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The selective ethylene trimerization and tetramerization catalysts and processes known gener-
ally have to cope with some disadvantages. The catalysts show only low selectivities to the
desired products 1-hexene and/or 1-octene due to by-products from side reaction channels.
Further limited purities of the products are obtained, i.e. the selectivities within the specific
Cs- or Cg-cut due to isomerization, branched olefin formation, etc.. Also wax formation, i.e.
formation of heavy, long-chain, high carbon-number products is detected. This is also true for
polymer formation (polyethylene, branched and/or cross-linked polyethylene) leading to con-
siderable product yield loss and fouling of equipment. Further it has to be mentioned that
prior art processes only show poor turnover rates and catalyst activity resulted in high cost per
kg product. Prior art catalysts and ligands are usually to be prepared with high costs. Ligands
are usually difficult to synthesize, resulting in poor availability and high catalyst cost. The
catalyst performance is highly susceptible to trace impurities, and the catalyst components are

often difficult to handle in technical environment. The prior art processes usually require
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harsh reaction conditions, i.e. high temperatures and pressures, resulting in high invest, main-

tenance and energy costs. Finally, high costs are also to be expected for co-catalyst/activator.

It is therefore an object of the present invention to overcome the difficulties of the prior art
and to provide a catalyst composition showing improved selectivities and purities in the oli-
gomerization of ethylene without formation of wax or polymer, showing rather improved

turnover rates with fair costs for preparing catalyst and ligand.

Additionally, a process for the oligomerization of ethylene shall be provided.

The first object is achieved by a catalyst composition comprising: (a) a binuclear chro-
mium(II) complex; (b) a ligand of the general structure (A) R;R,P-N(R3)-P(R4)-N(Rs)-H or
(B) RiIR2P-N(R;3)-P(R4)-N(R5)-PR¢R7, wherein Ry, Ry, R3, R4, Rs, R¢ and R; are independ-
ently selected from halogen, amino, trimethylsilyl, C;-C ¢-alkyl, aryl and substituted aryl,
wherein the PNPN- or PNPNP-unit is optionally part of a ring system; and (c) an activator or

co-catalyst.

As is to be understood, any cyclic derivatives of (A) and (B) can be utilized as ligand,
wherein at least one of the P or N atoms of the PNPN-unit (structure (A)) or PNPNP-unit
(structure (B)) is a ring member, the ring being formed from one or more constituent com-
pounds of structures (A) or (B) by substitution, i. ¢. by formally eliminating per constituent
compound either two whole groups R;-R; (as defined) or H, one atom from each of two
groups R;-R7 (as defined) or a whole group R;-R; (as defined) or H and an atom from another
group R|-Ry (as defined), and joining the formally so-created valence-unsaturated sites by one
covalent bond per constituent compound to provide the same valence as initially present at a

given site.

Preferably, the chromium complex has a Cr-Cr-bond or two chromium centres are connected

via a bridging ligand.
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Preferably, the oligonerization is carried at a

pressure of 1 to 200 bar, preferably 10 to 50 bar.
WORL®O/0aR18T erred, the ol igomerization is carri eBCHEP2008/009305

temperature of from 10 to 20C, preferably 20 to 100C

In one enbodi nent, the process is carried out

conti nuously, sem -continuously or discontinuously.
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In one embodiment, R;, Ry, R3, R4, Rs, R and Ry are selected from chloro, amino, trimethyl-

silyl, methyl, ethyl, isopropyl, tert-butyl, phenyl, benzyl, tolyl and xylyl.



1 -octene The above nechanismis characterized by the
novel principle of a dinuclear reductive elimnation
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substituents, as will be shown below in the exanpl es
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Preferably, the oligomerization is carried at a pressure of 1 to 200 bar, preferably 10 to 50 bar.

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

In one embodiment, the process is carried out continuously, semi-continuously or discontinu-

ously.

The mean residence time may be from 10 minutes to 20 hours, preferably 1 to 4 hours.
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binucldaP tiAsitibeaaé@l comgrik, ¢aRst Gah Amgaidnhélow, tradsditth Wiekd) complex,
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whose traeqhanisim el ves awpaenusiear gaefplberyclonerangs i andd mgtallacgdoheptanes,
res ectg{%b' dry ethylene and heated to 50C. Wiile stirring at

P O rpm the ethylene consunpti on was nonitored by

the data acquisition systemand an el ectroni c bal ance
by constantly wei ghing the ethylene pressure cylinder.

.. After. 120 m.n residenceg tine, the reaction in the .
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1-octene

The above mechanism is characterized by the novel principle of a dinuclear reductive elimina-

tion from chromium(II) via chromium(I) to chromium(0) leading to 1-octene.

The catalyst composition according to the present invention can be tuned by suitable ligands
to the novel principle of dinuclear reductive elimination from chromium(0) via chromiuml) to
chromium(0) (case: neutral ligands) or from chromium(I)/(II) via chromium(II)/(I) to chro-

mium(I)/(0) (case: anionic ligands) leading selectively to 1-hexene:



- 10 - After separation of the liquid organic phase,
the total mass was determ ned by wei ghing.
w@Eawseepisnt |y, the conposition of the organi c PEEEBR200EE09305
anal yzed separately by GC/F§D. Based on the neasured
data, the mass bal ance was cl osed and the overal
yields and selectivities were determ ned. The product
di stribution of this exanple is sunmarized in Table 1.
Conpar ati ve Exanple 2:
Et hyl enetri neri zati onusi ngCr C13(t et r ahydr of ur ane) 3,
((phenyl) 2PN(i sopr opyl ) P(phenyl ) NH(i sopropyl)) and
triethylalum numIn analogy to Exanple 1 a 300 mi
pressure reactor was filled with 100 m anhydrous
toluene. A solution of 81.7 ng (0.2 nmol) of

((phenyl) 2PN(i sopropyl ) P(phenyONH(i sopropyl)) in 10 n
t ol uérng was i ned wi ty %\Q my (0. 1]

CrC S,Qt"‘ét r*ahjg\?;'fur'ah)s UWU'ET"‘H ar gorr bM “MThi s
cat aRyst solution was transfeyr to the r tor al ong
with 3.6 M of a 1.9 nol/1 solution of \ka
triethlalum niumin toluene. The reactor s seal ed
pressurized with 30 bar dry ethyl ene and-heeateed t o
50C. After 120 mn residence tinme while stirring at

1200 rpmthe reaction m xture was wor ked up and
anal yzed as nentioned above. The product distribution

Addltl&fallyhit%ﬁxﬁﬂﬁlﬁngli fOUATRak %I?edmoﬁlf-gﬁi%rff‘ ofta t;r Béntate ligand, such as
conpari son s gher activity for binuclear

(phenybd?@](@gg@pyl‘)‘&;ﬁpl@enyl)z Bty ranl advitional mﬁ{(nspatquﬁ ymhsesulted in the tet-
radenta%_ @)aé)?id:%&%le%l ZX’N(lsgpl%pySP(p%enyl)l\gﬁ(ls\gp(recl)pgﬂ)) lﬁlhzmg the former
ligand in the catalyst composition resulted in a high selectivity towards the tetramerization of
cthylene, whereas the latter ligand resulted in a high selectivity for the trimerization or
tetramerization of ethylene depending on the substituents, as will be shown below in the ex-

amples section.

In other words, the inventive process results in the production of 1-octene and 1-hexene with
high turnover rate and selectivity. An easy switchover from 1-octene to 1-hexene production
by using specific ligands can be easily obtained. Further, a high reproduceability is obtained,
¢.g. the catalyst system is stable against interference from impurities and fluctuations in proc-
ess conditions. Formation of wax and polymers is well suppressed. Additionally, in the inven-
tive process slight reaction conditions may be employed, consequently resulting in low inves-

tive costs for technical-scale plant and low energy and operation costs.

Additional advantages and features of the present invention will become apparent from the

following detailed description on the basis of examples.

A ligand to be used in the inventive catalyst composition may be prepared as follows:
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Preparation of Ph,PN(i-Pr)PMeNH(i-Pr): 2,21 g of Ph,PCl (10 mmol) was slowly added to a
mixture of 1,62 g MeP(NH(i-Pr)); (10mmol) (Eur. J. Inorg. Chem. 1999, 12, 2355-68) and
Sml triethylamine in 15 ml toluene at 0°C. The solution was stirred for additional 2h at r.t. and
then filtered to remove the amine-hydrochloride. After evaporation of the volatile compounds

in vacuo a sticky oil remained. Yield: 80%

3IP.NMR (CgDs); 33.7, 57.6 (broad)

Trimerization by binuclear complexes

Example 1:

Ethylene trimerization using {{(i-Pr):N]Cr[ji-(i-Pr)2N}}2,
((phenyl);PN(isopropyl)P(phenyl)NH(isopropyl)) and triethylaluminum

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 and filled with 100 ml anhydrous toluene.
Then 81.7 mg (0.2 mmol) of ((phenyl);PN(isopropyl)P(phenyl)NH(isopropyl)) in 10 ml tolu-
ene was combined with 65.6 mg {[(i-Pr),N]Cr[pu-(i-Pr);N]}, (0.13 mmol) under an argon
blanket. This catalyst solution was transferred to the reactor under constant argon flow, along

with 3.6 ml of a 1.9 mol/l solution of triethylaluminium in toluene.

The reactor was sealed, pressurized with 30 bar dry ethylene and heated to 50°C. While stir-
ring at 1200 rpm, the ethylene comsumption was monitored by the data acquisition system
and an electronic balance by constantly weighing the ethylene pressure cylinder. After 120
min 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 of
water. 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.
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action mixture was worked up and analyzed as mentioned above. The product distribution of

this example is summarized in Table 1.
The comparison shows higher activity for binuclear complexes.

Table 1. Ethylene trimerization runs

Example Activity, kg Ce-Yield, wt% | Cg-Yield, wt% 1-hex in Cg
prod./g Cr
1 145 88 1 99.0
2 34 89 1 99.0

Tetramerization by binuclear compounds




prod./g & C6-Yield, % C8-Yield, wt% 1-hex in C6
l-oct in C8 3 21 8 82 98.0 98.0

WO 2009/068157 PCT/EP2008/009305
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Example 3:
Ethylene tetramerization using {[(-Pr);N]Cr[p-(i-Pr).N]}2,

((phenyl);PN(isopropyl)P(methyl)NH(isopropyl)) and triethylaluminum

In analogy to Example 1 a 300 ml pressure reactor was filled with 100 ml anhydrous toluene
and a solution of 69.3 mg of ((phenyl);PN(isopropyl)P(methyl)NH(isopropyl)) (0.2 mmol) in
10 ml toluene together with 65.6 mg {[(i-Pr);N]Cr[p-(i-Pr);N]}> (0.13 mmol). After adding
3.6 ml of a 1.9 M solution of triethylaluminum in toluene the reactor was sealed, pressurized
with 30 bar dry ethylene and heated to 50°C. After 120 min residence time while stirring at
1200 rpm the reaction mixture was worked up and analyzed as mentioned above. The product

distribution of this example is summarized in Table 2.

Comparative Example 4:

Ethylene oligomerization using CrCls(tetrahydrofuran);,

((phenyl);PN(isopropyl)P(methyl)NH(isopropyl)) and triethylaluminum

In analogy to Example 1 a 300 ml pressure reactor was filled with 100 ml anhydrous toluene
and a solution of 69.3 mg of ((phenyl),PN(isopropyl)P(methyl)NH(isopropyl)) (0.2 mmol) in
10 ml toluene together with 50.0 mg CrCls(tetrahydrofuran); (0.13 mmol). After adding 3.6
ml of a 1.9 M solution of triethylaluminum in toluene the reactor was sealed, pressurized with
30 bar dry ethylene and heated to 50°C. After 120 min residence time while stirring at 1200
rpm the reaction mixture was worked up and analyzed as mentioned above. The product dis-
tribution of this example is consistent with a Schulz-Flory distribution and summarized in

Table 2.

Table 2. Ethylene tetramerization runs
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As can be seen from the examples, by changing the ligand utilized in the catalyst composition
an easy switch from trimerization (Example 1 and 2) to tetramerization (Example 3) may be
achieved. Furthermore by using binuclear chromium(II) complexes an easy switch from unse-

lective oligomerization (Example 4) to tetramerization (Example 3) is possible.

The features disclosed in the foregoing description and in the claims may, both separately and

in any combination thereof, be material for realizing the invention in diverse forms thereof.




1. Catal yst conposition conprising: (a) a binuclear
chromun(11) conplex; (b) a |igand of the general

W@ aosa1se (A) RLR2P-N(R3) - P(R4) - N(R5) - H or ( BRCT/EP2008/009305
RIR2P- N(R3) - P(R4) - N(R5) - PRGRZ, wherein R, R2, R3, R4,
R5, R6 and R7 are independently sel ected from hal ogen,
amno, trinmethylsilyl, G-G o-alkyl, aryl and

. Substituted aryl, wherein the PNPN- or PNPNP-unit is

Claimg, i i onal |y part of a ring system and (c) an activator

or co-catalyst. 2. Catal yst conposition according to
claim1, wherein the chrom um conplex has a C Cr-bond
or two chronium centers are connected via a bridging

1. |Gaglye compogitipn comprigiBgposi t i on according to any of
the preceding cl ainms, wherein the binuclear chrom um
conplex is selected from - 14 -

(a) a binuclear chromium(II) complex;

(b) a ligand of the general structure

(A) RiR,P-N(R3)-P(R4)-N(Rs)-H or

(B) RiR,P-N(R3)-P(R4)-N(R5)-PRgR3,

wherein R, Ry, R3, R4, Rs, Rg and R are independently selected from
halogen, amino, trimethylsilyl, C;-Cj¢-alkyl, aryl and substituted aryl,
wherein the PNPN- or PNPNP-unit is optionally part of a ring system;

and

(c) an activator or co-catalyst.

2. Catalyst composition according to claim 1, wherein the chromium complex has a Cr-

Cr-bond or two chromium centers are connected via a bridging ligand.

3. Catalyst composition according to any of the preceding claims, wherein the binuclear

chromium complex is selected from:
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4. Catal yst conposition according to any of the

preceding clainms, wherein R, R2, R3, R4, R5, R6 and
WRI009/06818E| ect ed from chl oro, am no, trinethyl BCT/HP008/009305

met hyl , ethyl, isopropyl, _tjgrt-butyl, phenyl, benzyl,

tolyl and xylyl. WO 2009/ 068157PCT/ EP2008/ 009305 - 16

- 5. Catalyst conposition according to any of the

precedi ng clains, wherein the activator or co-catalyst

is selecfjed fromtrinmethyl alum nium triethyl

al ung ni trjisopro al ym num triisobutyl
alug ni nlN’f%yl Sésqui chl ori de,

di et hyl a uni u I |de, et hyl al um ni um di chl ori de,
met hyl al u r m xtures thereof. 6.
CataEﬁ- 0§LLLgn+a rding to any of the preceding
cl ai rein yhe~gand is selected from

(PMZP - Pr) - P( N(i-Pr)-H,

(Ph) 2P P(P, i-Pr)-H

(Ph)2P-N(|TEt; ) N( Ph) -
(Ph)2P-N(i-Pr)-P(Ph)-N(tert- butyl) H and

(Ph) 2P N(i Pr) - P(Ph) - N(CH(CH3) (Ph))-H. 7. Catal yst
conposition according to any of the preceding clains
additionally conprising a solvent. 8. Catalyst
conposition according to claim7, wherein the sol vent

is sele hydr ocar bons, strai ght-chain
and cy Ilc'bllp t| nB;?EPcarbons strai ght-chain
ef

ol efin ably tol uene, benzene, ethyl
benzene, N une%e , mesityl ene, hexane, octane,
cyclohexanecr th cyclohexane hexene, hept ene,

oct ene, eth r tetrahydrofiirane or mxtures

t hereo ol uene. 9. Process for
oligo r|z tionypf ethyle conprising subjecting a
cataly dlng to any of the clainms 1

to 8 t,0 a gas phase of ethylene in a reactor and
conducting an oligonerization at a tenperature of from
20 to 100C. 10. Process according to claim9, wherein
the oligonerization is carried at a pressure of 1 to
200 bar, preferably 10 to 50 bar. 11. Process
according to claim9 or 10, wherein the process is
carried out continuously.

4. Catalyst composition according to any of the preceding claims, wherein R}, Rj, R3, Ry,
Rs, R and Ry are selected from chloro, amino, trimethylsilyl, methyl, ethyl, isopropyl,
tert-butyl, phenyl, benzyl, tolyl and xylyl.
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according to any of the clains 9 to 11, wherein the
wore@n/068381 dence tinme is from 10 m nutes to 20 PGUEB2008/009305

preferably 1 to 4 hours. 13¢-Catal yst conposition,

obt ai nabl e by conbining at |east: (a) a binuclear

chrom' um(ll) conplex; (b) a ligand of the gener al
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or CO’C

6. Catalyst composition according to any of the preceding claims, wherein the ligand is
selected from (Ph);P-N(i-Pr)-P(CH3)-N(i-Pr)-H, (Ph),;P-N(i-Pr)-P(Ph)-N(i-Pr)-H,
(Ph),P-N(i-Pr)-P(Ph)-N(Ph)-H, (Ph),P-N(i-Pr)-P(Ph)-N(tert-butyl)-H and (Ph),P-N(i-
Pr)-P(Ph)-N(CH(CHj3)(Ph))-H.

7. Catalyst composition according to any of the preceding claims additionally comprising

a solvent.

8. Catalyst composition according to claim 7, wherein the solvent is selected from aro-
matic hydrocarbons, straight-chain and cyclic aliphatic hydrocarbons, straight-chain
olefins and ethers, preferably toluene, benzene, ethyl benzene, cumene, xylenes, me-
sitylene, hexane, octane, cyclohexane, methylcyclohexane, hexene, heptene, octene,

diethylether or tetrahydrofurane or mixtures thereof, most preferably toluene.

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 con-

ducting an oligomerization at a temperature of from 20 to 100°C.

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

to 200 bar, preferably 10 to 50 bar.

11. Process according to claim 9 or 10, wherein the process is carried out continuously.
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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.

13. Catalyst composition, obtainable by combining at least:

(a) a binuclear chromium(II) complex;

(b) a ligand of the general structure

(A) RiR:P-N(R3)-P(R4)-N(Rs)-H or

(B) RiR,P-N(R3)-P(R4)-N(Rs)-PR¢R,

Wherein Ry, Ry, R3, R4, Rs, Rg and Ry are independently selected from
halogen, amino, trimethylsilyl, C,.-C,¢-alkyl, aryl and substituted aryl,
wherein the PNPN- or PNPNP-unit is optionally part of a ring system;

and

(c) an activator or co-catalyst.



