@zlsnﬁb%@@letroel 00y el HaBcal prefsdrdrforanhy
drous tol uene was "adde d the solution was stirred by means of a nagnetic
st i r r eseverAlfhomrs toiediswhate ra@cetsmfV@‘tercoxmumdd@mgdm@dnmpunh@ﬁ requi red anount

of a 1.9 nol/1 solution of TEA in toluene (3.7 nm) was added. The sol ution
was i medi ately transferred to the reactor and the reaction was started.
The chosen vol unes and nmasses correspond to a chrom um concentration of 1
mol / IFaittha cbiaga;n@réparaai@hp tﬂwmltaatei amoiintd.of the [PNRNH-1aand\(61.4@ig (Ph)sk-i o of
70 mol / nol. _and -_ratio of ih‘gﬂm)l/m)l. Foll%ﬁv\%g&éis

pr ocedddRn)- PéPM(IBQ Iéif P¥1 rT rPBF‘PSQaEI?fon I5QRIePY 1) i QR dHRAYEICE

vari at r t Horidaed e, [ 41 d
was rejpfgcgg %{/de r%ggﬁgf {%{FB &r@ﬂlgség Ee- ml)%g{hey 151124%%7‘(4'{ %fg) H{Z’?J%I)a (18.5
ng) f oweighakinand ohmrged itoTe tS'chlIenls mheamdeﬂﬁteﬂraunh@hle& |Admiumet0|f ri@() il faghy-
reaction in the |liqujd, ph uenched transf rrin t he

i nventing}S fueRE a¥Rs %ffie@ ﬁ@gélefhw u B’PééEHF‘?{’Fdn%PD@O mptasti) S“Pief |‘é€"’ Wi th
appro 1sspoQnéﬂheV‘@1t &m GCP(;IE?][%) AR fzaha) ﬁ@ﬁ"@qlﬁiﬁedtii'ﬁo@%@?ra'l@ﬁ{ol/y\@&uﬂ&{ 8f TERed vi a

quant ifrcation and
in toluene (3.7 ml) was added. The solution was immediately transferred to the reactor and the

reaction was started.

The chosen volumes and masses correspond to a chromium concentration of 1 mmol/l at a
ligand to chromium ratio of 1.5 mol/mol, an Al / Cr - ratio of 70 mol/mol and a P(Ph)sCl/ Cr

- ratio of 1.0 mol/mol.

Following this procedure, a series of trimerization reactions was conducted under variation of
pressure and temperature. Furthermore, the modifier [PPhs]C1 was replaced by tetraethylam-
moniumchloride-monohydrate [NEt,]C1* H,0) (18.5 mg) for a second experimental series.

After the residence time, the reaction in the liquid phase was quenched by transferring the
liquid inventory by means of the ethylene pressure to a glass vessel filled with approx. 100 ml
water. The mass balance of the experiment was determined via quantification and GC-FID
analysis of the gaseous and liquid product separately, followed by comparison with the ethene

uptake data.

Based on the measured data, the overall yields and selectivities were determined.



anal ysis of the gaseous and |iquid product separately, followed by

conpari son with the ethene uptake data. Based on the neasured data, the
overal | ywelds/asitosel ectivities wergsdet erm ned. Sur pri ®CmgiPg104018¢2y hi gh
1- hexene -yield is observed, with only trace anounts of 1-butene, 1-

octene, 1-decene and 1-dodecene. In repetitive experinents under clean and
vel | - dripriad] € angiry hiphsl-h&@nd i Heririnbbievan Witeonl§ eaceimhomtsesl-bbeaeded. The
results are summarized in Table 1. Table 1: Results of ethyl ene

tri merocteae. bAeesnpeandnbriodeqsaenly rensticyCiexpgrimpmts ynderpippgand mesil-defnebna) g

pr cssupafd. dobirer AL ¥R Rle fag Tptrda e ol Sy pipar AT
mol / mofabe MW .- Wt. % wW.-%w.%mn %80 30 120 0 17.0 4.8 87.2 3.6 98.0 65

30 120 0 40.4 4.5 91.1 3.3 99.4 [PPh4]CyCr 80 30 120 = 1 36.5 4.5 88.0 1.2
97.9 [PPh4]A ZCr 80 50 60 = 1 41.0 7.5 88.3 1.1 97.7 [PPh4] OyCr

Table 1:

Results of ethylene trimerization experiments using the CrCl;(THF); / PNPNH / TEA /
[PPhy]Cl and [NEt,]Cl - H,O - catalyst system.

Resi- . S{?él C6-  Cl0-  1-C6
;f(e::mp. gressure d.ence Molc/hﬁelr / Cr Product d Yield Yield in C6
ar time mol/mo g wt-  wt%  wi-% wt%
min %
80 30 120 0 170 48 872 36 980
65 30 120 0 404 45 911 33 994
80 30 120 [=Pfh4]C1/Cr 365 45 880 12 979
80 50 60 PPRICVEr g0 75 883 11 977
65 50 90 LPfh“]CUCI 537 48 903 30 985
65 30 120 PPRICVC gp9 44 902 39 983
500 30 120 [__Pfh“]cv Cr 554 17 940 40 994
80 50 90 LNIE“]CV Cr 503 46 881 36 980
65 30 90 E\IlEt“]CV Cr 489 43 920 02 992
80 50 90 _E‘ISE“]CV Cr 46 54 880 38 985

'ligand/Cr = 1.75, Al/Cr =25 * modifier was added to TEA first



65 50 90 =1 53.7 4.8 90.3 3.0 98.5 [PPh4]CyCr 65 30 120 =1 42.9 4.4 90.2
3.9 98.3 [PPh4] CyCr 50 30 120 = 1 55.4 1.7 94.0 4.0 99.4 [NEt4]CyCr 80 2 50
90 = 1 50wB 24106118801 3.6 98.0 [NEt4] QQr 65 30 90 = 1 48CI/EL2010021892 0. 2
99.2 [NEt4] CyCr 80 50 90 42.6 5.4 88.0 3.8 98.5 = 5 ligand/Cr 1.75, AI/Cr =
25 nodifier was added to TEA firstExanple 2 : Ethylene Trinerization with
Cr ( aC aph plE RPN yIe AP Phib f fzation BAUTCr {290} 9 PNPNIE ¥ M6difieR! TEAPT Ocedur e
described 1n exanpfe 1, the catal yst was prepared from 72 ng PNPNH -
ligand, 0.1 mmol Cr(acac) 3, 0.3 nmol of the various hal ogeni de-contai ni ng
nodifiers and 1.3 mM of a 1.9 M- TEA solution in toluene. The catal ytic

Tanl o NI REHbu e mfilede ke btBble LI (FRV R TERF M) s

chr om 12ning PINRNH —Tiading, @1 nB@slCi(acae);, Othynsdef tiel vilioug hlogenidecpentainimgt S
usi ng the Cr(acag 3/ PNPNH / _TEA / Mdifjer. - Resjdence . , . C4- C6-
d o medfivsmsd 15 wd efiz 4.9 Mx- TEA solwipncin teluens. fhe cafglic dest yas themeagied vi el d

in C6 QF P38 and 30 bar. The results are shown in Table 2 in comparison to an experiment

without modifier and CrCl3(THF); as chromium source.

Table 2:

Results of ethylene trimerization experiments using the Cr(acac); / PNPNH / TEA / Modifier.

Temp. Pressure Residence . Product oF . &6 C10- - 1-C6
°C bar tlrpe Modifier o Ylelod Yleold Ylelod in oC6
min wt-% wt.% wt-% wt%
50 ! 30 120 - 55.2 2.0 92.7 5.0 99.5
50 30 40 [PPh4]C1 87.8 1.2 93.0 5.3 99.5
50 30 40 [PPh4]Br 70.4 0.9 95.0 3.6 99.6
50 30 40 [PPhy]I 15.2 1.4 96.2 1.7 99.0
50 30 60 (Ezt(;i‘;ﬁ)] o %62 16 98 51 990
50 30 60 [NP1,]Cl1 58.3 2.2 91.7 5.5 99.2
50 30 60 [NEt4]Br 60.3 1.1 94.8 3.6 99.1
50 30 60 [P(-Bu)Br 569 12 939 41 991
50 30 60 [N(-Bu)Br 645 12 938 40 991

! CrCl3(THF); as chromium source



MM wt.-%w.%Ww.-%w.%50 ' 30 120 - 55.2 2.0 92.7 5.0 99.5 50 30 40
[PPh4]Cl 87.8 1.2 93.0 5.3 99.5 50 30 40 [PPh4]Br 70.4 0.9 95.0 3.6 99.6 50
30 40 [ PANO]D10165201. 4 96.2 1.7 99.0 ,LP(n-Bu) 50 30 60 BCBAP20MNGISI2. 8 5.1
99.0 (tetradecyl )] 50 30 60 [NPr4aJ&f 58.3 2.2 91.7 5.5 99.2 50 30 60
[NEt4]Br 60.3 1.1 94.8 3.6 99.1 50 30 60 [P(n-Bu) 4]Br 56.9 1.2 93.9 4.1

99.1 . - . . . ( _

ey omitrarlt P ERhiTeR} triRhadidh Reiby 42 Cotachcl PPN frEA LIRGBE) 5
PNPNH catalyshsystem( nBu) 4] Cl - catal yst system This exanpl e shows how t he
overall performance of the Cr(lll)acetylacetonate / PNPNH / TEA - catal yst
systemcan greatly b e enhanced by the nodifier

t et ra- nbut yl amoni uncthl ori de. The use of Cr(ll1l)acetyl acetonate ( short

Cr (acamisd exanhle RAORS hal the AvefACHdritmdHE: bPtHet Sr(BYRELFRELbAMe 2THNPNW /Pr i Ce.
Furthernore, this chromumsource is readily soluble in toluene, thereby

avoi diTEAt he na@lyst osysterdl ecapr egrgaidor be sénhancass burithg caedifiyst tetra-r}-

ibon. Fol | ow ' tal procedure.described.i.n exa e 1,
Phe cdih§BmopfmeBltend, Th wf BF LR BreReRSe L anbT ety ¥ ey o,
0. 3 nmadrackivé @B ¢ tPavaR@ildy Hnd Qbwaprike IF MtherthbA, 38k ChidiuinsduddeUig Readily he

catalytic test was then carried out at 55C and 30 bar. The result is shown
i n Fi golublg | tobuepar therabytayording ther vedeteprandleeprecyiserho glurrieredyring ¢atalyst GC

anal y %réparation.

Following the experimental procedure described in example 1, the catalyst was prepared from
69 mg PNPNH - ligand, 0.1 mmol Cr(acac);, 0.3 mmol [N(nBu);]Cl and 3 ml ofa 1.9 M —
TEA solution in toluene. The catalytic test was then carried out at 55°C and 30 bar. The result
is shown in Fig. 1 in comparison to a control experiment without the modifier. GC analysis
shows that the ethene consumption curve in Fig. 1 can directly be converted into 1-hexene
production, since kinetic phase transfer limitations were carefully ruled out and very high C6
— selectivities (> 92 wt.%) and 1-hexene selectivities within the total C6 — fraction beyond 98

wt.% were achieved.

Example 4: Influence of the modifiers [H3N(iPr)]Cl, [HN(Et);)Cl and [N(nBu)4]Cl in

cyclohexane

This example shows how 1-hexene can be produced with high activities and selectivities in
cyclohexane as solvent, using the modifiers isopropylamine-hydrochloride, triethylamine-
hydrochloride and tetra-n-butylammoniumchloride. Again, the catalytic tests were carried out
following the experimental procedure of example 1 with the exeption that the solvent toluene
was replaced by dry cyclohexane. The catalyst was prepared from 69 mg PNPNH - ligand,
0.1 mmol Cr(acac)s, 0.3 mmol of the modifier and 3 ml 1.3 M TEA - solution in heptane. The

experimental conditions were chosen as T = 55°C and p = 30 bar.



shows that the ethene consunption curve in Fig. 1 can directly be converted
I nto 1-hexene production, since kinetic phase transfer limtations were
car ef ul | ywoubwdiisizdo and very high 6_ 1 sel ectivities (>P@2/BER019)00E8aLI

1- hexene selectivities within the total C6 - fraction beyond 98 wt. % were
achi eved. Exanple 4: Influence of the nodifiers [H3N(iPr)]d, [HN(Et)S]O
and [ NeREAs inliflay e SAaaRidRISoLYATR LA § 1Rend QEch X S B ¢
produced w t'h hlgh activities an ect|V|t|es I'n cycl ohexane as so vent
usi ng €he- fradiohibeysnd Q&M%ﬁlgrﬁ ﬂlmthrhlathaloatal}dfe activity can ac(ijvantageously be )
trieth h dro | oride tetr n butyl nmoni hl ori de. Again, the
cat al yﬁ B%‘gg’t% v léﬁlﬁné?g'n@ﬁ? S‘PB‘I fﬁlée wodiierment al  procedure of
exanple 1 with the exeption that the solvent t ol uene was replaced by dry
cyclohexane The catal yst was prepared from69 ng PNPNH - |igand, 0.1 mol
Cr(acac)3, 0.3 mol of the nodifier and 3 nl 1.3 MTEA - solution in

hept anExamiple 3,dnluenesnfthe smndifier HRN@DICIGhdelmnes T = 550C and p =

bar.  GC analysis indicates C6 -selectivities > 92 wt.% and 1- hexene
selectivities within the total C6 - fraction beyond 98 wt.% Fig. 2 shows
that the catalytic activity can advantageously be adjusted to desired

| evel s Assinnglleyndtiyedo sxiatnpld ¢, tHhekee afn hlve beogbdiced . witl &igh seléctivitpfdyuence

f th f lP in toluene alternative to exanple 4,
(f hexgh{e&g;#t&{aé; taB/é %wsﬁn&i p ISﬂPr@ﬁygér%bﬁm Rlogde, alsmggtﬁwnae% sele
cat al y§éntl Polt AR %@ﬁﬁ@ﬁ@ 69'm %%PH{eOHWPﬁP? mﬁgamdroolc 1'&@1 é*ﬂﬁgﬁiot1%rh%[§ as

sol vent. For this experinen RPNH -
3( THF) [E;N(@Prl] Ghrand 1{5H8NQﬁ #1.PIMITE K d salulionin tflueme wede Nds?cﬂﬁed insklOuhl ahyi n
t ol uen

d 100 Dr ect |y af xi ng
e capiats igudisy ST ahfanpind s i solipb b oo Sasriprsd HPC #E
check 60 ba€PoPS blkdcRidf |ré;¥fo@1!i’tﬂb1ﬁ%“§ic§écﬁ§ﬁiénc§' hBe 8}2%?1%6?5?%5 YaRategRAAI GG W th

0. 05
mmol [H;N(iPr)]ClI and constant ligand/Cr-, TEA/Cr- and modifier/Cr- ratio. Fig 3 shows that

cutting the total catalyst concentration in half leads to an even higher activity with respect to
the absolute amount of catalyst used. This is evident by the ethene — uptake curve 2, which

shows higher levels than one-half of curve 1.

Again, GC analysis shows clearly that the ethene uptake curve can directly be converted into
the 1-hexene product formation curve. C6 — selectivities were greater than 92 wt.% in all

cases with 1-hexene selectivities in the total C6 — fraction beyond 99 wt.%.

Example 6: Influence of the modifier isopropylamine in combination with CrCl;(THF);

As menioned before, the advantageous effect of the invention can also be brought about by
combining a halide-containing chromium source, such as e.g. CrCl3(THF)3, and a free amine,
for instance isopropylamine. For this example, 69 mg of the PNPNH - ligand was mixed with
0.1 mmol CrCl3(THF);, 0.2 mmol isopropylamine and 1.5 ml 1.9 M TEA in 100 ml anhy-
drous toluene. The reaction was immediately started at 50°C (isothermal) and 30 bar ethene
pressure. The kinetics of the 1-hexene — formation, indicated by the associated ethene con-
sumption is shown in Fig. 4. GC analysis showed C6 - selectivities in excess of 93 wt.% with

1-hexene selectivities in the total C6 — fraction beyond 99 wt.%.



mol [H3N(i Pr)]C and constant |igand/ Cr-, TEAJCT- and nodifier/Cr- ratio.
Fig 3 shows that cutting the total catalyst concentration in half |leads to
an even hwohero/as2ovity with respect 160 t he absol ut e ampamtEPRd100aLSAL VSt
used. This is evident by the ethene - uptake curve 2, which shows higher

| evel s than one-half of curve 1. Again, GC analysis shoms clearly that the
St NG URIFH &7 CHiifiEn R bt Ak Ctabliied CFIHNYET buP LolrBifa i whetl) T Mr A !
formation curv selectivities greater t .%1n all cases
w th lemexr€lIFmketylacetaniaées in the total C6 - fraction beyond 99 wt. %
Exanmpl e 6: Influence of the nodifier isopropylam ne in conbination mﬁth
Crd (THF) As nenioned before, the advantageous effect of the invention can
al so be brought about by conbi ning a halide-containing chrom um source,

such &sneR- gr(nga@tyléaafé@at@ is anCkspedidlBe advanfieohisO EhroMSlid NoRrdes @&h@p:yfoam ne.
For this exanple, 69 ng of the PNPNH - ligand was m xed with 0.1 nmmol CrC
3( THR)hage beerp davased o 6ptbytipl tasts nélran@mclyomlurm QU SE AT dgr yeoouﬁ PIRA%Y dr ous
t ol ue The r di o] nd 30
par ctReHGOR ESE e RarhBR, bR bR bl e Bhixe it bhRT et %,
t he agsDinddl §EPELOE 3emt 019 BIUTPA i sohutiof if Rélwene dhdFi (9. mianHsdranabsns ThBowed
C6 - selectivities in excess of 93 w.%wth 1-hexene selectivities in the
tot al rewtionfyascarisd asedrserebedanithe wewousesecaﬁwké Feverglfpe HEE eATIEhaUAdi fi er

[ PPh Q%?% I opat e

Si nce P FRErRS s AT b kit 8F 3 b Oy B B P 3 ce.
sone dbf 80 tad BAYE@ Whde tikevwdrald attivigaataB07Ci is sbmeWhatuswng tHahias 70P(C,odneutm
precursor -under arlous process cond%tlons t xang:eﬂgc%¥gquNPNH -

i gandaed tharabdeeliFatipn: i bhomeaeseatich e _ b§ M TEA
SOl ut Iefaclivin! fhueNGeattkd 06T waR Micliaiss lﬁltﬁéeﬁ}@vlo;@@x ion was started
as descri be the previ ous exanples. Several runs were carried out at

Example 8: Influence of the modifier isopropylammonium-hydrochloride with

Cr(IIl)acetylacetonate in various solvents: cyclohexane, 1-hexene and toluene

This example demonstrates the use of the most preferred solvent 1-hexene. Not only is 1-
hexene as a solvent advantageous because it is identical to the product, but it also warrants
high activity and selectivity as shown in Fig. 6. 1-Hexene, along with cyclohexane, surpasses
even toluene as a solvent. For this experimental series, 69 mg PNPNH - ligand was mixed
with 0.1 mmol Cr(acac);, 0.3 mmol [H3;N(iPr)]Cl and 3.9 mmol TEA in 100 ml of the respec-
tive solvent. The temperature was 55°C and the ethene pressure was chosen as 30 bar. GC

analysis showed the same excellent overall 1-hexene selectivities as in the previous examples.

Example 9: Influence of the modifier HCI

This example demonstrates that, surprisingly, even anhydrous hydrochloric acid is suitable as
modifier for the PNPNH - ligand / Cr / TEA —system. In this experimental series, 69 mg
PNPNH - ligand, 0.1 mmol Cr(acac)s, 0.3 mmol HCl and 3 ml 1.9 M TEA solution in toluene
was mixed with 100 ml anhydrous toluene. The HCI] was added as a 1 M solution in di-
ethylether. Reaction conditions were 55°C and 30 bar. Fig. 7 shows that the activity of this

catalyst system depends on the preparation sequence of the catalytic system's constituents but



various tenperatures at an ethene pressure of 30 bar. Exenplary results are
shown in Fig. 5 for 70 and 800C. Wiile the overall activity at 80Cis
somewhat wowero/tiben at 700C, due to_pgrtial thermal deaeCirEzeiiongisthe
1- hexene sel ectivities remained excellent in both cases. The selectivity
figures neasured by GC were the sanme as in the previous exanples. Exanple 8
| nf 1R RESIyOfeal ) theRGiVth Hgur SOBBBRMH AATRA P EXARIMIA! AR, Wetyhigh 1-
Cr(l'll')yacetyl acetonate 1h various sol vents: cycl ohexane, 1-hexéne and
t ol uerhexétivisslectidtipd wertarhtained, as was theecass m exemples Ino8t preferred sol vent
1- hexene. Not only is 1- hexene as a sol vent advantageous because it is
identical to the product, but it also warrants high activity and
selectivity as shown in Fig. 6. 1-Hexene, along with cycl ohexane, surpasses
even tieUenBreddistissel iglie fdregoihgidssceipfien, iiethé alaimenhésn tieddiagyingyRhky, -
ligand was m xed with 0.1 mpl Cr(acac) 3, 0.3 mml [H3N(iPr)]d and 3.9
mol o separgtrly gpd &1 aryeopRipgtien thepeoishy material fogacalizpgathaipye@tigadn 85C and
t he eR@ﬁQ%bﬁ&ﬁﬁ%#Bﬁ was chosen as 30 bar. GC anal ysis showed the sane
excel l ent overa [- hexene selectivities as in the previous exanpl es.

Example 9 : Influence of the nodifier HO This exanpl e denonstrates that,

surprisingly, even anhydrous hydrochloric acid is suitable as nodifier for
the PNPNH - ligand / C / TEA -system In this experinmental series, 69 ng
PNPNH - ligand, 0.1 mmol Cr(acac) 3, 0.3 mmol HO and 3 m 1.9 MTEA

solution in toluene was m xed with 100 m anhydrous toluene. The HO was
added as a 1 Msolution in diethylether. Reaction conditions were 55C and
30 bar. Fig. 7 shows that the activity of this catalyst system depends on
the preparation sequence of the catalytic system s constituents butcan
easily reach the activity figures observed in the previous exanples. Al so,
very high 1 - hexene selectivities were obtained, as was the case in
exanples 1 - 8. The features disclosed in the foregoing description, in the
clainms and in the drawi ngs nay, both separately and in any conbination

t hereof, be material for realizing the invention in di



verse fornms thereof. Cains 1. Catal yst conposition conprising: (a) a
chrom um conpound; (b) a |igand of the general structure

R1R2P- N( R8D-2P(0R4F52b( R5) - H, wherein R 1.R2, R3, R4 and RraTEP2mdepsazient |y
sel ected from hal ogen, amino, trimethylsi I yl, @G o-al kyl, substituted

C -G o-alykl, aryl and substituted aryl, or any cyclic derivative of the
| i gand, wherein at |east one of theCIIgirgg N atonms of the PNPNH-unit can be
al so a menber of a ring system the ring systembeing formed from one or
nore constituent conmpounds of the ligand by substitution; (c) a nodifier
contai ning organic or inorganic halide; and (d) an activator or

co- cat al t corrgo& tion according to claim1l1, wherein the

chrom u &%@ﬁmﬁ&oﬁngo f EETBE'P¥om or gani ¢ or inorganic salts,

coordi nati on conpl exes and organonetal lic conplexes of C(Il) or Cr(lIl),
preferably Cd3(THF)3, Cr(Ill)acetyl acetonate, Cr(l11) octanoate,

chrom um hexacar bonyl, Cr(I11)- 2 et hyl hexanoate, benzene(tricarbonyl)-
chrom um or daOIanhf@mU@? ferapound; cat al yst conposition according to claim 1
or 2, wherein the nodifier is selected from anmoni um or phosphoni um salts
of the type [H E] X, [H3ER] X, [H2ER2] X [HER3]X or [ER4] X with E=N or P,
X=C, Br oder | and R=al kyl, cycl oal kyl, aryl, al kenyl, al kynyl or

t he corresponéb)rvghgmdd)@ﬁhegg@mtal stn'mqtured?:anfEﬂ (RBI)‘lP(th) N@Rs)-Br " RX; preferably
t etraphenyl phosphoni um chl ori de, tetraethyl anmmoni unthl ori de-nonohydrat e,
t et raet hyl ar nnoni unchl ori de, i sopropyl am ne-hydrochl ori de,

tri et hyl am ne- hydrochl ori de, t etrapropyl ammoni um chl ori de,

t et r a- n- butwhe&HOR], UR3,CRI,0R] dad Reureadidepbmienyiselected from halogen, amino,

trimethylsilyl, C;-C)o-alkyl, substituted C;-Cjo-alykl, aryl and substituted aryl, or any
cyclic derivative of the ligand, wherein at least one of the P or N atoms of the
PNPNH-unit can be also a member of a ring system, the ring system being formed

from one or more constituent compounds of the ligand by substitution;
(c) a modifier containing organic or inorganic halide; and
(d) an activator or co-catalyst.

2. Catalyst composition according to claim 1, wherein the chromium compound is se-
lected from organic or inorganic salts, coordination complexes and organometallic
complexes of Cr(Il) or Cr(IIl), preferably CrCl3(THF);, Cr(IlI)acetyl acetonate, Cr(IlI)
octanoate, chromium hexacarbonyl, Cr(IlI)-2-ethylhexanoate, benzene(tricarbonyl)-

chromium or Cr(III)chloride.

3. Catalyst composition according to claim 1 or 2, wherein the modifier is selected from
ammonium or phosphonium salts of the type [H4sE]X, [H3:ER]X, [HER,]X, [HER;]X
or [ER4]X with E=N or P, X=Cl, Br oder I and R=alkyl, cycloalkyl, acyl, aryl, alkenyl,
alkynyl or the corresponding bridging di-, tri- or multiunits; HX; or RX; preferably
tetraphenyl phosphonium chloride, tetraethyl ammoniumchloride-monohydrate, tetra-

ethylammoniumchloride, isopropylamine-hydrochloride, triethylamine-hydrochloride,



brom de, p-toluidine-hydrochloride, dinethyldistearylamoni um chloride,
(trin- butyl)-n-tetradecyl phosphoni um chl ori de, benzoyl chloride and acetyl
chl ori de.w@.200@atias829st conposition coppLising: (a') a halca&Ereanivaisat ng
chrom um conmpound; (b) a ligand of the general structure

R R2P-N(R3) - P(R4)-N(R5)-H, wherein R, R2, R, R4 and R5 are independently
selected f Itdmmpi‘h@bfmgﬁﬂomaﬂii rRbloride] netdyibaityyhmofiint cHloritdek Yietracliplhmaod
substituted, ar a nodifier };Iont ai ni n a free am ne group; and (d) an

acti vat or amﬁr%l@a Préeluidsne-lydrachyom eec%s {digearylapunenivg qhb)rtqea(
wherein the ﬂﬁg}g} itEade ﬂ};ﬁbsfayhgﬂigﬁ {)lg&?dea%%g%rﬁaﬁdé énosféegﬁfc@%n

primary, secordary or te atié¢ or aromatic amn

conposition according to any of the preceding clainms, wherein the actl vator
or co-catalyst is selected fromtrinmethyl alumnum triethyl alum num
triisoprop m nu triisobutyl alumnum ethyl alum num sesquichloride,
di et hylo ‘g ﬁﬁaﬁ)ﬁ @’ﬁl%co%?rtlﬁ}? ‘al umi num di chl ori de, methyl al uni noxane
(MAO) or m xtures thereof 7. Catal yst conposition according to any of the
precedi ng clai nms, wherein the nolar ligand/Cr ratiois from0.5 to 50,
preferably 0.8 to 2.0.8. Catalyst conposition according to claim6, wherein
the ol ar Al /@) rati &hpkide asaining chepmiggoeompqywnds er ably 10:1 to 200: 1. 9.
Cat al yst conposition according to any of the preceding clains, wherein the
mol ar nodifier/Cr ratio is fromO0.01 to 100, preferably 1 to 20. 10.

Cat al yst conposition according to any of the preceding clains wherein the
mol ar rati o ofb)Cr/ hakiligend ef the gmmeral structurd R2R,P-N(RHRBOFNEBRHIM 1: 1 to
1:10.

wherein R;, Rz, R3, R4 and Rs are independently selected from halogen, amino,

trimethylsilyl, C;-Cy¢ alkyl, aryl and substituted aryl;
(c”) a modifier containing a free amine group; and
(d) an activator or co-catalyst.

5. Catalyst composition according to claim 4, wherein the modifier containing a free
amine group is selected from primary, secondary or tertiary aliphatic or aromatic

amine.

6. Catalyst composition according to any of the preceding claims, wherein the activator
or co-catalyst is selected from trimethyl aluminum, triethyl aluminum, triisopropyl
aluminum, triisobutyl aluminum, ethyl aluminum sesquichloride, diethyl aluminum

chloride, ethyl aluminum dichloride, methyl aluminoxane (MAQ) or mixtures thereof.

7. Catalyst composition according to any of the preceding claims, wherein the molar

ligand/Cr ratio is from 0.5 to 50, preferably 0.8 to 2.0.



11. Process for oligonerization of ethylene, conprising subjecting a

catal yst conposition according to any of the clains 1 to 10 to a gas phase
of et hyl ewe 20m/:l552¢act or and con duchhng an ol i goneri zaPCOMP2WA00BIDCESS
according to claim 11, wherein the oligonerization is carried out at a
pressure of 1 to 200 bar, preferably 10 to 50 bar. 13. Process according to

cl ai m 118 orCatdlyst wogipesitioh ecartiingaoeldimad, vitierdis tE@ ol dAIA0L raéib i@ flofPEr at ure
of from10 to 200 0C preferablg 20 to 1000C. 14. Process according to any
of the cl aitfs 000 Lirseterblx i@l 60 B0Q:Re nean residence time is from 10 ni nut es
to 20 hours, preferably 1 to 4 hours.

9. Catalyst composition according to any of the preceding claims, wherein the molar

modifier/Cr ratio is from 0.01 to 100, preferably 1 to 20.

10. Catalyst composition according to any of the preceding claims wherein the molar ratio

of Cr/halide is from 1:1 to 1:20, preferably from 1:1 to 1:10.

11. Process for oligomerization of ethylene, comprising subjecting a catalyst composition
according to any of the claims 1 to 10 to a gas phase of ethylene in a reactor and con-

ducting an oligomerization.

12. Process according to claim 11, wherein the oligomerization is carried out at a pressure

of 1 to 200 bar, preferably 10 to 50 bar.

13. Process according to claim 11 or 12, wherein the oligomerization is carried out at a

temperature of from 10 to 200°C, preferably 20 to 100°C.

14. Process according to any of the claims 11 to 13, wherein the mean residence time is

from 10 minutes to 20 hours, preferably 1 to 4 hours.



