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ethoxyaryl 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, I, 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.
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tetramerization of ethylene in a continuous tube reactor — Proof of concept and kinetic as-
pects”, 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 MAQ. 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 (RI1)}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 QOeffelen, "Selective ethylene trimerization: A

study into the mechanism and the reduction of PE formation”, Journal of Molecular Catalysis
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chrom um source and the nodifier may result in mxtures fromthe

Conpon?ﬂé}?ér 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:



- C-salts and [H E] X, [H3ER] X, [H2ER2] X, [HERW [ER41X, - Cr-salts and
anhydr ous hydrohal ogen acid, especially hydrochloric acid, with H3E, H2ER,
HER2 or - -5alts and RX, for exanple benzoyl chlogi i E,
H2ER, HE Orzm&é%_sﬁ n an alternative, %the invention pr ové%rggpg}\i\%é{psaﬁist
conposition conprising: (a')a halide containing chromum conpound; (b)a
| i gand of the general  struct ure,RlRZP—l%RS) -P(R4)-N(R5)-H, wherein R,
R3, R4 and R3-O% eeleqiivitissrta dhn fesined nsedust Irhiespmamdedied bynpreducts from side
trinethylsilyl, Glefeh kyl, aryl and substituted aryl; (c')a nodifier
containing a J?arcggljrgm nggbjr oup; and WO 2010/ 115520- 9 -PCT/ EP2010/001842
(d)an activator or co-catalyst. Preferably the nodifier containing a free
amne group is selected fromprinmary, secondary or tertiary aliphatic or
aromatic am ne. A preferr al i phati.c am ne is, isopropyl ami_ne, The .
activator of LABIEPHIES of g{%ﬁp@&ﬁ%d-ef FisiielactiKigieh it i et (59TBETHgr

al um num triyo30RaARNKH A PMPiod &khsobutyl al um num et hyl al um num
sesqui chl ori de, " di et hyl a%rfr(r)i nur‘r? chl gri de, ethyl al um num dichloride,

met hyl al um noxane (MAO) or m xtures thereof In one enbodi nent the nolar
ligand/Cr ratio is fromO0.5 to 50, preferably 0.8 to 2.0. The nolar AI/Cr
ratio i s pref¥pafinnafionmel formatod 00kavy, jongfcbaiaphigh terbon on@@d@r products.

R21

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

considerable product yield loss and fouling of equipment.

» Poor turnover rates / catalyst activity, resulting in high cost per kg product.

» High catalyst- or ligand cost,

o 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).

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

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

» 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).



The nolar nodifier/Cr ratio is preferably fromO0.01 to 100, preferably 1 to
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- bearing nodifiers. In an alternative enbodi nent of the invention, a

hal i de- contai ni ng chrom um source, for exanple CCl 3(THF)3 or CrCl3, can be
conbi ndeirstobgect iseshiwmidby a pateiyst eompasition compalsinghat i ¢ ami ne, e.g.

i sopropyl ami ne. This conbination constitutes an "in-situ" al kyl amoni um
chl ori de conmponent and is therefore roughly equivalent to a catal yst
conposition of the first enbodi nent. Besides enhancing the w ndow of

operabi l'i ty i n{d) erdmomfunpesmmpasmdecondi tions, the invention also provides
nore flexibility regarding the catalyst systemis activity, thus affecting
process productivity as desired. Wile maintaining very high | evels of

1- hexene sel ectivity, process productivity can be enhanced whenever the
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trimethylsilyl, C,-C¢-alkyl, substituted C,-Cy¢-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;
(¢) 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
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Exanple |I: Ethylene trinerization using the CClI3(THF)3 / PNPNH / TEA /
EPPh4Cl and [ NEt4Cl ' H20 - catal yst system A 300 ml pressure reactor,

equi pped wth dip tube, thermowell, gas entrainnent stirrer. cool- _jng
coil, contW%IzmﬂH?':is%Gfor tenperature, -Fressure, and sti rr%?TfEB@é%f"“é%‘ﬁ
hooked up to a data ac- quisition system was inertized with dry argon. The
i sobari c_et hene suppll)é was_mai ntai ned by W) 2010/115520- 14 .

- PCT/ EFtERDs pothdizN on Pan gd AdnYpT aBY uRit franchgd alkpli aygloalkyh agylpgicarvdich o
noni t of, .. seyet [ .0prover time by means of a conputerized data
acqui s???%ﬁ@%gﬁg@nugﬁgf%ggdéog tict i ng an experinent, the reactor was heated
to 100 C at reduced pressure for several hours to elimnate traces of

wat er, oxygen and oxygenated inpurities. For the catal yst preparation, the
sui table amounts of the PNPNH-Iigand (61.4 Ph)L2PN(i Pr)-P(Ph)-N(i Pr)-H,
B L pHEABET VPR, Sombigec e IO e bl Ao ranes Sl ARy
and th hIhek; itﬂgr@jm I ( re
wei ghegnﬁﬁg{?gg@#gf&ggﬁ? ?g&;{%{gﬁfiﬁgﬁt ub€ Sﬁﬂ(’jﬁgﬁ?ﬁ)ﬁgr [?t%ltﬁ%{g]p%gdr gﬂ@ﬂ/o une
of 100with [AFHYHED Y HER IR ERaE, BifcRd ", dBB. ] heitk 8] HtandR sedefed bext. by neans
of a magnetic stirrer. After dissolving the Cr-conpound and |igand, the
requi red anount of a 1.9 nol/1 solution of TEA in toluene (3.7 nm) was
added. The solution was inmediately transferred to the reactor and the
react i @ilsopasmbingig e cliiteniaos@fcevdldule moaifikr messiesulCer hbsmes trotrotha cofar om um
concentration of 1 mol/1 at a ligand to chromumratio of 1.5 nol/nol, an
Al |/ CPouenfsatio of 70 nollmpl and a P(Ph)4Cl / Cr - ratio of 1.0 nol/nol.
Following this procedure, a series of trimerization reactions was conducted
under variation of pressure and tenperature. Furthernore, the nodifier

[ PPMCI was replaced by tetraethyl ammoni unthl ori de- nonohydrate [ NEt 4] C1 H20)
(18.5 ny)- f@fr~saltm!dhﬁEb&p{éhE t BHEReIX dSIERAFX dERuBS resi dence time, the
reaction in the liquid phase was quenched by transferring the |iquid
inventory by means of the ethylene pressure to a glass vessel filled with
approx. 100 ml water. The mass bal ance of the experinment was determ ned via
quanti f i cat Coalenandsankidiownaldrehalogdn bbid, gasenily debdhiayic acipy odtiici;E,
separately, Hfggl ﬁ\ﬁ%ﬁ bézé)onpari son with the ethene uptake data. WO

2010/ 115520+%2%53- * PEP2®10/ 001842 Surprisingly, a very high 1-hexene
-yield is observed, with only trace anmounts of 1-butene, 1- octene,
1-decene and 1-dodecene. In repetitive experinents under clean and

wel | -defined conditions, no discernible polynmer formation was observed. The
resul ts areCsuatisandAad, jor example benzoyl chioride, with H3E, H2ER, 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(R;)-P(R4)-N(Rs)-H,

wherein R, Ry, 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



Table 1: Results of ethylene trimerization experinments using the
CrCLl3(THF)3 / PNPNH / TEA / [PPh4}Cl and [NEt4] Cl1 H20 - catal yst system
Resi - Tenp. Pressure denceModifier / C Product Cbartinmenol/nmol mn
Yiel C6-CHOQ2@AI¥Neld Yield inC6 w9~ w. % wt. - % wt . % PCT/EP2010/001842

8030120017. 04. 887. 23. 698. 0 6530120040. 44. 591. 13.399.4 |

(d) an activator or co-catalyst.

Preferably the modifier containing a free amine group is selected from primary, secondary or

tertiary aliphatic or aromatic amine. A preferred aliphatic amine is isopropylamine.

The activator or co-catalyst is selected from trimethyl aluminum, triethyl aluminum, triiso-
propyl aluminum, triisobutyl aluminum, ethy! aluminum sesquichloride, diethyl aluminum

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

In one embodiment the molar ligand/Cr ratio is from 0.5 to 50, preferably 0.8 to 2.0.

The molar AV/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.
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Preferably the oligomerization is carried out at a pressure of 1 to 200 bar, preferably 10 to 50

bar.

Also preferred the oligomerization is carried out at a temperature of from 10 to 200°C, pref-
erably 20 to 100°C.

Finally the mean residence time is preferably from 10 minutes to 20 hours, preferably 1 to 4

hours.

Surprisingly, it was found in a first embodiment that modifiers that introduce an organic or
inorganic halide into the catalyst system, are capable to enhance the overall performance 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-
tide component and is therefore roughly equivalent to a catalyst c.ornposition 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.
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w thout nodifier and CrCl3(THF)3 as chrom um source. Table 2: Results of
ethylene trinerization experinments using the Cr(acac)3 / PNPNH / TEA /

Modi T The invention avoids these tradeoffs and restrictions by providing a wide range of flexibility
in terms of catalyst composition which, in turn, controls process productivity, heat release and
selectivity on any desired process temperature level within the scope defined by the system's
chemical properties. This flexibility is achieved on catalyst concentration levels that can eas-

ily be handeled and controlled in a technical environment.

The active catalyst is prepared by combining the chromium source and the ligand in a suitable
solvent, preferentially toluene, 1-hexene or cyclohexane, such that the chromium concentra-
tion is 0.001 to 100 mmol/l, preferentially between 0.1 and 10 mmol/l and the ligand/Cr -
ratio is 0.5 to 50 mol/mol, preferentially between 0.8 and 2.0 mol/mol. An example for a pre-
ferred structure of the ligand is shown below and is henceforth referred to as the PNPNH -~
ligand.

/KN/P\N/K
0
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The co-catalyst, preferentially triethylaluminum or any mixture of triethylaluminum and
MAQ, is added as a solution in foluene, so as to result in an Al/Cr — ratio between 1 and 1000

mol/mol. The preferred AV/Cr — ratio is 10 to 200 mol/mol.

The modifier is added so as to result in a modifier/Cr - ratio of 0,01 to 100 mol/mol, preferen-

tially 1 to 20 mol/mol.

The solvent toluene can be replaced by other solvents or mixtures of solvents such as aro-
matic hydrocarbons other than toluene (benzene, ethylbenzene, cumenene, xylenes, mesity-
lene etc.), aliphatic hydrocarbons (both straight-chain and cyclic, e.g. hexane, octane, cyclo-
hexane), straight-chain olefins like hexene, heptene, octene etc. or ethers like, for example,
diethylether or tetrahydrofurane. Most preferred is 1-hexene, because this is also the product
of the process and using it as a solvent is advantageous because this greatly simplifies the
separation units of the process. Furthermore, the solubility of ethene in 1-hexene is even bet-

ter than in toluzne.

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
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stable against interference from impurities and fluctuations in process conditions; selective
production of 1-hexene; no undesired by-products; expensive co-catalysts such as MAO are
totally or to a large extent replaced by cheaper substances, preferably by triethyl aluminum;
co-catalysts prone to quality instabilities, due to their relatively pure definition of chemical
structure (MAO), are partly or totally replaced by well-defined chemical species (trietyl alu-
minum); no wide LAQ product distribution; very good suppression of polymer formation;
mild reaction conditions, consequently low invest costs for technical-scale plant and low en-
ergy and operation costs; allows for relatively simple, straight forward process design; very
high Cé-selectivities lead to high product purities without additional purification steps in the
separation train; readily available, cheap chromium sources; catalyst system can easily be fine
tuned so as to meet the boundary conditions defined by the technical environment; wide vari-
ability of possible operating conditions; easy optimisation of activity and selectivity according

to variable needs; and simple and cheap catalyst preparation,

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 untimited 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 CrCh(THF); / PNPNH / TEA / [PPhy]Cl
and [NEt;]Cl - H;O — catalyst system

A 300 mi 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
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an aluminum pressurized gas cylinder on a balance to monitor the ethene consumption over

time by means of a computerized data acquisition system.

Before conducting an experiment, the reactor was heated to 100 °C at reduced pressure for

several hours to eliminate traces of water, oxygen and oxygenated impurities.

For the catalyst preparation, the suitable amounts of the PNPNH-ligand (61.4 mg (Ph);P-
N(iPr)-P(Ph)-N(iPr)-H, Ph = phenyl, iPr = isopropyl), chromium precursor (CrCl;{(THF)s,
37.5mg) and the modifier tetraphenylphosphoniumchloride (P(Ph)4Cl, 37.7 mg) were
weighed in and charged to a Schlenk tube under inert atmosphere. A volume of 100 ml anhy-
drous toluene was added and the solution was stirred by means of a magnetic stirrer. After
dissolving the Cr-compound and ligand, the required amount of 2 1.9 mol/l solution of TEA
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)4Cl / 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 [PPhy]Cl was replaced by tetraethylam-

moniumchloride-monohydrate [NEt,}1C1 - H,O) (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.
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Surprisingly, a very high 1-hexene -yield is observed, with only trace amounts of 1-butene, 1-
octene, 1-decene and 1-dodecene. In repetitive experiments under clean and well-defined

conditions, no discernible polymer formation was observed. The results are summarized in
Table 1.

Table 1:

Results of ethylene trimerization experiments using the CrCly(THF); / PNPNH / TEA /
[PPhy]Cl and [NEt]Cl - H,0 — catalyst system.

. Ca-

Resi- .
Temp. Pressure dence Modifier / Cr  Product glei S’{'S-l P S,l 01;1 1-C6 6
°C bar time mol/mol g e 1e i

: wt-  wt% wt-% wi%

min 9,
80 30 120 0 70 48 8§72 36 980
65 30 120 0 404 45 911 33 994
80 30 120 PPRICVC 365 45 880 12 979
80 50 60 (PPRACICE 410 75 883 11 977
65 50 90 PPRACUCE 537 48 903 30 985
65 30 120 PPRICVEr 9 44 902 39 983
50' 30 120 E)fh“]cy Cr 554 17 940 40 994
802 50 90 NEWCVCr 503 46 881 36 980
65 30 90 INBLICVEr 459 43 920 02 992
80 50 90 MNEWCVSr 06 54 ss0 38 985

'ligand/Cr = 1,75, Al/Cr = 25 % modifier was added to TEA first
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Example 2: Ethylene Trimerization with Cr{acac); / PNPNH / Modifier / TEA

Following the experimental procedure described in example 1, the catalyst was prepared from

72 mg PNPNH - ligand, 0.1 mmol Cr{acac);, 0.3 mmol of the various halogenide-containing

modifiers and 1.3 ml of a 1.9 M — TEA solution in toluene. The catalytic test was then carried

out at 50 °C and 30 bar. The results are shown in Table 2 in comparison to an experiment

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

Table 2:

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

s, Dressure ?;Sédem Modifier Product 4 Vi Sf:;d o

min wt-% wt% wt-% wt%
50' 30 120 - 552 20 927 50 99.5
50 30 40 [PPhy]CI 878 12 930 53 995
50 30 40 [PPhy]Br 704 09 950 36 996
50 30 40 (PPhy]I 152 14 962 17 990
50 30 60 (g&i‘;ﬁ)] o 862 16 928 51 990
50 30 60 [NPr]CI 583 22 917 55 992
50 30 60 [NEt,]Br 603 1.1 948 36  99.
50 30 60 [P(a-Bu)]Br 569 12 939 41 991
50 30 60 [N(-Bu}JBr 645 12 938 40 991

" CrCl3(THF); as chromium source
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Example 3: Ethylene trimerization using the Cr(acac); / PNPNH / TEA / [N(nBu)]Ci -

catalyst system

This example shows how the overall performance of the Cr(Ill)acetylacetonate / PNPNH /
TEA - catalyst system can greatly be enhanced by the modifier tetra-n-
butylammoniumchloride. The use of Cr(IIl)acetylacetonate ( short Cr(acac)s ) is especially
attractive due to its availability and low price. Furthermore, this chromium source is readily
soluble in toluene, thereby avoiding the need to handle precursor — slurries during catalyst

preparation.

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)s]JCl and 3 ml of a 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. | 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);, 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.
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ligand, 0.1 mmol Cr(acac)3 0.3 rnrml [N(nl3u)4]C1 and 3 mM of a 1.9 M-
TEA solution in toluene. The catalytic test was then carried out at 55C and

30 bar The rrison to a control experinent
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vent. For this experiment, 69 mg of the PNPNH - ligand, 0.1 mmol CrCl3(THF);, 0.1 mmol
[H3N(@iPr)]Cl and 1.5 ml of a 1.9 M TEA - solution in toluene were dissolved in 100 ml anhy-
drous toluene. Directly after mixing the catalyst solution, the reation was started at 50°C and
30 bar. For a check of reproducibility and consistency, the experiment was repeated with 0.05
mmol {H3N(iPr)]Cl 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);, and a free amine,
for instance isopropylamine. For this example, 69 mg of the PNPNH - ligand was mixed with
0.1 mmol CrCl3(THF)3, 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.%.
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Example 9: Influence of the nodifier HCl This exanpl e denonstrates that,
surprisingly, even anhydrous hydrochloric acid is suitable as nodifier for
the PNPNH - ligand / Cr / TEA -system In this experinmental series, 69 ng
PNPNH - | iWy&a#o/10520 ol O (acac) 3, 028.mmol HC and 3 nPCHEB2G/GEHAS2
solution in toluene was m xed with 100 m anhydrous toluene. The HCl was
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30 bar carFiegsily readtons dckiaity tﬂgﬁxeBOGHsmivbg? infthd presiomateabyiptes spbenegepemnds on
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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 clains and in the draw ngs may, both
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RI R2P- N(R3) - P(R4) - N(R5) -H, wherein R, R2, R3, RLI and R5 are independently
sel ected from Cl1-Cl0-al kyl, substituted Cl-Cl0-al kyl, aryl and substituted
aryl, (B) a nodifier containing organic or inorganic halide; and



(© an activator or co-catalyst, wherein the nodifier is selected from
amoni um or phosphoni um salts of the t3pe [ 114E1X, [H3ER] X, [H2ER2] X,

[HER3] X or [ERAX with E=N or P, X=Cl, Br oder | and R=al kyl, cycl oal kyl,
acyl, aryl, alkenyl, alkynyl or the corresponding bridging di-, tri- or

mul tiunits; or the nodifier being sekd&med from amoni um salts based on
cyclic amnes. 2. Catalyst conposition according to claiml1, wherein the
chrom um conmpound is selected fromorganic or inorganic salts, coordination
conpl exqscaftspiaanatRnaohipgismempl exes of Cr(11) or O (I11), preferably
CrCI3(THF) 3, 'Cr(I11)acetyl acetonate, Cr(l1l) octanoate, chrom um

hexacar bonyl, Cr(111)-2-ethyl hexanoate, benzene(tricarbonyl)-chrom um or
Cr(l'll)chlori . Ltion.according to claiml or 2, wherein
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al um num sesqgy ghhQale or 84-84thykt, al um num chl oride, ethyl alum num
di chl oride, nethyl alum noxane (MAO or m xtures thereof. -22- 5. Catalyst

conposition according to any of the preceding clainms, wherein the nolar
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Cr(Ill)chloride.

3. Catalyst composition according to claim 1 or 2, wherein the modifier is selected from
tetrapheny! phosphonium chloride, tetraethyl ammoniumchloride-monohydrate,
tetracthylammoniumchloride, isopropylamine-hydrochloride, triethylamine-hydrochloride,
tetrapropylammonium chloride, tetra-n-butylammonium chloride, tetracthylammonium
bromide, p-toluidine-hydrochloride, dimethyldistearylammonium chloride, (tri-n-butyl)-n-

tetradecylphosphonium chloride.

4. 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 (MAO) or mixtures thereof.



12. Process according to any of the clains 9 to 11, wherein the nmean
residence time is from10 mnutes to 2&¥-hours, preferably 1 to 4 hours.

5. 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.

6. Catalyst composition according to claim 4, wherein the molar Al/Cr ratio is from 1:1 to
1000:1, preferably 10:1 to 200:1.

7. 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.

8. 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 I:1 to 1:10.

9. Process for oligomerization of ethylene, comprising subjecting a catalyst composition
according to any of the claims 1 to 8 to a gas phase of ethylene in a reactor and conducting

an oligomerization.

10. Process according to claim 9, wherein the oligomerization is carried out at a pressure of 1

to 200 bar, preferably 10 to 50 bar.

11. Process according to claim 9 or 10, wherein the oligomerization is carried out at a

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

12. Process according to any of the claims 9 to 11, wherein the mean residence time is from

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



