CATALYST COWPOSI TI ON AND PROCESS FOR DI -, TRI - AND/ OR TETRAMERI ZATI ON OF
- ETHYLENE The present invention relates to a catal yst conposition and a
process for the di-, tri- and/or tetranerization of ethylene. Existing
processes for the production of |inear al pha olefins (LAGs),including
conononer gr ade 1-hexene and 1-octene, rely on the oligonerization of
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product cuts mght not be marketable at all qr qn i.n_a.margi nal niche.
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C6- conumircimawiprand dsplateasnbrecticostaps Jsadineda atfghdpdlerynomiissppgodigee for a
corrprehgnsibve reviewe.g. J.T. Dixon, MJ. Geen, F.M Hess, D H Mbrgan,

" Advanc B8ETOHIYY ecti ve et hyl ene trinmerisation - a critical overview',
Journal of Organonetallic Chem stry 689 (2004) 3641-3668. Furthernore,

pat ent applications have been filed by Sasol (WD 93/053891 Al), disclosing
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the full-range alpha olefins producer. The reason is that each market segment served exhibits
a very different behavior in terms of market size and growth, geography, fragmentation etc. It
is, therefore, very difficult for the producer to adapt to the market requirements since part of
the product spectrum might be in high demand in a given economic context, while at the same
time other product cuts might not be marketable at all or only in a marginal niche. Currently,
the highest-value LAQ product is comonomer-grade 1-hexene for the polymer industry, while

1-octene demand is also growing at a considerable rate.

Thus, the on-purpose production of the most economically viable LAOs, i.e. comonomer-
grade 1-hexene and l-octene, appears highly desirable. To meet the requirements regarding
high C6- and/or C8- selectivities, new processes have been developed. The only known selec-
tive C6- commercial process has been commissioned by Chevron Phillips, see for a compre-
hensive review e.g. J.T. Dixon, M.J. Green, F.M. Hess, D.H. Morgan, “Advances in selective
ethylene trimerisation ~ a critical overview”, Journal of Organometallic Chemistry 689 (2004)

3641-3668.

Furthermore, patent applications have been filed by Sasol (WO 93/053891 Al), disclosing

chromium-based selective ethylene-trimerization catalyst systems, typically of the type



Cr C13( bi s- (2-di phenyl phosphi no-et hyl)amine)/ MAO( et hyl al um noxane). Al so
di scl osed were variations of the ligand structure (e.g.

bi s( 2- di et hyl phosphi no- et hyp- am ne, pentanet hyl di et hyl enetri am ne etc.).
However, all these conpl exes generate considerable anmounts of unwanted side
products such as LAGs other than 1-hexene and polyethylene. A large body of
scientific publications and patent literature describes the use, of
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Poor turnover rates / catalyst activity, resulting in high cost per kg
product. H gh catalyst- or ligand cost. Difficult |ligand synthesis,
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While the majority of the published studies rely on Cr-PNP complexes, some deal with other
ligands, e.g. of the general formula (R1)}(R2)P-X-P(R3)(R4), where X is a bivalent organic
bridging group, see WO 2005/039758 Al, or deal with entirely different complexes, such as
titanocenes (H. Hagen, W.P. Kretschmer, F.R. van Buren, B. Hessen, D.A. van QOcffelen, “Se-
lective ethylene trimerization: A study into the mechanism and the reduction of PE forma-
tion”, Journal of Molecular Catalysis A: Chemical 248 (2006) 237-247). In either case, the

major concern is always selectivity and minimization of polyethylene formation.

The ethylene trimerization and tetramerization catalysts and processes disclosed so far in sci-

entific and patent literature generally have one or more of the following disadvantages:

e Low selectivities to the desired products 1-hexene and/or 1-octene (undesired by-

products from side reaction channels).

e Limited purities of the products, i.e. the selectivities within the specific C6- or C8-cut

(isomerization, branched olefin formation eic.).
e Wax formation, i.e. formation of heavy, long-chain, high carbon — number products.

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

siderable product yield loss and fouling of equipment.
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In other words, the broad spectrum of LAO (linear alpha olefins) products
in prior art processes shall be avoided and the sel ective production of
preferably the econom cally nost desired product, 1-hexene, shall be
al | oned. Dependi ng on the nature of the co-catalyst and the reaction
conditions, also the co-production of, e.g. 1-butene and 1-hexene, and
1- hexene and 1-octene, respectively, shall be provided. The object is
achi eved by Pootmimmivirsttes Hegpalpst eetorty cresytingsinrdigh qoafpeake RfogH§tum conpound; (b)
a ligand of the general structure (A) RIRZP-N(R3)-P(R4)-N(R5)-H or (B)
Rl R2P- N(R3) - P(R4) - N(R5) - PR6R2 wherein R, R2, R3, R4, R5, 126 and R7 are
i ndependently sel ected from hal ogen, am no, trinethylsilyl, Cl-Cl0-alkyl,
aryl and suliightathlgst- arligand ocostany cyclic derivatives of (A) and (B),
wherein at |east one of the P or N atons of the PNPNunit or PNPNP-unit is
menber of a ring system the ring systembeing formed fromone or nore
constituent conpounds of structures (A) or (B) by substitution; (c) an
acti vat or eorDiffcuttdigahd/smthesis, resulting ib pooraveilabilgy and higly catglysticestder i vat i ves of
(A) and (B) can be utilized as ligand, wherein at |east one of the P or N
atonms of the PNPN-unit (structure (A)) or PNPNP-unit (structure (B)) is a
ring nmenber, the ring being fornmed fromone or nore constituent conpounds
of struct ur eSuséedtibility pBlatblystspdrforinancej onterms o€ bothyactigityrand wele¢tivitynit i ng per
constituent conpound. eitp?r fvvo )/\/nol e.rgsoups Rl -R7 (as defined) or H, one
s (catalyst losses/-poiSORing).

at om from ead®35e JPPYTHS

¢ Difficult handling of catalyst compenents in a technical environment (catalyst com-

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

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

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

o 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).

It is an object of the present invention to provide a catalyst composition and a process for se-
lective di-, tri- and/or tetramerization of ethylene overcoming the disadvantages of the prior
art. Especially, higher selectivities shall be achieved with avoidance of formation of consider-
able amounts of waxes and polymers, regardless of the process conditions. Further, the cata-
. lyst composition shall also provide sufficiently high activity tumover frequency for a techni-

cal process.



groups R1-R2 (as defined) or a whole group R1-R7 (as defined) or H and an
atom from anot her group R1-12.2 (as defined), and joining the formally
so-creat ed val ence-unsaturated sites by one coval ent bond per constituent
conmpound to provide the sanme valence as initially present at a given site.
Sui tabl e cyclic derivatives of (A and (B) can be as follows: R3R3 I /RSI
e, N ". NRL--P,... ..."...P-R4 N

In other words, the broad spectrum of LAO (linear alpha olefins) products in prior art proc-

esses shall be avoided and the selective production of preferably the economically most de-
sired product, 1-hexene, shall be allowed. Depending on the nature of the co-catalyst and the
reaction conditions, also the co-production of, ¢.g. 1-butene and 1-hexene, and 1-hexene and

1-octene, respectively, shall be provided.
The object is achieved by a catalyst composition comprising:
(a) a chromium compound;
(b) a ligand of the general structure
(A) RiR2P-N(R3)-P(R4)-N{Rs)-H or
(B) RiR2P-N(R3)-P(Rs)-N(Rs)-PReR7

wherein Ry, Ra, R3, R¢, Rs Rg and Ry are independently selected from halogen,
amino, trimethylsilyl, C;-Cj¢-alkyl, ary! and substituted aryl, or any cyclic de-
rivatives of (A) and (B), wherein at least one of the P or N atoms of the PNPN-
unit or PNPNP-unit is member of a ring system, the ring system being formed
from one or moré constituent compounds of structures (A) or (B) by substitu-

tion;
(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. e. by formally eliminating per constituent

compound either two whole groups R;-R7 (as defined) or H, one atom from each of two

5



H RL, NP ..... -- "... IpH R4 Preferably, the chrom um conmpound is

sel ected fromorganic or inorganic salts, coordination conpl exes and
organonetal lic conplexes of C(ll) or Cr(lll). Mst preferably, the

chrom um conmpound is selected fromCCL3(THF) 3, C(Il)acetyl acetonate,

Cr (11 Doctanoate, chrom um hexacarbonyl, Cr(111)-2-ethyl hexanoate and
(benzene)tricarbonyl-chromum It is also preferred that RKk R2, R3, R4, R5,
R6 and goumiRa-Rakedifimed)forawiold group RaRy (e definddiret Hyhd it gtom fien hydtheret hy | |

| SOpT Opéi'loilp 1&16_}({:[’ Eals? Hgﬁqe’d), %HE Po\{rllihg Bxee le%lallytsg-lc%latea lecﬁ(%l-l}ﬁlsaturated sites by one
covalent bond per constituent compound to provide the same valence as initially present at 2

given site.

Suitable cyclic derivatives of (A) and (B) can be as follows:

FIQ3 I?S
RS
N / N .
N AN
—_ P— R1—P P—R4
H
R1,
: N
P ~
/ N\P/ H
R2 - |
: R4

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

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

Most preferably, the chromium compound is selected from CrCl;(THF)s,
Cr(liDacetylacetonate, Cr(I)octanoate, chromium hexacarbonyl, Cr(III)-2-ethylhexanoate

and (benzene)tricarbonyl-chromium.

It is also preferred that Ry, Rz, R3, Ry, Rs Rs and Ry are selected from chloro, amino, trimethyl-
silyl, methyl, ethyl, isopropyl, tert-butyl, phenyl, benzyl, tolyl and xylyl.

Suitable ligands (A) and (B) having an amino-substituent can be as follows:



Suitable ligands (A) and (B) having an am no-substituent can be as foll ows:
2N ITHPh Y /NN L "NV UNL/ . -- PP 11l PhPh In one enbodi nent,
the activator or co-catalyst is selected fromtrinmethylal um num
triethy!alum num triisopropylalumnum triisobutylal um num

et hyl al um nunsesqui chl ori de, diethylal um num chl ori de,

et hyl al um nugdi chl ori de, nethyl al um noxane (MAO or m xtures thereof Most
preferred, th Igand is selected from (Ph)2P-N(i-Pr)-P(Ph)-N(i-Pr)-H,

(Ph) 2P-N(i - Pr)-| P(Ph)t N(PH) - H, (Ph) 2P- N(i - Pr) “N(tert-butyl)-H and
(Ph) 2P- Neh<Pr ) AR( PhY* ( CH3) (Ph)) - H. )

| / N g

Ph N P P N

7/ | | |
Ph Ph
\N/
m_ kA
\T/ \T/ ~n
Ph Ph l

In one embodiment, the activator or co-catalyst is selected from trimethylaluminum, triethy-
laluminum, triisopropylaluminum, triisobutylaluminum, ethylaluminﬁmscsquichloride, di-
ethylaluminum chloride, ethylaluminumdichloride, methylaluminoxane (MAQ) or mixtures

thereof.

Most preferred, the ligand is selected from (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(CH;){(Ph))-H.

A catalyst composition is also preferably provided comprising a solvent.

Preferably, the solvent is selected from aromatic hydrocarbons, straight-chain and cyclic ali-
phatic hydrocarbons, straight-chain olefins and ethers, preferably toluene, benzene, ethylben-
zene, cumene, Xylenes, mesitylene, hexane, octane, cyclohexane, methylcyclohexane, hexene,
heptene, octene, diethylether or tetrahydrofurane, most preferably toluene. Any mixture of

these solvents may be used as well.

In one embodiment, the concentration of the chromium compound is from 0.01 to 100

mmol/l, preferably 0.1 to 10 mmol/l.



A catal yst conposition is also preferably provided conprising a solvent.
Preferably, the solvent is selected fromaromatic hydrocarbons,
straight-chain and cyclic aliphatic hydrocarbons, straight-chain ol efins
and ethers, preferably toluene, benzene, ethyl benzene, cunene, xylenes,
mesi tyl ene, hexane, octane, cycl ohexane, nethylcycl ohexane, hexene,

hept ene, octene, diethylether or tetrahydrofurane, nost preferably tol uene.
Any mi xThe kigaol/Cr hativds prefevably fomdys todOupreférably &1 2.00 n one enbodi ment, the
concentration of the chrom um conpound is from0.01 to 100 mml/1,
preferably 0.1 to 10 mmolil. The ligand/Cr ratio is preferably fromO0.5 to
50, preferably 0.8 to 2.0. The AUCr ratio is preferably from1l to 1000,

pr ef er abhey/AltOr tatio Qoeferablyifronpbic K09, preferabbiline08ki | led in the art, the
conponents (a) to (c) for providing the catal yst conmposition are nore or

| ess considered as starting materials, but may be converted when the three
conpounds (a)-(c) are mxed to formthe catal¥st conposition. In this

regard #Bhés dwics fensomeensokilied om the st theicampensnisi{a) e{ekion Pravifivhe 682can be
al so il ' tal Ladls : @hdahr om um
0 3 B AL, i

12111. 2EheMRB} <BnPdYndh(HdcHargrmixed to form the catalyst composition. In this regard the

catalyst composition according to the present invention can be also illustrated as being ob-

tainable by combining at least:
(a) a chromium compound,;
(b) a ligand of the general structure
(A) RiRoP-N(R;)-P(Re)-N(Rs)-H or
(B) RyRaP-N(R;3)-P(Rs)-N(Rs)-PReR7,

wherein Ry, Ra, Rs, R4, Rs5, Rg and Ry are independently selected from halogen,
amino, trimethylsilyl, C,-Ci¢-alkyl, aryl and substituted aryl, or any cyclic de-
rivatives of (A) and (B), wherein at least one of the P or N atoms of the PNPN-
unit or PNPNP-unit is member of a ring system, the ring system being formed
from one or more constituent compounds of structures (A) or (B) by substitu-

tion;
and

(c) an activator or co-catalyst.



(B) 12111.2P-N(R3)-P(R4)-N(R5)-PR6R7, wherein 121, R2, 1(3, 1(4, R5. R6 and
117 are independently selected from hal ogen, am no, trinethylsilyl,

Cl-Cmal kyl, aryl and substituted aryl, or any cyclic derivatives of (A)
and (B), wherein at |east one of the P or N atons of the PNPNunit or
PNPNP-unit is nmenber of a ring system the ring systembeing forned from
one or nore constituent compounds of structures (A) or. ‘B%réb bstitution;
and ( c)Aenording fovthe dnventioncis-aset apipsess foradicgrig aprfor (§iramenzal H¥F‘§ 8% al so a
process, for. di - 1.1 Ll - L aat:] ; | RAS of GRSt A

subj ect Mt ngﬂgg?lﬂ%c;rt}?? a%ggn%g{s?ﬁ(%mgﬁ c‘tk ﬁ%lﬁl&\q}gﬂ% fog%lg?éoﬁa gas phase of

et hyl eneadtor and ceraoting arvdigomemizagiving an ol i goneri zation. Preferably, the

ol igonerization is carried out at a pressure of 1 to 200 bar, preferably 10
to 50 bar. Also preferred, the oligonerization is carried out at a
tenperature of from 10 to 200C, preferably 20 to 100C. |n_ one enb%ii ment ,
the proPefesabys thealigpwerization sarriadstiatiapressargiof & o 29hbrsrrpigragly 10 to

di scontj nuously. The nean residence tine may be from 10 m nutes to 20

hour s, %)arr'eferably 1 to 4 hours.

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

erably 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.

When combining the ligand according to general structure (A) and a co-catalyst, a reaction

product can be obtained having the structural formula.

R3\ N/ P\ /RS

R1 R2

or



When conbining the ligand according to general structure (A) and a
co-catalyst, a reaction product can be obtai ned having the structural
formula. R3 NZ Pcs zR5 RIR2 or R2R1 R5 R3NN3 R5 R1R2

R2 R1
\ /
R5 P

| |

N N
/ \
R3 p/ Sp R3

R1 R2

The reaction product disclosed above can, of course, be utilized in the catalyst composition
instead of the separate addition of ligand and co-catalyst and shall be also within the scope of

protection.

Under reaction conditions, the PNPN-H-type ligands are deprotonated in-situ by the co-
catalyst. In a further advantageous embodiment of the present invention, the active catalyst
species can be also formed ex-situ, by a separate deprotonation/elimination-step leading to the

structures given above.

Especially, if smaller or sterically less demanding groups R -R7 are used, the ligands tend to
form dimers. These dimeric cyclodiphosphazanes can directly be used to form the active cata-

lyst species.

The general ligand structures (A) and (B) as disclosed can be also illustrated by the following
structural formula:

10



The reaction product disclosed above can, of course, be utilized in the
catal yst conposition instead of the separate addition of |igand and
co-catalyst and shall be also within the scope of protection. Under
reaction conditions, the PNPN-H-type |igands are deprotonated in-situ by
the co-catalyst. In a further advantageous enbodi ment of the present

i nvention, the active catal yst species can be also fornmed ex-situ, by a
separate deprotonation/ el Rxhati on-step |l eading to the structures given
above. Especially, if smalller or sterically | ess demanding groups 12.1-1;t7
are used, the ligands tend|to formdiners. These dineric

cycl odi phosphazanes can dirlectly be used to formthe active catal yst

speci es. The general l|igand structures (A) and (B) as disclosed can be al so
iIIustrﬁ by the foll ow structural forRIBa: R4 RBR5 NZ z RIR2 R4

~y \N/
P

PN

R1 R2

R4

P P
7 N/ N\
R1T R2 R6 R7

Most preferred ligand structures are (Ph)2P-N(i-Pr)-P(Ph)-N(i-Pr)-H and

11



R3\ z zR5 / P\ /\ RL R2 R6 R7 Most preferred ligand structures are
(Ph)2P-N(i-Pr)-P(Ph)-N(i-Pr)-H and and

s
‘ H
o O
/LN/P\Tk
L.
o

and
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and Surprisingly, it was found that with the inventive catal yst
conposition and the process for di-, tri- and tetranmerization of ethylene
t he di sadvantages of the prior art can be significantly overcone.
Especially, the inventive process and the catal yst conposition allows the
production of 1-hexene with high turnover rate and selectivity. Further,
hi gh reproducibility is obtained, i.e. the catal yst conposition is stable
against interference frominpurities and fluctuations in process
conditions. Expens co-catal ysts, such as MAO, can be totally or to a
| ar ge extent repl d by cheaper substances, preferably by
triethylalum niu &ddi tionally, co-catalysts which are prone to quality
instabilii%gbk‘due to their relatively poor definition of chem cal

(

structure g. MAQ, are jpartly or totally replaced by well-defined
chem cal s es £t riet hy ¢

LAO product di Nributi (N\ i's ned but specific al pha-olefins can be
sel ectively produced. urthe ~Ahe poI yner formation is suppressed very
wel | . Nbreover mld rgaction conditions can be chosen, resulting
consequ qyest costs for technical -scale plant and | ow energy
and oper n COZ?'dI tionally, a relatively sinple, straight-forward
process deg¥gn i s pa bI e. Very high | -hexene or

1- hexene/ 1 octene-selectivities |lead to high product purities wthout
additional purification steps in the separation train. Further advantages

S

ium). Wth the inventive process no w de

and features of the present invention are nowillustrated in the follow ng
exanpl e%@ﬂﬁ%@l? Mt Wad fbuﬁ@hﬁ{ Gl %etlﬁvénhee ERAPRBSHYésNbnting WidYocesdRF 80 figure
lis anal ysi s of |'i qui d phase obtal ned in exanple, 2. The

active trat@ﬂ;ls‘ftramy-aw pf étbﬁlﬁ%l theydisasiventasen §f thee PAsH BhicairDe Sigrifcanilyd t he
[ gand §p..g,5bickall.f S by AHLAE G @lchiliybOLOHRRSIIOT WA BBl

chrom um conce 0 13 mol ;})lreferentla y etvveen
0. 1 andtitd ofrinhéxehe avith hiple turhopen datCand selestivigy. |Fsmbe15 igh rsprodiibilityis ob-

P o 1Bl 10 R 8 PR Rt bl mprbaiont 2
triethy Itxahsjmpmtmsamddltmnmmdshzh mmcatalyﬂs; wclam(h%!abs tsitallyi Q.!iriio # fergeol uene,
FS):.) e? Zr »; gﬁt[n%lsx%gacédnl?}éfp%p?r 5‘?6“‘{1%’5 %P q tr]ietﬁ)qgll&hqg gmngnc{d%hally-,ﬂag

catalysts which are prone to quality instabilities, due to their relatively poor definition of

chemical structure (e.g. MAQ), are partly or totally replaced by well-defined chemical species

(triethyl aluminium)., With the inventive process no wide LAO product distribution is ob-

tained, but specific alpha-olefins can be selectively produced. Further, the polymer formation

is suppressed very well. Moreover, mild reaction conditions can be chosen, resulting conse-

quently in low invest costs for technical-scale plant and low energy and operation costs. Addi-

tionally, a relatively simple, straight-forward process design is possible. Very high 1-hexene

or 1-hexene/1-octene-selectivities lead to high product purities without additional purification

steps in the separation train.

Further advantages and features of the present invention are now illustrated in the following
examples section with reference to the accompanying drawing, wherein figure 1 is a GC/FID

analysis of the liquid phase obtained in example 2.

The active catalyst may be prepared by combining the chromium source and the ligand in a
suitable solvent, preferentially toluene, such that the chromium concentraticn is 0.01 to 100

13



The sol vent toluene can be replaced by other solvents such as aromatic

hydr ocar bons ot her than tol uene (benzene, ethyl benzene, cunenene, xyl enes,
nesitylene etc.), aliphatic hydrocarbons (both straight-chain and cyclic,
e. c hexane, octane, cycl ohexane), straight-chain olefins |ike hexene,

hept ene, octene etc. or ethers |like, for exanple diethylether or

t et rahydrof urane. The catal yst solution is then subjected to qas phase of
dry et hmmelk patfenontistlyubatwedne®-heod 10 mmpl/bead ither ligagdirer a#iq §|¢§/ a@0%nd 50

Car o ovRalil, PRI S BRed BACHA o HOPmGR AL 36:cFdfs rotdretlly Kl o) 1 O ©

to proﬁ? C|en contact hase such as bubbl e
col um ERadim 81 aﬁyt inixterd of Mhyldamtrmrrsandfm ardacﬂlmlabm“mrh ahd seisaetly-

di stributed eth I nj Lon the d

t enper a?h%%“’%rg %@ﬁ\%@ﬁ&fgoré%fo {ﬁéesr‘hl‘} %For%e/ er rréuoa?etetérvrpgéérlat ure
regime lmo%lml.lmgremmrm&e&meelauormenmrhldmt esi dence tine distributions
(in case of a continuous process) are chosen so as to achieve sufficient
conversion at high selectivities. Typical mean residence tinmes are between
10 mi nutes and 20 hours (depending on tenperature and pressure). The
preferregke §o&ﬂa@€tdl&né. chid bé réphaced by mnmbleemts stmhgamdoxﬁkt'epimdmchnbnnslother

Pr epar ati on of i SO I-antno hen hos red

Got a1 ol folseae heBpsr ot Bores i nsiehe, s, FRBHAGE e hprhfle Bufbest:

- di chl or gpRepth BRsigRtdham 4nQ. c@b’lldﬂe c Helxﬁﬂ‘ép betakh, Bﬁ:(l)d)hegﬁei) rstx'é(ghﬂzclﬂueolhﬁﬂset her)
was added at OC over a period o m.n. After rring. for Cg%lotal of 72
Ms t he 4k heprsnhepianes 9atgne £i% AT © tﬂ%é‘?f&?j@%&é‘*e@é{l 0 ettrﬁh’tﬁ!? ®¥-et her and

t he sol vent was renoved in vacuum The remaining oil was distilled at 0.2
Torr/76-78C to give a colorless liquid with 33%yi eld (5. Bg) 31P {H NWR
49.0

Pre aration of. enyl P( hen H( i ropyl)
( PNPN- kﬂ%""éé)’%t‘? o 1B %ﬁﬁi@g %g)é {?\"“fi “g%’lg ¢4k PLESRY %so'%ntqese%t( 2.
10. 7nmohqd 200 &eg&b&dmfm s(oltsma a mabﬁd;d:&ﬁlnel mpwr Sﬁletrmcmrszb.m be ef]
solution of triethylam ne %) and chl or Odl? hg hi ne Eﬁﬂﬂ
10. 7rmoPYy Kind syitablezio provide sufigient captact betyyegn & 4/ E‘t‘ PRASESUER A5 %irs at
room t e@aﬁﬁxﬁtﬂéﬁ&or& hgirtdd BhRYieATBBN LN Radtbrs Wafth ffixed rat gistriblited auteidnbe
resi due was di ssolved in n-hexane, filtrated again, and the solution was

kept at ini@gon prstthe it al | i sation. Yield 52% (2.3g, 5.6mml). 3IP{H NWR
41.2, 68.4 (broad).

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.
Example 1: Ligand Preparation
1.1 Preparation of Bis(isopropyl-amino)-phenylphosphine (NPN)

To a stirred solution of isopropylamine (30ml, 352 mmol) in diethylether (250 ml), dichloro-
phenylphosphine (9.63 ml, 71mmol, dissolved in 50ml diethylether) was added at 0°C over a
period of 30 min. After stirring for a total of 72 hrs the solution was filtrated. The residue was

washed with diethylether and the solvent was removed in vacuum. The remaining oil was

14



Exanple 2: Ethylene Trinerization A 300 ml pressure reactor, equipped with
dip tube, thernowell, gas entrainnent stirrer, cooling coil, control units
for tenperature, pressure, and stirrer speed (all hooked up to a data
acquisition system) was inertized with dry argon and filled with 100 m
anhydrous toluene. 1694 pl of a 4.017 wt% - solution of the ligand 1
((phenyl) 2PN(i sopropyl ) P(phenyl) NHCsopropyl p in toluene was conbi ned with
59. 2 nydiGilE3¢ O20Bor{/T6-78°Ctot giter @ hyldries tiqaideyituddte yiekh (B3g)oHP BIAMMR:. Thi s
cat al ys‘Il ﬁol ution was transferred to the reactor under constant argon fl ow,
al ong WHHPE®6 m of a 1.9 mai solution of triethylaluninumin tol uene. The
chosen vol unes and nasses correspond to a chrom um concentration of 1
mmol/1 at a ligand / CCLl3(th03 ratio of 1.5 nmol/nol and a AI/Cr ratio of

and healatRranhEs @R ARE AR RSN RO b PRI “CY ot | on

was nonitored by the data acquisition system and an el ectroni ¢ bal ance by
constantly wei ghing the ethylene pressure cylinder. After 120 mn residence

time, the act | i i qui e I t he
liquid f\ns\c/’([alﬁf’réro;ﬂ%yﬁﬁryeé s‘eéf(gﬁ”g"%@’] Sé%‘@p’?@?;%#g%t%%ﬁg%{s‘ B T £ 1 ed
wi t h appnhex]0ml)ovasiaddedt dopwith @ a etitred solggam qfh fristhyflanpine {(6rel)rasd chlorods- head

space S ntifi cal i.br d t hep cold ected
cuant 1 eengpepize 2468 48R GOBE CubReER S, A% aifEo el SRaPdHERST (e
l'i qui d RIsGaFRioMm Rhpeaturd the tiah@hmiBaRmM\s Wit fitrakd off any thweiegilisgras dis-
Subsequently, the conposition of the organic phase s~anal yzed hy GC/ FI D.
The pr e?ﬁq\ﬁet‘i‘s‘lny“'gfﬂaf‘% Befe &ga‘ﬁ’h%&dethﬁég{'gﬁ’élw g‘ﬁp%%tp'gﬁaq g?ﬂlc%?a%ﬁ%éflﬂ Based
on the wea$sTHE datsemmdly *PEES NMRaNLe, asas(beda@sed and the overall yields
and selectivities were determned. For illustration, a GC-trace of the

| iquid phase is given in Fig. 1. Surprisingly, a very high 1- hexene yield
is observed, with only trace anmounts of 1-butene, 1-octene, 1-decene and 1-
dodecengxammpler2e EehyléneVErimsigitionent s under clean and wel | - defi ned
conditions, no discernible polynmer formati on was observed. The average
Co-yield exceeds 89 wt % at 40C and degrades slightly with increasing
tenperature. Even nore surprising than the high C6-yields are the 1-hexene
sel ect i wi 300as] pedsivenedche, dgaippedotthalip tube, tiéfiomel,cdas entraiompmrstitrer, egolt he
measured 1-hexene sel ectivities approach,100 wt%. i.¢e. .are not

di sti ngthes® b‘Foémf)lr'ﬂ)rmS%Wde%P%/‘c?Wef RFeES“é?cﬁé*‘? F%ﬂtsg?gde(ﬂ E‘P?kef! H"ng FSABEF ng any
pol i shi Qaisitien dyAérhPWadl Ricttized withs iyeargorh eade fikeds péth i 100 QAL mdydroabsdbake in
techni cal operations. The ngvel catalyst systemdisclosed in.this invention
i s capabP¥ of upp‘?stang ’%rg]ri ef"(tégti Vel yg‘i’ﬁtipnunwﬁﬁt eo‘ﬁgi dglgaﬂ ctilon
channel ((p& iRbRbIINP(PEANDNHLRbPropyID! in- fohRhE M@esthitined with 59.2 mg

Fri edel gygrc%g’?i;sl?gl k?fl g¥ ?%Gr)l of the sl?)l i\Sl‘yent, cqo-ol igonerizatigon and the |ike.

A summa s caterahydmfumane) usderansagorcllandiet. s GAlYShSYBEOL YRR Yent s i s

gi ven i ferfedhl ehel readthrdiBEr dRSRAY B BSw, Abdd WM B.6CALSE £19.90861AbREBA bNJ
C6-vyi el ds, can, however, be useful for the co-production of C4- and

C6- ol ef tirthylalpminemsinjtelpengi vi ng hi gh 1- butene and 1- hexene sel ectivities
(product purities) within the C4- and C6-fraction, respectively.

The chosen volumes and masses correspond to a chromium concentration of I mmol/] at a
ligand / CrCls(thf); ratio of 1.5 mol/mol and a A¥/Cr ratio of 70 mol/mol.

The reactor was sealed, pressurized with 30 bar dry ethylene and heated to 40 °C. While stir-
ring at 1200 rpm, the ethylene consumption 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 inven-

tory by means of the ethylene pressure to a glass vessel filled with approx. 100 ml water. The
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Table 1: Influence of tenperature on C6-yields and 1-hexene selectivity
(process paraneters other than tenperature as specified in exanple 1)

Tenperature C4-Yield, w%6-Yield, w%-Hexene Selectivity G n C6-Fraction,
w% 40 8.2 89 100 65

entire gas phase from the reactor's head space was quantified by a calibrated gas meter and

was then collected quantitatively in a purged and evacuated gas bag.

After separation of the liquid organic phase, the total mass was determined by weighing. Sub-
sequently, the composition of the organic phase was analyzed by GC/FID. The previously
collected gas phase was analyzed separately by GC/FID.

i Based on the measured data, the mass balance was closed and the overall yields and selectivi-

ties were determined.

For illustration, a GC-trace of the liquid phase is given in Fig. 1. 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 average C6-yield exceeds 89 wt% at 40°C and de-
grades slightly with increasing temperature. Even more surprising than the high C6-yields are
the 1-hexene selectivities within the C6-fraction. At 40°C reaction temperature, the measured
1-hexene selectivities approach 100 wt%, i.e. are not distinguishable from 100 wt% within
experimental error, thus rendering any polishing separation unit to ensure 1-hexene specifica-
tions obsolete in technical operations. The novel catalyst system disclosed in this invention is
capable of suppressing very effectively any unwanted side reaction channel, such as olefin
isomerization or -rearrangement, Friedel-Crafts-alkylation of the solvent, co-oligomerization
and the like.

A summary of typical results from a series of non-optimized experiments is given in table 1.
Higher temperatures, although causing deteriorating C6-yields, can, however, be useful for
the co-production of C4- and CS-oIefms, while still giving high 1-butene and 1-hexene selec-
tivities (product purities) within the C4- and C6-fraction, respectively.

Table 1: Influence of temperature on C6-yields and 1-hexene selectivity (process pa-

rameters other than temperature as specified in example 1)
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9.6 84 97 90 33 52 90 Using different co-catal ysts and/or by varying the
structure of the functional groups of the ligand or the Cr/ligand - ratio,
the system can be switched froma pure 1-hexene, i.e. ethylenetrinerization
catalyst to a conbined tri-/tetranerization system producing 1-hexene and
1- octene with high selectivities. Wth ligand 1, triethylal um num as
co-catalyst results in high 1-hexene yields, while MAO | eads to 1-hexene

and 1- odempgsature C4-Yield, wit% Cé6-Yield, wt% 1-Hexene Selectivity
ce in C6-Fraction, wt%
40 82 89 100
65 9.6 84 97
90 33 52 90

Using different co-catalysts and/or by varying the structure of the functional groups of the
ligand or the Cr/ligand - ratio, the-system can be switched from a pure 1-hexene, i.e. ethylene-
trimerization catalyst to a combined tri-/tetramerization system, producing 1-hexene and 1-

octene with high selectivities.

With ligand 1, triethylaluminum as co-catalyst results in high 1-hexene yields, while MAO

leads to 1-hexene and 1-octene.

Combinations of co-catalysts, such as triethylaluminum spiked with small amounts of MAO
or trimethylaluminum, can increase the overall activity, i.e. the conversion rate, by a factor of

at least three, while maintaining the high yields and selectivities.

Further preferred variations of the PNPN-H —structured basic ligand type were successfully

synthesized and tested as shown above.

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

verse forms thereof.
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Conbi nati ons of co-catalysts, such as triethylal um num spiked with snmall
anmounts of MAO or trinethylalum num can increase the overall activity,
i.e. the conversion rate, by a factor of at |east three, while maintaining
the high yields and selectivities. Further preferred variations of the
PNPN-H -structured basic ligand type were successfully synthesized and
tested as shown above. The features disclosed in the foregoi ng description,
in the clains and in the drawi ng ne€laiggt h separately and in any _
conbi nation thereof, be material for realizing the invention in diverse
forns thereof. Cdains 1. Catal yst conposition conprising: (a) a chrom um
conpound; (b)a ligand of the general structure (A)

Rl R2P- N( R3) - Gtalsjt-cinRBiiti¢th @xmprBingRI R2P- N( R3) - P( R4) - N( 126) - PR6R2,

(a) achromium compound;

(b) aligand of the general structure

(A) RiR:P-N(R; )-P(R4)-N(R5)-H or

(B) RiR;P-N(R;)-P(R4)-N(Rs)-PRgR,

wherein R), Ry, R3, R4, Rs. R¢ and R; are independently selected from halogen,
amino, trimethylsilyl, C;-Cjp-alkyl, ary} and substituted aryl, or any cyclic de-
rivatives of (A) and (B), wherein at least one of the P or N atoms of the PNPN-
unit or PNPNP-unit is member of a ring system, the ring system being formed
from one or more constituent compounds of structures (A) or (B) by substitu-

tion;

and

(¢) 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{II) or Cr(III).

18



wherein RI, R2, R3, R4, R5, R6 and R7 are independently selected from

hal ogen, am no, trinmethylsilyl, Cl-C o-alkyl, aryl and substituted aryl, or
any cyclic derivatives of (A and (B), wherein at |east one of the P or N
atonms of the PNPNunit or PNPNP-unit is nenber of a ring system the ring
system being fornmed fromone or nore constituent conpounds of structures
(A) or (B) by substitution; and (c) an activator or co-catalyst. 2.

Cat al yst Gorfralyticompesiiimr aticngliltgotowla'm Iwhentie the dlrommnpmm@mismfpound is

sel ected frgm

or ganonet al |ql égc!:%%npl exéé (E’rqgﬁ]l5 %@H&j %{Ig OQ%?QP’y%? ctcl)ﬁlg%gl i on
accordi ng tcbmylaCr(iIZ)-z-aﬂhgmexanoatbenctfhemmeblrmaﬂmspﬂtnhcbmmeI ected from
CrC13(THF) 3, Cr(Ill)acetylacetonate, Cr(Il11)octanoate, chrom um

hexacar bonyl, Cr(111)-2-ethyl hexanoate and (benzene)tri carbonyl-chrom um
4. Catal yst conposition according to any of the preceding clains, wherein
R, R2, R3> Gualy®SompRBitomciciitdiag é¢o &edcef(ﬂueantecfedimmclﬂhhnwdxer&imﬂndl,z, R3, R,

trimethyl silyl, e | i SERLOR I ,-benzyl, tolyl
and oyl o - o R e it rom SARLC R0, KR MY mo LAY, 58BN

cl ai ms, whertestbutyl) phaod,ibeatyd ot argioeytyl! al yst is sel ect ed from
trimethylalumnum triethylalumnum triisopropylal um num

triisobutylalum num ethylal um numsesqui chloride, diethylalumnumchloride,
et hyl al um nundi chl ori de, nethyl al um noxane (MAO) or m xtures thereof. 6.

Cat al yst Sonamalytticompasitar aticoglingdtoany oﬁthetm@ewmgwéntnmgvltdran thes, actibagorei n t he
(PP 2P NG < PPYEOSBh! R o sttt ninmpe, Ryl ng

(Ph) 2P- N(i - Fiﬁi)rmﬁl( Rhi)solhl(tﬂkl@ﬁﬂﬁh( Péthylaldminimseafuithlside,C digfhyddlimianmactder di ng to
.any of the pr g;ﬂ ?ILU%JI&]I(?I’? eI }nle Pakmﬁinoxarqy {MiOS'gr %ugtt?rleg ﬁlereof

6. Catalyst composition according to any of the preceding claims, wherein the ligand is
selected from (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, ethylbenzene, cumene, xylenes, me-
sitylene, hexane, octane, cyclohexane, methylcyclohexane, hexene, heptene, octene,

diethylether or tetrahydrofurane or mixtures thereof, most preferably toluene.

9. Catalyst composition according to claim 7 or 8, wherein the concentration of the

chromium compound is from 0.01 to 100 mmol/l, preferably 0.1 to 10 mmolA.

10. Catalyst composition according to any of the preceding claims, wherein the ligand/Cr

ratio is from 0.5 to 50, preferably 0.8 to 2.0.
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8. Catal yst conposition according to claim7, wherein the solvent is

sel ected from aromati c hydrocarbons, straight-chain and cyclic aliphatic
hydr ocar bons, straight-chain olefins and ethers, preferably tol uene,
benzene, ethyl benzene, cunene, xylenes, nesityl ene, hexane, octane,

cycl ohexane, nethyl cycl ohexane, hexene, heptene, octene, diethylether or
tetrahydrofurane or m xtures thereof, nost preferably toluene. 9. Catalyst
conposi t i di. Gatayst dbmgositiorcacsording tor cigim Rheherein thaAlGn@bnas Fomok1de t he

chrom um co nd_i . ;0 100 mmol/ 1, preferably 0.1 to 10 mmol/ 1.
10. Catalys?ﬁ@gﬂﬂggégiéﬁﬂgggbrgﬂhg to any of the preceding clains, wherein

the ligand/Cr ratiois fromO0.5 to 50, preferably 0.8 to 2.0. 19 11.
Cat al yst conposition according to claim5, wherein the AIICr ratio is from

1:1 to 10QQ: i Binind 4t lefst al yst conposi tion
obt ai nabl ggbéat%lg{%g{”ﬁ#%gl&ét &t?ae%ﬁl?b%g?n%mg%r%?ﬁ um conmpound; (b)a ligand of
the general structure (A RllIt2P-MR3)-B(R4-N(Rs)-H or

(a) =a chromium compound;

b a ﬁ_gand of the general structure
(A) RjR:P-N(R3)-P(R4)-N(Rs)-H or
(B) RiR:P-N(R;)-P(R4)-N(Rs)-PReR7,

wherein R;, Rz, Rs, R4, Rs, Rg and Ry are independently selected from halogen,
amino, trimethylsilyl, C-Cjo-alkyl, aryl and substituted aryl, or any cyclic de-
rivatives of (A) and (B), wherein at least one of the P or N atoms of the PNPN-
unit or PNPNP-unit is member of a ring system, the ring system being formed
from one or more constituent compounds of structures (A) or (B) by substitu-

tion;
and
{c) an activator or co-catalyst.

13. Process for di-, tri- and/or tetramerization of ethylene, comprising subjecting a catalyst
composition according to any of the claims 1 to 12 to a gas phase of ethylene in a re-

actor and conducting an oligomerization.
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(B) RIR2P-N(t3)-P(R4)-N(R5)-PR6R7, wherein RlL, R7, R3, R4, R5, R6 and R7
are independently selected from hal ogen, am no, trinethylsilyl,

Cl- C10-al kyl, aryl and substituted aryl, or any cyclic derivatives of (A
and (B), wherein at |east one of the P or N atons of the PNPNunit or
PNPNP-unit is nmenber of a ring system the ring systembeing fornmed from
one or nore constituent conpounds of structures (A) or (B) by substitution;
and (c) an4zRrdiessnscoording toslagmtla] yharein 118 oligpmerzation éy cagried ouf pfa prassueor
tetranerizati t hyl en Sl Ng subjecting a catal yst conposition
accordi ng to@ﬁ?ﬁ@? g?h%e%f%?ymwwoga{lz to a gas phase of ethylene in a
reactor and conducting an oligonerization. 14. Process according to claim
13, wherein the oligonerization is carried out at a pressure of 1 to 200
bar, pref &bl Xesg‘gcctopdingﬁo 1oP@him 1P or T4 A03cin ARCAIFRB2dt80n G Bhrfibd SutOk a4,
wherein thé 0P|goner|z fon1s carried out at a tenperature of from10 to
200C, pr ef ertainpsra@f: dfdrob0 0@to 208°C Rreferably 28de d94Cng t o any of the clains 13
to 15, wherein the process is carried out continuously. 17. Process
according to any of the clainms 13 to 16, wherein the nmean residence tine is

from 10 mnutes to 20 hours, preferably 1 to 4 hours. . .
16. Process according to any of the claims 13 to 15, wherein the process is carried out

continuously.

17. Process according to any of the claims 13 to 16, wherein the mean residence time is

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