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FIELD OF THE INVENTION

This invention generally relates to ethylene oligomerization to alpha olefins.

BACKGROUND OF THE INVENTION

Olefins, also commonly known as alkenes, are important items of commerce. Their

many applications include employment as intermediates in the manufacture of detergents, as more

environmentally friendly replacements where refined oils might otherwise be used, as monomers,

and as intermediates for many other types of products. An important subset of olefins are olefin



and as internediates for nmany other types of products.

An inportant subset of olefins are ol efinoligoners,
wa@pasossonet hod of making ol efin oligonmers i s RCEUS2005/005437

ol i gomeri zati on of ethylene, which is a catalytic

. reacti vl Vi ri : ioh i
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pol ynmerizati.on and oligoperization of ol efins include
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catalysts, and in particular transition netal _
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ol i goneri zation may be found in patent nunbers
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pol yners and ol igoners continue to nmultiply, and

e SO § 30055108 3, MIBTIEREgsaont Dl s 3004515996 153
5,919,996, 5,859,303, 5,856257, 5,814,575, 5,786,431, 5,763,723, 5,689,028, 5,563,312,
5,543,375, 5,523,507, 5,470,926, 5,451,645, and 5,438,027, which are incorporated herein by
reference.

[0008] Applications and demand for olefin polymers and oligomers continue to multiply, and

competition to supply them correspondingly intensifies. Thus, additional novel and improved

catalysts, and methods of olefin polymerization and oligomerization, are desirable.

SUMMARY OF THE INVENTION

[0009] Provided is a method of oligomerizing alpha olefins. In an embodiment, an
oligomerization catalyst system is contacted in at least one continuous reactor with a feed
comprising olefins; an effluent comprising product olefins having at least four carbon atoms is

withdrawn from the reactor; the oligomerization catalyst system comprises iron or cobalt, or
2



catal ysts, and nethods of ol efin polynerization and
ol i goneri zation, are desirable. SUMVARY OF THE
WO DWERRUI3CN [ 0009] Provided is a nmethod of ol i gpeEEDS05I0P5437

al pha olefins. In an enbodi nent, an oligonerization
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conversion of ethylene is at |east about 40 wei ght

least foyreratteint atam®n dn phHodEC tmbbdifrient phatticnglediis bedrt effloett having twelve
carbon atons. In another enbodi nent, the single pass ‘

carbon £6RY @bRipAbe &f 168508195 GRSBR S8Senfl -doRBthe 20QUnoBRr embodiment
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r odi nen roduct .
product of¥lhs SRR FLAT B0l RO Bes SRR C ton G M i embodiment
C rise at | east about 95 weight percent 1-dodecene.
product BIEHR5 SPRBHSE Abl5aT FERL: 5%&%@%@ Ahl &8%? ﬁ%ﬂ%tfmm about § to
| east about 80 wei ght percent linear 1-alkenes. In
about 2 sarbRe rateahodn reether prberlimenty |t phgorassizplions eatalyst exstem provided
about 20 wei ght percent al pha ol efins having from
comprisesrssiec8ve b-hatmet(S ) caalpsdtn at ons. | n anot her
enbodi nent, the oligonerization catal yst system .

[0010] Pr &Y iafl@shboa it SBS cﬂig@ﬁieﬁﬁiﬂo}hecalali?@%ﬁﬁ@m(p%b{ﬂ)ded_com rises a metal
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the

a

complexcé%ﬁi%%@ by %%?/Icgﬁle%{: %Hérgﬁth 1 icérﬁﬁleQ cOh ﬁ%es I%q%hn‘g ﬁ%&ing chemical

activated b cat al yst er el
sructur @RI i ses a ligand having cheni cal

The components of the ligand having chemical structure I, labeled R’ through R”, may be defined

as follows:



structure |: | The conponents of the |igand having

chem cal structure I, |abeled RL through R7, may be
waledosngdons foll ows: Rl, R2, and R3 are each  PCT/US2005/005437

i ndependent |y hydrogen, hydrocarbyl, substituted

hy}%@.ﬁ@ ROY e a%ﬂ i Eéﬁdeﬁﬂ? Eg&rggéﬂ hgﬁl%lé&bg? %u%ht&d‘?y&gcarbyl, an

V|C|na to ohe ano tékntog her

R4 and R5 e Bach. i nde nde
et fonlfyel Bkop i RS 8 o R T Gt o Yok d 5 may form o
functional group; R6 and R7 are each independently
nng, aryl, substituted aryl, optionally substituted
het erohydrocar byl noiety, optionally substituted aryl
Rjrmnd R’ iare exvhiiideptndentiyhydrogen hydooarbyi, sabstiduted hpdrocarbyl, or
nmetal, optionally substituted aromatic hydrocarbon

inert funétid’ﬂ]g]gl@h optionally substituted pol yaronatic
ydrocarBon noi ety. [0011] Al so provided is an

mRYi zat i an, mebbodg r g}bgﬁ}gg %%Herdﬁ%hélwq substituted

cat al yst syst em contacted "w t I sI'ng

ast.. on tinuous reactor: .a reac
heteroby@ppph e i ST 5 ORIl BT ROt o Pt and I
four carbon atons; n pass conversion of
coordinated 9 péﬁ@a]@ppﬁ@naﬂléggl?stlgggggrog@tlg\,@y t:arb@p @gg,tor%ﬁléally substituted
product ol efins having at |east four carbon
polyaromatic hydrocarbon moiety.

[0011] Also provided is an oligomerization method comprising an oligomerization catalyst
system contacted with a feed comprising olefins in at least one continuous reactor; a reactor
effluent comprising product olefins having at least four carbon atoms; a single pass conversion of
ethylene of at least about 65 weight percent among product olefins having at least four carbon
atorns; and at least about 95 weight percent 1-dodecene among product olefins having twelve
carBon atoms. In an embodiment, the oligomerization catalyst system comprises a metal alkyl or
metal hydride species. In another embodiment, the at least one continuous reactor comprises a
temperature of from about 40 to about 150 degrees Celsius. In another embodiment, the at least
one continuous reactor comprises a loop reactor where fluid flow comprises a Reynolds number of
from about 200,000 to about 700,000. In another embodiment, the at least one continuous reactor
comprises a tubular reactor where fluid flow comprises a Reynolds number of from about 300,000

to about 2,000,000.



atons; and at | east about 95 wei ght percent 1-dodecene

anong product ol efins having twelve carbon atons. In
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conprises a nmetal alkyl or netal hydride species. In

anot her e [ I %‘H]? iuous
react or cm%@gkgcpgﬁ%gﬁgt(zﬁe o) ﬁroﬁnﬁﬁm@ut 40 to
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[0014] FiBig. 2 illistrates mateasbodimentriofdipressss désign for sregtaneasi aployment of
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combinafiédst¥%atabystsn B sahde@backgact ors. [0014] Fig. 3
illustrates an enbodi ment of a process design for

51 i gy AWSEREOLE £ PIRLAN TP Lo kBl Shloyment of
[0013] inﬁ#hgqgggn%%ersgg}gtor. 0%15] 1g. 4 is%ﬁu(s)tr%t es gn OYmEnt ©
enbodi mrent of a process design for consecutive
enpl oynent of catal ysts.

catalysts
[0016] Fig. 5 illustrates an embodiment of a process design in accordance with the
oligomerization provided.

[0017] Fig. 6 illustrates l-hexene quality for several embodiments of the oligomerization
provided.

[0018] Fig. 7 illustrates 1-octene quality for several embodiments of the oligomerization
provided.

[0019] Fig. 8 illustrates changes in paraffin content over time while executing an embodiment
of the oligomerization provided. |

[0020] Fig. 9 illustrates 1-hexene purity for several embodiments of the ‘oligomerization
provided.

[0021] Fig. 10 illustrates 1-octene purity for several embodiments of the oligomerization

provided.



[0016] Fig. 5 illustrates an enbodi nent of a process
design in accordance with the oligonerization

w@e@siosisol [ 0017] Fig. 6 illustrates 1- hexeneP@UEb1i00§005437
for several enbodi ments of the oligonerization

prov deop R iSSP G

provided. [0019] Fig. 8 illustrates changes in
[0022] PaFigf { iMus&eRs @A lenH6@imdnt B8 aWhith€d f¢QFebnBAzAN of alpha olefins. A
" enbodi nent of the oligonerization provided. [0020]

feed 10 ghl%glalglrlr% lr??éﬁ%"s rﬁ%}ﬁ%e ]ﬁbﬁﬁéﬁﬂw rallt&ﬁg%ﬂlreriﬁ 16 r@ah%s} 1ﬁystem. In an

s of e ol i goneri zation=provide

. Fig. 10 illustrates 1-octene purity.for, several
embodimggh el ERnGIZANE GHAIYTmSY ST PORPTCV e (TDEepalt EpIn  another
. DESCRI PTI ON OF THE | NVENTION [0022] Fig. 1 illustrates
embodimgnt, dpgolsad A somptises aitlensd @hﬁomﬂrizg’féﬂm@ﬁg thefsednl Oohayptah alace in a
‘ olefins. A feed 10 conprising olefins nay be contacted ~
continuows treactor 20,i godreni pHgemerizativml ryators gflvem 3Dningluding at least three
enbodi nent, the oligonerization catal yst system

componeBf B inihefwn' Bdin We feabiat £0. The aRidnehts @FRRAIIBAerizdtS effluent 30
. feed 10 conprises ethylene. Oigonerization of the

may compB8ddihinTBYoduBKAeRhAGEY LflyRne not consumed by oligomerization, and catalyst

system constituents. Product olefins of the effluent 30 comprise olefins having at least four carbon
atoms that are produced by the oligomerization reaction in the reactor 20. In an embodiment, -
product olefins of the effluent 30 comprise alpha olefins having at least four carbon atoms that are
produced by the oligomerization reaction in the reactor 20. The diluent comprises the remaining
components of the effluent 30, other than product olefins, ethylene, and catalyst system
constituents.

[0023] In an embodiment, oligomerization to product olefins having at least four carbon atoms
comprises a single pass conversion of ethylene of at least about 40 weight percent. The single pass
conversion may be expressed as the weight percent of reactant in the feed, e.g., ethylene, that is
oligomerized during a single pass through the reactor. By calculation, the single pass conversion
of ethylene may be the ratio, expressed as a percentage, of the mass of product olefins in the
effluent divided by the mass of ethylene in the feed. The single pass conversion may also be
expressed as the probability, expressed as a percentage, that one molecule of reactant in the feed,

e.g., ethylene, will be oligomerized in the course of a single pass through the reactor. In another



conti nuous reactor 20, and an oligonerization reactor
effluent 30 including at | east three conponents is

wowdkgsesan from the reactor 20. The comnponent SPOf/US1965/005437
ol i gonerization effluent 30 may conprise diluent,

embodméﬁtd WhiboRkRfdt g of 161 @r‘%ﬁu&o& C%Ug]igj {) east four carbon atoms

ol |goner|zat|on catal t sys em uent's
ef t ef.fl uent 30, c efins
comprisgl gds“%é‘ o Jus %&V“Foﬁr&eeg%%ﬁ e RS Bﬁglafdn%reﬁﬂbgn another
t he pmerization reaction in the reactor In an
embodipg, g} MEFZHING OTPIEFS hsnsle papecaversioarnt e@tylene of at least about

conpri se al pha ol efi.ns having at |east four carbon
65 weight pavsenth it ansther pnbodivent, the diigemetitaionesinpeisdsasingle pass conversion
reaction in the reactor 20. The diluent conprises the

of ethyleseraif nit fighst abRe MBNwsighf peldentef fd Hfiher3nbRlRE:, Ftﬂéaghgomenzauon
product ol efins, ethylene, and catal yst system

compns@@@ sihifeyatd Mv%rglgﬁ 3Fe ?Ieﬂ@oﬁﬁq&g{ P{ 85 Wefgggﬁééa% ation

to product I ns having at l'eas our

CORPr ass conver3|o t hyl ene .of .
0o24] PoTR BT SRR BT OB DoSRE ety B iracterize the
conver be expressed as the wei ght percent of
ohgomepég c?ﬁscrﬂﬁg%ﬁ@nf eTélcp% gnby m@}thtyp éﬁ@entt e %pesohgomenzatlon reactor

oneri zed duri n% a si ngI e pass through the reactor.
mcludesagfo it olgfas ihening rh éasi fogt earpers stoms i csmprisofit lesdiypbente80 weight
may be the ratio, expressed as a percentage, of the

percent hnss bhlkpresdlnt anothef embodiment)ahekflusantrogh Mk d@idoR¥ritd@n reactor
mass of ethylene in the feed. The single pass

includesCOBMEALRIONS TBMHEISIS ReighX BERSREH oAt iR r}%pﬁ% At 1kt four carbon
expressed as a percentage, that one nol ecul e of
atoms. B3R elBodiBRnf 88 effuent includes at least about 40 weight percent product
olefins having at least four carbon atoms. In another embodiment, the effluent includes from about
30 to about 80 weight percent product olefins having at least four carbon atoms. In another
embodiment, the effluent includes from about 40 to about 70 weight percent product olefins having
at least four carbon atoms. In another embodiment, the effluent includes from about 45 to about 65
weight percent product olefins having at least four carbon atoms. In another embodiment, the
effluent includes from about 50 to about 60 weight percent product olefins having at least four
carbon atoms. In another embodiment, the effluent comprises from about 50 to about 90 weight

percent product olefins having at least four carbon atoms. In another embodiment, the effluent

comprises ffom about 60 to about 90 weight percent product olefins having at least four carbon



e.g., ethylene, will be oligonerized in the course of
a single pass through the reactor. In

wa@pwshgsenbodi ment, ol igonerization of ethyl enkBCT/US2005/005437
product ol efins having at |east four carbon atoms

atoms. lﬁ%ﬂpﬂlbls&ﬁb@dlé'fgﬂg e ﬁﬂﬁ&t%gf}léﬁgegsl 25 %h ﬁtWJo%S%ﬁ%ﬁ%igm percent

| east about erce I'n"anot her e

on .conp ri ses a single pass conversion
product O(‘}%%Etonﬁ‘@gng eﬁ?ztailg ciaébé’ 08 Pdut 65 wei ght percent in
another enbodi ment, the oligonerization conprises a
[0025] s Mgmee rabedimeninvieih iodgomerizeting pradudsfolefins haing a4feast four carbon
75 wei ght percent. |In another enbodi nent, the
atoms conipirige whafing diaiag frao aboitse® sbost E@bﬁbp@&&nﬂsofmefrﬁﬂﬁﬂ e@bodiment,
et hyl ene of at |east about 85 wei ght percent. [0024]

product d1&fRddvingeR 1dast RuPYArBRLateRs Y;@Irnﬁhx%nat 104sP5HaE 26014Rlght %ercent olefins
and purity characterize the oligoneri zatl on descri bed

having ﬁjafrf Sot 8% Q?ou%%%gf r:yiomg rﬁ?} {heygrgé &Ttn lgq, é’f"%h‘%t olefins having at

IgOﬂEfIZ& I on rea I nc ES produ

at | east. fou at o mat coppri se at
teast fouy b et aBis oG rine eb%fls? bGP EhateCept 81oRan Beving from about § o
anot her enbodi ment, the effluent fromthe
about 20 spFbgB HARS, Al anather abestimients pradeet dlefim hawivgtat st four carbon atoms
about 95 wei ght percent product ol efins having at
comprisd adeast flout 40 avdight reteeniolefims bavotgh&omenbboidd meaiout RO earbon atoms.
effluent includes at |east about 40 wei ght percent

In anothdiredthiodimenlt efrbahsct bdafing gaﬁh§ laeRast fh@USarSa DOMs dbAPEHsdUt least about
anot her enbodi nent, the effl uent includes from about

20 weigh%?extc@nt%@éﬁﬂs HB0in 2@’{)(95‘ bR 646 %OLR fz@ddéﬁ&o ﬁl@lﬂepgxﬁbodlment

| east four c on atonms. | n anot nent

product o%fﬁﬂs%%% a[g? ugt?f%% éaﬁﬁ%gﬁ% :é?]lgg%%eoa[t bombpé’ﬁ.’?él\e S%B ercent olefins

rcent
ot r. enbodi rrent the ef f] uent includes
having ﬂp%%%gbgﬁ tgg é%gma toges. In another em%od?ment product olefins having at

least four carbon atoms comprise at least about 50 weight percent oleﬁns having from about 6 to

about 20 carbon atoms. In another embodiment, product olefins having at least four carbon atoms
comprise at least about 60 weight percent olefins having from about 6 to about 20 carbon atoms.

[0026] Selectivity for hexene may be of interest among the product olefins. In an embodiment,
product olefins comprise at least about 20 weight percent olefins having 6 carbon atoms. In
another embodiment, product olefins comprise from about 25 to about 70 weight percent olefins
having 6 carbon atoms. In another embodiment, product olefins comprise from about 30 to about
60 weight percent olefins having 6 carbon atoms. In another embodiment, product olefins

comprise from about 40 to about 50 weight percent olefins having 6 carbon atoms. In another



wei ght percent product ol efins having at |east four
carbon atons. In another enbodi nent, the effl uent

w0 pbasissl from about 50 to about 60 wei ght perBPE€nUS2005/005437
product ol efins having at |east four carbon atons in

. anot her enhodi t, the effluent conprises from about
embodisgiyo;o} SaGRH G SF ATING Sr-cthon BB AL B BPYAE TEgh Rfroent are 1-
at | east four carbon atoms. |In another enbodi nent, the

hexene. ef f | uent conpri ses from about 60 to about 90 wei ght
percent product ol efins having at |east four

[0027] caThopwaity 8 octeflescandtdodécensimabnFaitdduct biefiag fdayelko be of interest. In
conprises fromabout 70 to about 85 wei ght percent

an embo[ﬁfcl)'lgeczﬁg,]cﬂr?cﬁ{c?ﬁie@iﬁs AXNhEY @fboh&fihs ld?l'iﬁrisﬁ af RAR: 8155 weight percent

n an enbodi nent of the ol 1 gonertzation,
pr. | ef i ns _hayi at, 4 east. fQur_carhon atons.
toctene] R AB5be” s Taodthe R o TRk G ARBaROREPse ot least about
. carbon atons. In another odi ment roduct_.ol efins
96 weighhDFiRENtak-oFtERsst Iv&apﬁﬁeamgggla%Wrewgﬂ? sdfavinga§tcarbon atoms
_about 20 wei ght percent ol efins having fromabout 8 to
comprise gb lgast2abogh g oweighbpercent hodenrer Ieaheiemrembodiprentj yoduct olefins

ol efins having at |east four carbon atons conprise at

having B e@storabiuis 30mpsbght lpat chott OB efkight paweny 1fécdhe. In another
about 8 to about 20 carbon atons. | n another

embodin®HDAbARAblefiRE ASHAS 8 Vaffoh MorRAMdniisdlat 128dboLPYS weight percent 1-

carbon atons conprise at | east about 40 wei ght percen

octene. eﬁlfoidf%? ﬁﬁel?éf%i.ﬁ%g% F)fb@u@ttb%ﬁns 318 igg g?g?ﬁfoﬂé W?r?src%%rgé ?t“i@as{ about 93

n anot nent, produc aving at [eas
. f our gon at c rise.at |eas bqu 2}9 wei ght
weight B3Rt A og PP o h TG FHGAABbUL 8 P B EA3EE dArssgm atoms
. atonms. I n another enbodi nent, product ol efins having
comprisgt leash shoytodsy Wekshh ercatiohriodesensr | Weangther embodimpstt praduct olefins
wei ght percent ol efins :

having 12 carbon atoms comprise at least about 96 weight percent 1-dodecene. In another
embodiment, product olefins having 12 carbon atoms comprise at least about 97 weight percent 1-
dodecene. In another embodiment, product olefins having 12 carbon atoms comprise at least about
98 weight percent 1-dodecene.

[0028] An oligomerization catalyst system is employed in the oligomerization provided. The
oligomerization catalyst system may be homogeneous, heterogeneous, supported, or unsupported,
as those terms are known in the art. In an embodiment, the oligomerization catalyst system
comprises a co-catalyst, and a ligand complexed with a metal. In another embodiment, the

oligomerization catalyst system comprises a metal complex activated by a co-catalyst, wherein the

metal complex comprises a ligand having chemical structure I:



having from about 6 to about 20 carbon atons. In
anot her enbodi nent, product ol efins having at | east

wo eas/0gBpbon at ons conprise at | east about 50 R&i/gk1005/005437
percent ol efins having fromabout 6 to about 20 carbon
atons ‘'m anot her enbodi nent, product ol efins having.at
| east four carbon atons conprjse at | t about 60
wei ght percent ol efins havin fron1a9§§f 6 to about 20
carbon atons. [0026] i viwy forfhexene may be of
i nterest anong the prod FS-N n an enbodi ment,
product ol efins conprisg at | gast about 20 wei ght
percent ol efins having 6ft=e=bi)n atons. |n anot her
enbodi nent , product ol efins cogprise fromabout 25 to

about 70 MEIght pareenty ol ef i ngghavi ng 6 carbon atons.
I n anot her enbodi ment, Y /s olefins conprise from
about 30 to about 60 vvei‘ gercent ol efins having 6

carbon atoms. In anothe {
conpri se from about 4 .50 I ght percent
ol efins having 6 carbdh atons., ' g;herenbodinent,
of the product ol efins havin ;6 carb ~atons, at |east
about 98 wei ght percent are hexeneR'[ 0027] The
purity of octenes and dodecenes anong product ol efins
may al so be of interest. In an enbodi nent, product
ol efins having 8 carbon atohs conprise at |east about
95 wei ght percent 1-octene. In another enbodi nent,
The compooeiicof thkdfgand hindng cigenca atrheraresl tiiveled Rikroagh RY, may be defined
| east about 96 wei ght percent 1l-octene. In anot her
as followgrbodi ment, product ol efins having 8 carbon atons
conprise at | east about 97 wei ght percent 1l-octene. In

FENRE heh e QACE@H&epeR&e‘ﬂﬂy %S/dx%lggﬂ,iﬂ}?irocarbyl, substituted hydrocarbyl, an

, product ol efins

inert functional group, or any two of RI-R3, vicinal to one another, taken together may form a
ring;

R* and R’ are each independently hydrogen, hydrocarbyl, substituted hydrocarbyl, or
inert functional group; |

R® and R’ are each independently aryl, substituted aryl, optionally substituted
heterohydrocarbyl moiety, optionally substituted aryl group in combination with and JJ-
coordinated to a metal, optionally substituted aromatic hydrocarbon ring, or optionally substituted
polyaromatic hydrocarbon moiety.
[0029]  The metal complex provided may be formed by complexing a ligand, such as, for
example, the ligand having chemical structure I, with a metal. In an embodiment, the metal

selected for complexing with a ligand to form the metal complex provided comprises a transition
10



havi ng 8 carbon atons conprise at | east about 98

wei ght percent 1-octene. |In another enbodi nent,
w@e@dogt3onl ef i ns havi ng 8 carbon atons conpri SEBCHUS2005/005437

| east about 99 wei ght percent 1- octene. |In another

metal. Ineotﬁtt)e(}%h%%ﬁfr{x q‘i’é %’155 aPleflcleR %o ﬁlﬁ%éxhtﬂg mbtal GEPRA BiPRBes iron, nickel,

conprlse gast out 9 t percent 1 dodecene

IR s e
1-dodecene. In another enbodlnent rodqft oleflns

metal corhrigen ifon.XobalthssorbBIFioRsAgEels dn g0 odisBeRt, thg oligomerization
wei ght percent 1-dodecene. Li another enbodlnent

catalyst spstelweinpeis&f dhpsmtvavi ng 12 carbon at oms conpri se at
| east about 97 wei ght percent 1- dodecene. |In another

[0030] Eh@g: MEonﬁoﬁﬂlié%ﬁlg&h@{ﬂaﬂ& @M?;ﬁgy&?t&n@ﬁ PesendddoMor example, the
conprise at | east about 98 wei ght percent 1-dodecene.

af. | t
order of gt %o@?a%aﬁer. P o AR e BYShR L BRIRVAYRS occurs in
cat st system nmay be honbgeneous, heterogeneous,
theabser@aegs%y 168" or unsupported, as those terms are known in
the art. In an enbodi nent, the ollgonerlgg%%?n )
[0031] caRefPyig tyshamcabapiryed, A omagatif: O igend gadvary with
conpl exed with a netal. In another enbodi ment, the )
selectionadfi RjotheaighaR i. on axat:mbg@mestygt el coapeleged sachnibpiibe ligand having
conpl ex activated by a co-catal yst, wherein the netal
chenncalcéﬁ*ﬁbﬁ@é(l GofRith&esala A kganetribaVigagd ehprovidet Ietein Gt ayrenetrical if it
I:1 The conponents of the Iigand having cheni cal

possesse§ts§1HﬁlteHSIeméherltﬁ5}? ked sBhnidhyoHabeRT, r18Y thendl €, igdefl group. In an

embodiment, R' - R7 are selected such that the ligand having chemical structure I is asymmetrical.
An asymmetrical ligand as provided herein is asymmetrical if it possesses only ‘Ci” symmetry, ie.,
possesses no mirror plane, no rotational axis of symmetry, and no inversion center.

[0032] The oligomerization catalyst system further comprises a co-catalyst, which may be
involved in catalyst activation. In an embodiment, the co-catalyst comprises a metal alkyl or metal
hydride species. In another embodiment, the co-catalyst comprises one or more Lewis acids; a
combination of one or more Lewis acids and one or more alkylating agents; one or more alkyl
aluminum compounds; one or more alkyl aluminoxanes; methyl aluminoxane (MAO); modified
MAO; tri-alkyl aluminum; diethylaluminum chloride (DEAC); or combinations thereof. In
another embodiment, the co-catalyst comprises triethylaluminum (TEA), trimethylaluminum

(TMA), tri-isobutyl aluminum (TIBA), tri-butyl aluminum, or combinations thereof. In an

11



as follows: Rl, R2, and R3 are each independently
hydr ogen, hydrocarbyl, substituted hydrocarbyl, an

WO p@sosd3onct i onal group, or any two of Rl1-R3, RCTUSBIN5/005437
to one another, taken together may forma ring; R4 and

embodm{% é?{a}e?%@g gaﬁ%f’ %%ge%gk r}{pxjféég c?% :&geﬁrégl\ér Fa&?pof ab%mnum to
iron in %%alggfa?é%ngﬁ%&é% A haticl é%a@af%@io Loulg%%o%rery chnbodiment,

optionally substituted aryl group in conbination with
where thgregtalyst sistem amprisescrairere eaidlystofieinelal rajiosifiaurminutiet iron in the
aromati ¢ hydrocarbon ring, or optionally substituted
oligomerakiga rarges ifeonh W WCHIObotL aEue 3y000{100BD kndthe dBbaliment, where the
conpl ex provided may be forned by conplexing a Iigand,

catalyst %?ﬁ&naéamﬁl%es e%@"ﬁ%ne ’caitaH@t |ﬂhg apdib ?f%oa Jof NBIhGA to 1rcfn in the

ructure I, with a netal nane di ment, the
. l |gandtoformthe
Ollgome%%lgﬁ?}%geg ?Bm a% ﬂg@#ﬂ%&l’ ‘a transitionnetal. In

ot her errbd the net al selectedtoformthe
[0033] \ebgpp %fnﬁee PIPEIRAANOR GFfalyR YRISI, TR Ve [fAn embodiment, the
_cobalt, vanadium chrom um or conbinations thereof.
oligomenizgtig g@th]é{pt WRisoOaRRTises & Mstaheeraples eripratesidsy 4 eonatalyst, wherein the
cobalt, or conbinations thereof. I n another
metal comnpmatbmprise,s a ligpnd hagogehdnziadlisoncta@tlal yst system
conpri ses chrom'um

Rz
R3 = R1
Rs \N l R4
IN 20 Nl
w—"" 10 30\
Y
2\60 4{3 /
| s |
N
Rs ’ \ R,
s
RS R1
Rz
I

The components of the ligand having chemical structure II, labeled R; - R5, W, Y, and Z, may be
defined as follows:
Ri, Ry, and R3 are each independently hydrogen, hydrocarbyl, substituted hydrocarbyl,

or an inert functional group;

12



[0030] Other variations on the oligonerization

catal yst system are presented. For exanple, the order
w@hooamslizvi on of reagents may vary. |In an enbodP@BEL$2005/005437

activating the netal conplex, occurs in the absence of

et hylLene. [.0031 [ 0 ]
RE B REAF gt Bboot o Bt Pe a7k, 5 b hbnks group, or
_ selection of RL through R7. In an enbodinment, RL - R7
substitutetr iydseqagdled such that the |igand having cheni cal
structure | is symmetrical. A symretrical |igand as
Ypisavstchethrtldrisign, ind Wy Yeee¢ Zdaflefendentlyfogywiss Bydrogen, hydrocarbyl,
symetry higher than 'Cl' symretry, where Cl refers to
an inert filtRti6dal ?bﬁgs, & Qibptitaled Iadreeatbetihaeing, frddd abowR70 4o @bout 30 carbon
sel ected such that the |Iigand having chem ca
structure | is asymretrical. An asymmetrical ligand as
provi ded herein is asynmetrical if it possesses only
"Cl' symmetry,..i.e€e. S ] e, :
10034] ol craifogmgtt o BRARES Rt bl BB 2 diPtg) complex s
0032] The oligonerization catal yst system further . i
activated[cbm 1]3056%13155%@[ i, thes ety o ?‘?%Wa%e’}/@h‘g% Né%f‘lE taving chemical
catal yst activation. In an enbodi ment, the co-catal yst
structuredfopri ses a metal al kyl or netal hydride species. In
anot her enbodi nent, the co-catal yst conpri ses one or
nmore Lewi s acids; a\ conbinatiggn of one or nore Lew s
aci ds and one or nore alkylatﬁng agents; one or nore
al kyl aluninun1conpoﬂ or nore al kyl
al um noxanes; net hyl ne ( ; nodi fied MAG,
tri-alkyl alum num die ~fm chl ori de ( DEAC);
or comnbi nations thereof. '
" Ry

atoms.

III

The components of the ligand having chemical structure 111, labeled R, - Rs, Z;, and Z;, may be
defined as follows:

R,-Rs each comprise, independently, hydrogen, optionally substituted hydrocarbyl, an
inert functional group, or any two of R;-R3 vicinal to one another taken together may form a
ring;

7., which is different from Zj, is an aryl or substituted aryl group; and

13



anot her enbodi mrent, the co-catal yst conprises triethyl

al um num (TEA), trinethylalum num (TMA), tri-isobutyl
w@baosiosnim ( TUBA), tri-butyl alum num or conbi PEL/U82985/005437

thereof. In anenbodi nent, where the catal yst system

onprises . an jr - t,..the no i f }
2R o} SRR T g bl DRl hasBcraegpipt moiety, or
) aaﬁyut 1.1 to about 10,000:1. In_another epbodjnent,
an optionghyssubstithied @yl roun INCOTERANOB AROFdRFed R amstat
the nolar ratio of alumnumto iron in the
[0035] ol Igamther zatbodmanting s ligapdnhabing chamiallstuotuphBtZ; may be defined
'3,000: 1. In another enbodi nent, where the catal yst
as an aSy,Subsitcledniryls @ptiaaliyr aibsttated! #sinatié Meterelelic fidtp, &f optionally
alumnumto 1ron in the Aigonerization ranges from

substimtg?%'iya?&{ﬁti'c LRt ada9; In c[#gﬁgﬂy CRsmRRReN biipRfict Rerocyclic

i'gomeri zation catal yst System may "'vary m an

. .. embodi.ne al. i rizati.on catal yst K system
molety, gro%%tlglééﬂyasuh&%gﬁed 8@%‘?18%6@%‘#? * %rﬁ?yioxi//\mgtyw_ catal yst,
wherein the netal coppl ex.conprises a |igand havin )
[0036] ¢nEnppotherserpbrduged 91[%6 PHROMEHAHITE PRI Y SYBISE 13 ﬁlﬁgﬁé complex is
. having chenical structure , labeled RL - R5, W Y, and
activatedzbyrﬁayo—b@ta]dfetg iwhsteindhé opdtdveompiéx magoinclugn@ IRBindrlsving chemical
each independently hydrogen, hydrocarbyl, substituted
structurd®dr ocar byl ., or an inert functional group; R4 and R5
are each independently hydrogen, hydrocarbyl, an inert
functi onal group, or substit§{ed hydr ocar byl ;

The components of the ligand having chemical structure IV, labeled R; - R;5 and A - As, may be
defined as follows:

A-Ag each comprise, independently, carbon, nitrogen, oxygen, or sulphur;
14



Y is a structural bridge, andW Y, and Z independently
conpri se hydrogen, hydrocarbyl, an inert functional

wW@e@aps03or substituted hydrocarbyl having fronPebUs10089005437
to about 30 carbon atons. [0034] In another enbodi nent

iflind iRcild AP ﬁ?agg;%'aix%étlgt,gﬁ&ed§§§§§em a netal

conplex 1s ac | vat cat a wher ei n the

e Re e AR *é?r%aa 29 Bl P aasy, optonally

chem_cal structure 11, labeled R - R5, Z1, and Z2,
SUbStlmﬁﬁﬁlyg@C@@b’i 98 &n Tt Bngtws! ZIRip; R5 each conpri se,
i ndependent |y, hydrogen, optionally substituted
dmydwocd 3R 5, vAeinklte ohe fmuthér tikeh tapetiepmay fordny rihwoandf
R1-R3 vicinal to one another taken together may forma

don8iondly, wivdal AnAsndi Af af ?Péseﬁtr Qf8 42 calbdn a&@ra%tnsoéonsntute the
substituted aryl group; Z2 conprises an aryl,

ﬁ}i;ggxﬁ@ggt ﬁtﬁ rgototcmtm gybstituted

etero y, or an optionally substituted

onbj n wi t h, and -coordlnatedtoa
100371 o, B RED e Podiient 6 e Sighsaizaim cGROH Iy dniet complex is
havi ng chemical structure H Z2 may be defined as an
activateqyby| 2 ca@piehist wrlksaeinrthe mespt sommiet ynavuinsiurle @ Bgand having chemical
aromati c heterocyclic noiety, an optionally
structure V:

'cycloperﬁ

The components of the ligand having chemical structure V, labeled R; - Rs and Z, may be defined
as follows:
R;-Rs are each, independently, hydrogen, substituted hydrocarbyl, an inert functional

group, or any two of R;-R3, vicinal to one another, taken together may form a ring; and

15



substituted pol yaromati c heterocyclic noiety, an

optionally substituted aliphatic heterocyclic noiety,
wW@e00an08ipt i onal |y substituted aliphatic PCT/US2005/005437

het er ohydrocar byl noiety. [0036] In another embodi nment

adh Zh&iQhd g &t Ane Bk VSt i

e &@E#Séné 3 lfék e tﬁﬁ‘éyst Vﬁy miﬁ%b 1ﬁneally substituted

conmpl ex 1S activated by a co-ca

poyo i hy GBI T 5 8 SRR Pq‘%@ryﬁma@ o or o

chem cal structure 1V, |abeled Ry - R5 and Al -
substituteehy2rfe SEREP; fe ComPIABIONOWD A maBlLesdt efippally esubsntuted aromatic
i ndependent |y, carbon, nitrogen, oxygen, or sulphur;in
hy&ncmbhmﬁn@béngé}ﬁﬁdﬁhmmﬂtmﬁmrm@ddirectly bonded to A5; Ri
-R12, R 4-R15, and, if present, R13, are each,
[0038] | NElepefde anthduﬁ&&ﬂr&gﬁlB ol%@ideﬁﬁéﬂolnycawmtsly&t%e@ metaloccomplex is
u

hydr ocarbyl, or an inert nctional group; any two
. 1
actlvatedab¥ an%o’ é’dt&l z;(lth }Cétn? gfgeaﬁ{%‘f’%l he Wﬁrrep inﬁﬁgslﬂcqgfigq{%a@%a@&gn&hemcal
sent, are all carbon, said atons constitute the

Stmcmre%tgl opent adi enyl or aryI part of a -coordinated netal.
[0037] | h another enbodi ment_of the oligonerization
catal yst system a netal lex is activated by a
co-catal yst, wherein thg ,
I i gand havi ng cheni cal

R, Rs
Rs Ri1s
R; N N Ris
Rg Rio Rq4 Rq3
Rg Ri2
VI

The components of the ligand having chemical structure VI, labeled R; - Rys, may be defined as
follows:

R}-Rs and R7-Ry and Ry2-Ry4 are each, independently, hydrogen, substituted hydrocarbyl,
an inert functional group, or any two of R;-R3, R7-R9, and R;;-Ry4, vicinal to one another, taken
together may form a ring; and

Rs, Rig, Ri1, and Ry 5 are identical and are selected from fluorine or chlorine.

[0039] In another embodiment of the oligomerization catalyst system, a metal complex is
activated by a co-catalyst, wherein the metal c'omplex may incluée a ligand having chemical

structure VII;
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structure V: v The conponents of the |igand having

chem cal structure V, labeled R- R5 and Z, may be
waledosngdons follows: R -R5 are each, independeeit/Ug2005/005437

hydr ogen, substituted hydrocarbyl, an inert functional

group, or any two ORi -R, vicinal to one another, '
taken together may forma rigQg; andeach Z, selected

i ndependent of the other, |9 substituted aryl, an
optional Iy substituted poI yafonatic_hydrocarbon

noi ety, an optional IRy ted tRger ohydrocar byl

noi ety, or a substituted
with a nmetal, said options
hydr ocar bon ri nggpei
[0038] Jh ano A
cat al yst syst

gup I'n conbi nati on
bstituted aronmatic

he met al .
ri zati on

co-catal yst, w i n it conpidlex may}incl ude a
l'i gandR- ‘ ' 8. conpdRgnt s
of the i i el ed Ri
- R may be

VI

The components of the ligand having chemical structure VII, labeled R; - Ris, may be defined as
follows:

Ri-Rs and R7-Rg and Rj,-Ry4 are each, independently, hydrogen, substituted hydrocarbyl,
an inert functional group, or any two of Rj-Rj, R7-Ry, and Rj-Ry4, vicinal to one another, taken
together may form a ring;

Rs is hydrogen, substituted hydrocarbyl, an inert functional group, or taken together with
R; or R4 to form a ring;

Ry is hydrogen, substituted hydrocarbyl, an inert functional group, or taken together with
Ry or Ry to form a ring; and

Ry1 and Ry are each, independently, hydrogen or an inert functional group.

[0040] The oligomerization catalyst system may include combinations of catalysté, which may

modify the distribution of product olefins in the effluent. In an embodiment, the oligomerization
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an inert functional group, or any two ORI -R3,
R7-Rp, and R12-R14, vicinal to one another, taken
wo ogsenssnt may forma ring; and R, R 0, R andP@/US2008/@05437
identical and are selected fromfluorine or chlorine.
tion

e R 0B LSRR O 00 T LA Ot

cat al yst *sys
. co-.catal yst, wherein the tal conmplex may include a ;
oligomenzalion FAYRE $ysteR SATILISeS ¢ ﬁ& catelysy) B wptalrfemplskpesieding a ligand
- of the ligand having chem cal structure VII, |abeled
having chamicaRgBicturey, Thdll é‘?;' Ye¥L a5 VIl ok ovmbintiomR therdofRas Rigvided herein;
and R 2-Ri 4 are each, independently, hydrogen,

and at leasthad tastaalykty dinomaerhyddimant WiRE ta dombahdtRRaS @faBRR mles up the
any two ORi-R3, R7-R, and R 2-Ri 4, vicinal to one

icome@HibR atal ogsgt L Qr rino: b Sps . )
oligome hydr ogé1 n, ’qu gte 1|tnf ut e%%;?g&rﬁ%’cszé%bﬁe@ gr?ﬁg)%%’ér:{tﬁm%@hn& ?élﬁg’f‘d having

emica g R AR SOELO, AL O RO LB LM ey o

functional group, or ,Itlaken together wwth Ror R4 to
employegl (S tapf?()hlé, - andieriZ2- flutratery a5 ephodime of a process design where

. independently, hydrogen or an inert functional group.
combinations of different catalysts and co-catalysts may be employed simultaneously. A transition

metal catalyst oligomerization may be executed in a first reactor 200, and simultaneously a S1H
catalyst oligomerization may be executed in a parallel reactor 210. Alternatively, two different
transition metal catalysts may be employed simultaneously in the two parallel reactors 200, 210, or
a combination of transition metal and S1H catalysts may be employed simultaneously in the two
parallel reactors 200, 210. The effluents 205, 215 of the reactors 200, 210 may be combined into a
single process output stream 220. Fig. 3 illustrates another embodiment of a process design for
simultaneous employment of combinations of transition metal and S1H catalysts and co-catalysts.
Combinations of different transition metal catalysts, or combinations of transition metal catalysts
and S1H catalysts, may be employed in the same reactor 100. ' Thus, the effluent 110 would
include product olefins generated by each of the oligomerization catalysts employed in the reactor
100.

[0041] In another embodiment where a combination of catalysts makes up the oligomerization
catalyst system, an S1H catalyst; a metal complex including a ligand having chemical structure I,

I, OI, Iv, V, VI, or VII, or combinations thereof, and said co-catalyst may be employed

18



[ 0040] The oligonerization catal yst system may include
conbi nations of catalysts, which may nodify the

wale@sosdsat i on of product olefins in the effl uePCT/USI00HOD5437
enbodi nent, the oligonerizationcatal yst system

consecut%%{?)[].z?ezmal&%frh%%: W& or&e&FF‘g‘o?ngup%%eF% rc]lg C%’? v%ﬁ%;et catglysts may be

3 ystem corrprl ses a I H cat al 61 net al np

employef! GensgetHgYa PrgyRe © %ﬁr@ﬁ %aéql YOF § EIné n of  cafalysts may be
IV, V, VI, or V, or conbinations thereof, as prow ded

employeﬁm eifinst reavtbr 800 st seoons! type oéolagqrmnzam@n catalpstion dombination may
where a conbi nati on of catal ysts nmakes up the

be empldjel @0ABEd0AA kdafdr 380.aT NS firss JO0 41 seadnd 10 readtéds ed dpefated in series.
metal conplex including a Iigand having chem cal

The firsteid &L ﬁedtgog é% CHd%o e seébnd Qactér 320, &pﬁﬁ@'s W9BSetor effluent 315

hereo co- cat al yst may be enpl oye

ane r.ates an enbodi ment of
compriscy Wﬁ:‘g Pﬁgﬁ%ﬁeﬂﬁﬁéf’é‘%& bfu'f;ill Pons of different
cat al ysts and co-catal ysts may be enpl oyed
[0042] s g P%@@arssccgmbm@ttqn s“raf%héﬁtﬁ ?FEPIQIYC Iy 3 pgréipular process design, such
ol i gonmeri zati on may be executed in a first reactor
as, for @@Oplanitosi mutivatzossing desgns iudttatedsty dligsgdnerd, zuay owdify the
may be executed in a parallel reactor 210.
distributidhtof paaducy elefins invbe difhiear efin dligonsdrization pretess. Such a modification
cat al ysts maybe enpl oyed sinul taneously in the two

may cauﬁ’@ﬂh@ b s@ibutiea sk Sfﬁu&QQeﬁr%]tQ vaBf frén GayPicAhon- I%ry d1str1but10n and,
transition netal and SIH catal ysts nay be enpl oyed

I I 0
thereforesrﬁ{egg ea%lﬁ@@fe?%ts%ﬁ% gil&glcghwgntp ﬁlre ﬁr‘yeag%:et %s?@&%g%%tgt 81ch 21 3;39%duct olefin
st 58 B bR o S S TR oinaion
for sinmultaneous enpl oynent of conbinations of
of catalysisaihg iPradyat elefing ofhel okpemerizatn, saPLEEsR LBexeae 4Pytsntof from about

20 to about 80 weight percent. In another embodiment, product olefins comprise a 1-hexene
content of from about 50 to about 80 weight percent.

[0043] The lifetimes of the components of the oligomerization catalyst system may vary. For
example, the lifetime of a catalyst including a metal complex may be different than the lifetime of
an S1H-type catalyst. Thus, designing the oligomerization method as provided herein to account
for such variances may be advantageous. In an embodiment, where the continuous reactor
includes a tubular reactor, the oligomerization catalyst system is injected at more than one point

along the length of the reactor. In another embodiment, a metal complex is injected at more than
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Combi nations of different transition netal catalysts,
or conbinations of transition netal catalysts and SIH

W@ 21008l03805, may be enployed in the same react oPCT/082005/005437
Thus, the effluent 110 woul d incl ude product ol efins

. e 0l igponerizati tal ysts__ ..
one o SAFESHETA, REGR Bhod oyl ARBEL AL 68 tikisaion catay
ecﬂ’oogi_‘rrent. where a c%gj?li nation of catal ysts_ nakes up :
system apRICHPS B5HRIEF IS TBore e omg epims glong the langtspithe agagioyst ;
- a metal conplex including a |igand having chem cal ‘
[0044] st Fhg eligamdrization provided mdy bg,a adntingeus\firbgesg carried out in one or more

conbi nations thereof; and said co-catal yst may be

reactors. eilpl anyadoafisiesty thevebytor Eorgprigksid Idopt feadté t@ular reactor, continuous
enbodi nent of a process design where catal ysts may be

stirred taBIF RGN (CTPRE BF i biBAtdons MRy pe of ol i gomerization
catal yst or Conbination of catalysts may be enpl oyed

, [ f r.eact o 0 a second _type of . .
10045] oﬁ%or%{%%}znaeﬂz%}?nc ;é{{a§| g%t or e ??‘Blia %PF%% %#aghebé’ elocity of reaction
enpl oyed in a second reactor 310. The first 300 and .
componeis-ig{fe SPFFPQATIATIE: JPE apeipieddieynRlds apmbsrs. 1 gnrembgdiment, the

. reactor effluent 305 is fed to the second reactor 310,
continuoyy) reaeors@ey iy @ derit macter fhese tfhdd Flove dmphd deop reactor comprises a
- mxture of the two reactor effluents 305, 315. [0042]
ReynoldsTmempar tof clubmar aboorriD®1600 dn abbuic 41080y090s EMphathi@demBodiment, the
particul ar process design,. such as, for exanple, those

continuo&d F&ichR e el dodte sdabds Wdrd FhA@ R BY thd Uop Ractof comprises a
may nodify the distribution of product olefins in the

Reyrld SIS 0, AEARRIES bk 5B O5ER RS e, e cotinons
reactor r@%yi{)% Iraltgtt}{n?l%v ?eraérﬁg sz%g}eaﬂltlig pijlociglin %ﬁeh %Jlb%lialr: lreoarc¥or comprises a Reynolds
number of from about 100,000 to about 10,000,000. In another embodiment, the continuous
reactor may be a tubular reactor where fluid flow in the tubular reactor comprises a Reynolds
number of from about 300,000 to about 2,000,000.

[0046] In various embodiments, the continuous reactor may be employed in the form of
different types of reactors in combination, and in various arrangements. In an embodiment, the
continuous reactor may be a combination of a tubular reactor and a CSTR. In other embodiments,
the continuous reactor may be employed as reactors in series, reactors in parallel, or combinations

thereof. In an embodiment, the continuous reactor may be more than one CSTR in series. In

another embodiment, the continuous reactor may be a tubular reactor and a loop reactor in series.



therefore, also adjust the Schul z-Flory constant, or
K-val ue associated with such a product olefin
wale@sosdsat i on. I n an enbodi nent where an PCT/US2005/005437

ol i goneri zation catal yst system conprises a

conpi LAN: th roduct. gl ef.ins of th
10047) EPTER A oty 68 e Bompel il B0 ucl B Sfapmighfon may vary

.about 20 to about 80 i ght percent. |n_another ) o
dependl&%b%’di&}f’eﬂilgo%‘?fb"&%"t € ‘l\g@ﬂg s¥sters gsppleweds  Fopexample, oligomerizations
. content of from about 50 to about 80 wei ght percent.
employmg(aasitiphemetef eatilpiss taticallyeinyolvypdowen tempkratures.  Such lower reactor

ol i goneri zation catal yst systemmay vary. For exanpl e,
temperatdres, | hévetvene nefy anakat pleyipttaticic| ofdinages af@! aher6PD! FMgging more

may be different than the lifetime of an SIHtype
problenfa@t 2ISYSH walBUBat 88 flRbAge Hhe @ 'f&oéﬁ&b@EHSQQSﬁBIEg)gnion of wax

as provided herein to account for such variances

- vl i_nment re.the o
producty SR B UBAARZvioh o 2fipf 8 T BblsrshB) Gt cpome  The tubidity, or
lari o#g%orreri zation catal yst. systemis injected at nore
clanity o1t GREOH 69THENS: VB IRl MERGRURT gRaY Re aneladicator (f the presence of
. .another enbodi nent, a netal conplex is injected at
precipitgigd wakeha ndhide feyiche! piceinijatedaakesrigtthe wwhctohmoreesest the turbidity of the
anot her enbodi nent, the oligonerization catal yst
reactor eynddngsnalsmtypadally imseaaese Thisgloived raattomtmepetdtans anepientt increases
along the length of the reactor. [0044] The

in wax SretigRatRhi AaipliEidd @Yy 86 dhaBMterfic d AR hEHAHSN PPLEESRbodiment. at
carried out in one or nore reactors. I n an enbodi nent, ’

least onk %ﬁgérﬁé&%ﬂBn COIRY g&t‘ﬁgﬁ%sl A Rﬁpéﬁﬁn‘g@ﬁ_gﬁnu%:éhéﬁo tPRPY 50 degrees -

conti nuous stirre reactor
chbi ations.the The ol.igonmeri zation

: ) . .[ 00
Cesius B G, PSR 1o SRS eoh dOTRIEE A GmBraERct Rk about 40 to

about 90 degrees Celsius. In another embodiment, at least one reactor comprises a temperature of
from about 80 to about 150 degrees Celsius. In another embodiment, the contents of the reactor at
steady étate, even without substantial turbulence, are not turbid.

[0048] A diluent, or solvent is among the components of the oligomerization. At lower
oligomerization temperatures, such as those associated with late transition metal catalysts, selection
of diluent may contribute to prevention of Wéx precipitation and, therefore, affect the turbidity of
reactor contents, and plugging. In embodiments, the dilueﬁt comprises aliphatics, non-aliphatics,
aromatics, saturated compounds having from 4 to 8 carbon atoms, or combinations thereof. In
other embodiments, the diluent comprises cyclohexane, heptane, benzene, tolueme, xylene,

ethylbenzene, or combinations thereof. In another embodiment, the diluent comprises an aromatic
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conmponents in the continuous reactor, and associ ated
Reynol ds nunbers. In an enbodi nent, the conti nuous

WO e@sng30may be a | oop reactor where fluid fl oRCT/HS100&005437
| oop reactor conprises a Reynolds nunber of from about

compoun&(l)l ?Qg(h&ﬁ) aBQ&“é tola%@ ’3@%1&)0}1%’[%9 t ITEE!D HQ‘O %entt ﬁl% diluent

uous reac may be reactor wher

comprises p3frbn g tﬁ%enﬁ%é}nﬁ f dif “%ﬁow%w@s bR R 1o another

: enbodi nent, the continuous_ reactor be a tubular
embodimeriadteofiluenk comprises Plefnshavingt lﬁ@ntab@uﬂ o rabgielt 3} carbon atoms. In
conpri ses a Reynol ds nunber of from about 100,000 to
another ealboditnehf) , tBOIGNO corhprises olefies haevitp fomeabbut 4 tveabout 12 carbon atoms.
conti nuous reactor may be a tubul ar reactor where

In anothefrleﬂib@dﬁﬁéhw 8 difenttdeiphiass S8 RIviCO B SR%t 20 B8 ¥BOItED carbon
mber of from about 300,000 to about 2. 000, 000.

atoms. ﬂl%gé‘tg r érﬁb At T gﬁﬁ@ﬂ RN gi&gapg Ankh oS ab&RG2b about 13

é enp oy€e erent-types o

carbon e b0 BRI B P BIEH, GHEPa nly Btoar dodecene, 1-

conbi nation of a tubular reactor and a CSTR |n other
tetradecergyiofixaaencae, t-peladesans, ousoBbIeterothersl Be a@ﬁté%y@aodament the
reactors in series, reactors in parallel, or
diluent comphbsenal-ietmdedeher dofanhthemambodiownheht diltiénd compriserupeisnore than
reactor may be nore than one CSTR in seri es hi

about 302Reibhepereaitost tRNiligotefizaiont leiiousilueRCt Of an®teroémbodiment, the
tubul ar reactor and a loop reactor in series.[0047] It

diluent cgmﬁlpﬁ%% ok NBarRbbodk NRE whitBt HerRRY &t erel%aé@ls em@hﬁd In another

ol i gonerizatiop nmay vary dependlng on

embodim%{ﬁr 818@};: Iitato%r%%sgsar}oarlngr%ttha%ya%to&tnf Oe\gglgl% %QCenF gf thg f‘(e%%l' Effluent.

[0049] As is known in the art, coolants may be employed when operating oligomerization
reactors. [For example, vaporized water may be used to cool an oligomerization reactor.
Accordingly, as oligomen'zation temperature may vary with the type of catalyst employed, so may
the coolant employed to cool the reactor. In an embodiment, a coolant more volatile than water is
used in cooling the continuous reactor. In another embodiment, the coolant employed comprises
butane, isobutane, isopentane, or combinations thereof.

[0050] Reactor, or ethylene pressure may impact the product olefins of the oligomerization. In
an embodiment, the distribution of product oleﬁﬁs in the effluent is manipulated via modifying

reactor pressure. In an embodiment, where reactor pressure is modified in order to manipulate

22



enpl oying transition nmetal catalysts typically involve

| ower tenperatures. Such | ower reactor tenperatures,
whoevg3p1 may nmake precipitation of waxes and, PCT/US2005/005437

therefore, plugging nore problematic. Such waxes that

e ol in . f.or ex e, t.he insol uble
product SRR e TlofiSral Bh o RE Srm au 3o metal complex
reaction _that have at |east 20 carbon atons. The
andacof‘ii’itag}’s&ialng,theo‘?o' talystas2 Bralchalyeidior content's upon-
visual inspection may be an indicator of the presence
[0051] of Fprtberipovidedts avenctiwd that donprisesveintasfing e deddpcdnagnsthg olefins and
waxes in the reactor increases, the turbidity of the
an oligohesiehtiun €1y @ ysedl SThe §pd ¢abligonietizb® as BiSleast H4E .coh@WRs reactor,
reactor tenperatures and potential increases in wax

and an éffl&éﬂt Rbth élﬂg gﬁ)'aqapéléﬁgi tﬁ% @é( aPRakt R AGHBh afdh€ is¥ithdrawn from
0 n. odi

I gonmer1 zat In an e nent, at | east one

, | i gonerj zat.ion. reactor conptises. a.tenperatur f .
the reacity, VA cfboginons G dnathortel MissPizietion Siadict olefins buing at least
enbodi nent, ~at | east, one reactor conprises a
four carborhpiarms 3, fuEther cherastarizeb by 2 smmeleaghernyespngd gilisdane of at least about
. Celsius. i another enbodinment, at |east one reactor
65 weighb ppree sAdditienalyr theurredust ofefiomfrbo tite @iEorwriaktout thiabbave twelve
degrees Cel sius. In another enbodi nent, the contents

carbon addm bEmpreéeet Restabostosamiglsttpatent lededecwiet hout
substanti al turbul ence, are not turbid. [0048] A

[0052] di iM@RbodienBUMBE ndifod@EiGisiddea GAPRYISNESvREsidSE ethylene of at
ol i goneri zation. At |ower oligonerization

ot o TP 6 3019382300595 8l 45 g comprie o
least abgtﬁg%%ﬂfgfg{%\? ptgrg?rggﬁ\cligq[l%ggqq rtﬁel; aﬁg%n%gzgﬁci)f icetut?zi‘ltyistosnys’?lerr]rfj may comprise a
metal complex activated by a co-catalyst where the metal complex comprises a ligand having one
or more of chemical structures I - VIII, or combinations thereof. In another embodiment, the
oligomérization catalyst system may comprise an S1H catalyst. In other embodiments, the
oligomerization catalyst system may comprise iron, cobalt, chromium, nickel, vanadium, or
combinations thereof.

[0053] The present application further discloses a method of oligomerizing alpha olefins where

a metal complex having chemical structure VII is contacted with a co-catalyst and a feed

comprising olefins.
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reactor contents, and plugging. In enbodi nents, the
di l uent conprises aliphatics, non-aliphatics,

wW@r@smsi3es, saturated conmpounds having from 4 POI/BS2005/005437

carbon atons, or conbinations thereof. In other
enbodi nents, the diluent cogprises cycl ohexane,
hept ane, benzene, tol ueye, | ape, et hyl benzene, or
conbi nations thereof. In fgnotjher enbodi ment, the
di l uent conprises anraro I £eO und havi ng from
about 6 to about 30 carlpon ftonE. | n another
enbodi ment, the di | uertNconprises ol efins. In another
embodi nent, the ¥iTuent coﬁErises ha olefins. In
anot her enbodi ment, the dil yent conprYses ol efins
havi ng fron1abou% 4 to about 30 ggyﬁgn atonms. In
anot her enbodi mehit’ —theydi-Muent <onpri ses ol efins
havi ng from about 4 to 13} carbon atons. In
anot her enbodi nent, td Qnprises ol efins
having from about 10 to apout| 30 carbon atons. In
anot her emnbodi nent, the i L conprises olefins
having from about 12 to abagyt 18 carbon atonms. In yet
ot her enbodi nents, the diluent conprises 1-butene,
1- dodecene, 1- tetradecen - hexadecene,
1- oct adecene, or conbi nations thereof. |In another
di nrent, the dilue

bout
CON

100541 5B 1o BB 5 Fismhi b e B VAL B RGOS Pga ligand

~about_ 30 mei%gt percent of the oligonerization reactor
having chemicgh piructyrp
no nore than about 20 wei ght percent of the reactor

Ao prwided tissdin nelhe, metboemmpige nf cwap biederned as a

result ofef édondingtion rwactivat tetweennthe digaeh 1], artdhe notitdl selht I enpnibedsnent, the

no nore than about 10 wei ght percent of the reactor

componditd 68 inetdl @0hSlex AF chemichIOstctufe VIR, 1abdled 8OR| aRL,SWIRYZ, M, and

be enpl oyed when operating oligomnerization
X, are as follows:

wherein Ry, R, , and R; are each independently hydrogen, hydrocarbyl, substituted

hydrocarbyl, or an inert functional group;

R4 and Rs are each independently hydrogen, hydrocarbyl, an inert functional group, or

substituted hydrocarbyl; and

Y is a structural bridge, and W, Y, and Z are independently hydrogen, hydrocarbyl, an

inert functional group, or substituted hydrocarbyl having from about 0 to about 30 carbon atoms.

wherein M and M; are metal atoms that are independently selected from a group

comprising cobalt, iron, chromium, and vanadium;

each X is an anion; and
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reactors. For exanple, vaporized water may be used to
cool an oligonerization reactor. Accordingly, as

W@bkiogosmni zati on tenperature nmay vary w th theP@/ps200$/005437
catal yst enployed, so may the cool ant enpl oyed to coo

n {sﬂ: 2,888 te o that The@BtaPRRRSE: lra;?%gaf e R8N bn ROfs€qul Blthd Sxidation

I's used i n cooling the continuous reactor.
n ot her enbodi nent, the cool ant enpl oyed conpri ses
'“aGOfN%d¥§E%, i sobut ane, isopentane, or combinations
thereof. [0050] Reactor, or ethylene pressure my
i npact the product ol eEXAMBEEShe ol i goreri zation. In
an enbodi ment, the distribution of product olefins in
[0055] t Aheebilbwany exanplesilpthratghd3,vire mockly yépreseniative of aspects of the
pressure. In an enbodi ment, where reactor pressure is
present irfVetidd 86k, 48 GHed&killddOmnmeiaftulalleReeshnile, Mechriesent invention may be
di stribution, the oligonerization catal yst system

. ipgl i 100 | dTRtLH- t
s BpHIGEY P ATBAACIMAF S ATty DAL gy gl 3

st S s BARAIET 8, B PRLAHlt DR RER B OBfF Sl e
east

. catalyst system The feed is oljigonerized in at |
determinegny @ahehivmARSTARACIHRE 2 Sfadad Rathpg aamt GSWQ?ITYS?Q%W and flame

product ol efins that have at |east four carbon atons
ionization detetitari{CAA) r om t he reactor. In an enbodi nent, the
nmet hod of ol igonerization to product ol efins having at
| east four carbon at onEXiAMPLEtlher characterized by a
singl e pass conversion of ethylene of at |east about
[0056] G%e\éﬁhﬁ&lol(flﬁ{ 580 res REQIhikED §étﬂa§éftel§/ ety UEENS)] SEloRScane and 1-
fromthe oligonerization that have twel ve carbon atons

tetradecelg:e(.) nﬂarel lg\?el %% d{h?e%ﬂn 5y lrJntixtlglrSG \a\g\alleslv%gted BEEl EO %ncfj ?P ;?e%ceerﬁ?to simulate

a reactor effluent, excluding unreacted ethylene, with from 90 to 73 percent product composition,
respectively. The amounts of wax in the mixtures were gradually increased such that the total
amount of wax in the mixtures ranged from 10 to 15 percent. The temperatures of the mixtures
were then varied from 35 to 65°C for each mixture, in order to determine when each mixture
would become a clear solution. |

[0057} Using a typical commercial Schulz-Flory chain growth factor of K = 0.7, where

K = (moles Cp2)/(moles Cy),

500g of a mixture containing 135g of diluent (either cyclohexane or 1-tetradecene) and 365g of -
olefins were prepared in a 1L flask fitted with a heating mantle. A stirbar was added to the flask,

which was sealed and then connected to a bubbler via a needle in order to relieve pressure. Due to
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[0052] In enbodi nents of the nmethod conprising a

si ngl e pass conversion of ethylene of at |east about
wG200808Mt percent, and product ol efins havi ngpCTEE2005/005437

carbon atons that conpri se at | east about 95 wei ght

the volatﬂg%// gf Z% 1-do ﬁ%} ngne {hgx% 2\%%% :c%ﬁ%in Pvﬁﬁttﬁé X‘%%/s %f 1-octene for

ge’ a ms ex acti vated

co catal st V\/nere t he rretal conpl ri ses | i gan
prepering S OB SUG (HoL-ESIHTe RRIRP i SRR PG PRSeTce of Joutee T hexene
conbi nati ons thereof. | n another enbodi nent, the
and 1-octerei (gesr@eblzal)i dSimilatial rdedesonst was magd torepresed thh Cal 1912, and Cyy
catalyst. In other enbodi nents, the oligonerization

fractions, 884 Blo¢Gileqs hREuBRYo ceTRYeht e pand Cabirctions Fahamwaxes, Cyons,
ni ckel , vanadi um or conbinations thereof. [0053] The

Caens anc[J teo @/@fe ARRLA ﬁ)a{ Bﬁ:genf(t) Ilﬂééf Pjﬁ% p\?\%er AltOR8E By @E%t éh@ﬂ?ls%( of interest. In

gOI’TETI Z1l ng € a rreta conpl e

tezh 08,58, TS N iSRRGty oo

nmet al corrpl ex having chem cal structure VI may be
dﬂuentww%@we’z%gw&heamﬂﬁ%md havi ng chemical structure as

provi ded herein. The nmetal conplex VImay be formed as
[0058] aThesluet prdpacedcwinnetenshown n sabrion bet WA Ho Werg g heated
Il and a netal salt. In an enbodi nent, the conponents
slowly with ripié stigingl tocdebgméx thé pohenit edlicts eachcsolution Wekqme clear. For the
| abeled as R - R5, W Y, Z, M and Xn are as foll ows:
solution containing 73 percent product olefins and 27 percent Ci4 diluent, the solution became
clear at 55°C (col. 1), and when the diluent concentration was lowered to 10.3 percent (col. 3), the
solution became clear at 60°C. Contrasting these results, the mixture containing cyclohexane (col.
2) did not become clear under any of the temperature conditions studied. The results would
suggest that a mid-range o-olefin fraction, such as 1-tetradecene, may be a better solvent and less
likely to promote reactor plugging than cyclohexane. Also, the high level of product in the effluent
suggests that it may be possible to run an oligomerization of this sort at low temperatures and high
conversions without causing lines to plug.
[0059] To test the limits of reactor composition, further experiments were performed in which
the amount of wax in the reactor was artificially inflated. Columns 4, 5, and 6 in Table 1 illustrate
the respective changes that were made to solutions 1, 2, and 3. In each mixture the amount of

diluent and non-wax olefins was held constant, but the amount of Cyo+ waxes was increased by

about 30 percent. As expected, the cyclohexane mixture 5 was cloudy at all of the temperatures
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wherein R, R2 , and R3 are each independently
hydr ogen, hydrocarbyl, substituted hydrocarbyl, or an

w0 p@sos@3oanct i onal group; R4 and R5 are each  PCT/US2005/005437
i ndependent |y hydrogen, hydrocarbyl, an inert

studied. TERFdVER A 2(?{;%9&8 dfliert :q%ﬁ A)ta&ﬁfgen g@g&@&ﬁ‘ Hﬁﬁé en dg\ﬁnkiﬁlres were

a strudtur are I'n

d hydr o nctiqnal up,,
comple Y0P gt 9678 e B 1SLL. Lyt gnal, o & SIS point was
30 carbon atons wherein M and M2 are netal atons
determinef bty shovelyi midmgethel mmtpeyatues) bett fod slnbonsad gudpthe point of total clarity
conprising cobalt, iron, chrom um and vanadi um each

was dete¥nir®d B8 sn)wmbwemgranla&eédy elevalid tdmp&atutdlat the tot al
nunber of negative charges on X is equal to the

[0060] OXiAlg %tﬂngpmﬁfeﬁieﬁf PhMh QrsoM%on?] ??ﬁ‘ﬁ/gtug% néx% %}g&, il Bhich the amount of

ow ng exanpl es, thro

i ve. of asp t es ventio S
wax in shEFOESE R Wi ool 58 L opghVeEag g orighe s
present_invention_nay be practiced w thout many_of
that the a@ew%f highey spqlaguisy Wi shtaatenal sopidsbe Eﬁggeliawdex\é(ﬁbﬁ%se elevated
.2 and 3 that represent process conponents, and

amountsed e siht solntomfwere atll clear atidRtand 45° G mebppetoeiyct s wer e

determ ned by gas chronmat ography using a standard

boiling point capillary colum and flane

Table 1
Component Mixture
(all in grams)| 1 2 3 4 15 6 | 7 8
C8 166 | 166 | 227 1661661227166 | 227
C12 109 1109 135 109109 135|109 135
Cyclohexane { 0 [135] O 0 1351 0 | O 0
C14 1351 0 50 (135] 0 | 50 |135] 50
C18 39 {39 42 |39 (39|42 |39 42
C20/24 30 | 301 32 {4040 43 |40 | 43
C26/28 9 | 9 |92 |12 12127 12 |12.7
C30 11 | 11 | 11.2 |14.6/14.6] 15 | 22 {224

Total (g) 499 1499 | 506 | 516516525523 532
% Diluent 27 1271 10 | 262610126 9
% Wax 10 | 10 | 10.3 112.9]12.9113.5114.1,14.7

1 2 3 4 | 51617 8

T (°C)
35 a
40 a
45 b

50 b

c,;‘?"‘:‘:_
C
c

55
60
65

oo [

SN OO FOR U PR S P

(o2l Ko xll Ko ull Ko il RV B SR B o)
O[O0 [0 |0 §
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ioni zation detector (GCfFJD). EXAMPLE | [0056] Sever al
a-olefmmxtures were m xed separately with two
walrdosmsiss; cycl ohexane and 1- tetradecene. ThePCEUS1008605437
diluent in each m xture was varied between 10 and 27
perceni={aydldadyat e a reactor effluent, excluding

unr eagi.e Hy with from90 to 73 percent product
t &ﬂgﬁ

corrpo‘ht i ée ctively. The anounts of wax ini|the

mi xt ur i ot al

amount of wax in the m xtures ranged from 10 to 15
percent. The tenperatures of the m xtures were then
varied from 35 to 65C fIlOXAMREE 2 xture, in order to
det ermi ne when each m xture woul d becone a cl ear

[0061] soTwbispecifit Gd¥a7datdlpitngete teytol GRlde SomiEioatiAlous operating conditions.
Schul z-Flory chain growh factor of K= 0.7, where =

Flg 5 1llﬁ§ffé|té§5th Hs(cféﬁ ForEhe tes© 00D Ur s@v%t@éérﬁn&%ﬁ ififo™ 9L reactor

35¢ of uent ei t her cyclo exane or t etradecene
Kol r n IL fla
i Ry LR LSO b e 10 or 00
. t he.fl ask, mhlch was seal ed d then co nected to a
psig. Negj, E‘W’é?eﬁfﬁlae RRORRSSYETE Upsd 19 HB@% gqr RUE $ frounts pf catalyst,

tothe volatility of 1-butene and 1- hexene their
which wagHigarnRiFklos derbomplex wi either seupEs Do T K, 6od spsatabist (TEA) to the
preparing the solutions, such that 1-octenewas used to
reactor. si mul ate the presence of 1- butene, 1-hecene and
l-octene (see Table 1). Simlarly, 1-dodecene was used
to represent the dp, Cil2 d C]4

@C,C,QY

X

C| Cl O O CI Cl \©7/

X
[0062] The catalyst was introduced as an anhydrous methylene chloride solution (0.1mg/ml),

and the co-catalyst was diluted in anhydrous heptane. The reaction was allowed to exotherm to the
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fractions, and 1-octadecene was used to represent the
Cl and Cl1 fractions. For the waxes, C2o0/24, C26/28 C3
wWoRNs/0gt3osen t o represent the wax products madeChyS10n&005437
catal ysts of interest. In addition to these two
run temp@taXird3S50°@, b Hitls Mnibdtittre\@ss RIGRARES bx% af (S:lﬂ*%ycoils in the
5Qg of I'h 5069 o? t e

1-t et radecene dil uent was used

' re. 058 he three prepared m xt.ures, sho i.n
reactor. {1 bl il S5 el o B SRR he ol i) Tt gty rates
~.rapid stirring to determne the point at which each _
shown ing 20@%@6&%1@}%‘&@8. feftopn dpmar®) waingn PEosht aggvlater. The reaction
percent product ol efins and 27 percent Cl4 dil uent,
was periedhenllycdantplesinvib eéba penplinggrorgtnd BE datoln Tihle 2awdrevdenarated via GC
the diluent concentration was |owered to 10.3 percent
analysis. ( Eftries ) » 8tiRBe&0datd colltchaCBoFhean idn 84RGst formed from a ligand
Contrasting these results, the m xture confaining
1o (pel i a < .
having cfElcR SR BE and Wl R Y o erfie B R Be simitr
est.that a. nmd-r efin such

conditon Y00 aieb i i AR RS LRl e i LB Riare X and

: o pronpte reactor plugging .than cycl ohexane. Al so,
FeCl,. ﬁf}?e&}tﬁ grewe ﬂléfpr?fs{?ﬂ QiR ons, anda e preguct PuGHes s from the last
that it nmay be possible to run an oligonerization of
samples takgrs fagorach aeactiony it ap Sredtighest canversiinglevelo nBahsteastion was run for
wi t hout causing lines to plug. [0059] To test the

approxindatel§y 8hoafs 4feRehdfeabHINSI dxoBRimédifd FEC. eTH@EétE'Iﬁ&tp?oductivities in
were perfornmed in which the anount of wax in the

Table 2 dlfrﬁ ﬁ%g lrogvi’%? it(ﬁ{zlhdg%drlgl% gf bbb febAttind R WIRSsun? of gar’gaciysg and co-

catalyst fed to the reactor. The cyclohexane solvent was used as the internal standard for

calculating the catalyst productivities.

Table 2

Entry 1 2 3 4 5 6 7 8 9
Solvent (120g) CeHiz | CeHiz | CeHia | CeHia | CeHin | CeHya | CeHy, | 1-Butene | CgHjs
Catalyst IX IX IX IX IX IX IX IX X
Flowrate (mg/hr) 04 | 04 | 02 | 02 04 | 04 | 0.2 0.2 0.2
Yield (g) of product AOs | 322 | 214 | 459 | 326 | 329 | 343 118 312 374
1b prod/Ib Al 4464 | 2321 | 5200 | 6170 | 3193 | 2997 | 1518 4227 5004
Ib prod/Ib Fe cat (X103) 224 | 116 | 521 | 620 | 321 301 76 424 509
TEA:Fe ratio 1000 | 1000 | 2000 | 2000 | 2000 | 2000 | 1000 2000 2000
K(C20/C18) 0.68 | 0.77 | 0.67 | 0.74 | 0.68 | 0.78 | 0.76 0.69 0.68
K(C16/C14) 0.68 | 0.76 | 0.69 | 0.76 | 0.68 | 0.78 | 0.77 0.69 0.69
K(C10/C8) 0.68 | 0.76 | 0.67 | 0.76 | 0.68 | 0.78 | 0.77 0.69 0.69
P ethylene (psig) 500 | 1000 | 500 | 1000 | 500 | 1000 | 1000 500 500
1-C6 Purity 99.35199.16 | 99.34 1 99.26 | 99.29 | 98.88 1 98.97 | 98.87 [99.34
C6 % branched AO 0.16 | 0.03 | 0.19 | 0.14 | 0.16 | 0.07 | 0.03 0.47 0.17
C6 % Paraffin 024 1029 0.19 | 0.15 | 0.38 | 0.27 | 0.38 0.19 0.21
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the respective changes that were made to solutions 1,

2, and 3. In each mxture the anount of diluent and
woewsnendonl ef i ns was hel d constant, but the anPCHUSD5/005437

C2 + waxes was i ncreased by about 30 percent. As

1-Cg PustigPect ed, TNEogys] ohespoeoR] 38 B8 Fob 1 7063 Bh PHEEs 7 0817 99,05
C8 % brafichtd A0 ST PE[ AT T 9-20] QA Lk2o,d (U6 T 07,1 483 | 029

—deht (CG‘r‘ %) Ad—t+-he—10 per
m xtures were conpletely clear at 40 and 45C,
respectively. For solutions 1 and 3, the "clear" point

[0063] wel exaneinitignEebley?, sboml additingl nservatione mpenatedr eFirduthe product
for solutions 4 and 6, the point of total clarity was

distributidey #rexprestdyy tht Sehylz/Fwe K tgud Rval apprtimkIo\0E72d 0.69 at 500 psig.
tenperature. [0060] As a final increnental Change,

ethylene pPesHirt O r6f18AEN Fre¥ire ddYeRBHE A Uphh L L lhE Do 1000 psig,
f S D8R PRTS

Waxin solutio 4 and 6 was | Nncrease

0
: Ll .o he i tional  wax was.C3,0r higher, sa
the K vafifore e 16 TR0 0P Rl L 5T 2)eh B s B o ey 3 f
oul e aggerated. Wth these el evated anounts o i
Table 2, g, g»tﬁémgf% Whesheeisre FIS: SbpYS 81 afhon incaepsingdhel saoentration of 1-
- respectively. Table la = very cloudy b = slightly
butene ig|thg @gactor=theot -Akkspecualily EUVRLER J0DGticelinat &P peickiic 1-butene
iron catal ysts were tested under sem -conti nuous .
concentraiper aliigng shonditat dresl-odterg: puity rdrtisihg 8Y@SOY hcddk KEMRSH percent 1-
design for the test. 120gof solvent was punped into a

butene add D hbxdn@ae HRMreactor. Fig. § illustrates how the overall paraffin content in the reactor

decreases with increasing conversion and run length.
EXAMPLE 3

[0064] The tests described in entry 8 of Example 2 are furthered described in Example 3. To
examine the impact of ethylene conversion on product olefin quality, product olefin content was
simulated utilizing 1-butene as a diluent, which is also one of the product olefins ‘produced in the
oligomerization reactor, rather than cyclohexane. See entries 3 and 8 of Table 2. Thus, 120g of 1-
butene was introduced into the reactor, followed by catalyst and cocatalyst. Ethylene was fed to
the reactor by demand and the semi-continuous oligomerization experiment was performed at 500
psig of ethylene. In Figs. 9 and 10, conversion, measured as the amount of product olefins formed,
increases as the percentage of butene present decreases. In the single run oligomerization, the
mass of the diluent, 1-butene, decreases from 100 percent due to ethylene oligomerization to

product olefins. Fig. 9 indicates that a high 1-hexene purity was obtained in this run. The lowest
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under inert conditions, and the reactor was then

pressurized with ethylene to either 500 or 1000 psig.
WONOOS/08030gh pressure punps were used to qui ckl BCT/US2005/005437

transfer the first hour's amounts of catalyst, which

1-hexene ‘ﬁ@ﬁt}ﬁ i R85 96 %HSQ E)bx‘é@ntcp?ﬂt i t fdu@ kg tﬂﬁc‘iea%&c[ Q&r;mnecdr%ent 0.7

and co- cata yst e reactor

percent V%T@%E}%rgﬂgefg ga?ﬂlitlgl::gr %nﬁ %l?)jlgﬂle %ogl%%rg)%u °n Fig. 10, 1-

co- cat al yst vvas d| luted in anhydrous hept ane. The

Octene PYHY FEMaHS IS 2 PHREY Whsnduming ha %Ctt%éﬂlﬂnb‘itéﬁﬁp efainFig 9, the
of 50C, and this tenperature was nai ntai ned by

elevated level efrpakaffio ikt llovyg comversson artifibially éawetroithe dlefin patigl yEBigs. 9 and 10,
and co-catal yst punps were allowed to continue running

which wedd cdrﬁposlé@ lﬂlfs da0f RS INOFO0 bdig Fablayhe ﬂ@ﬂ'e& e e@EMNRNT Figs. 6
emand” using a pre-set regulator. Th

e
s 7 AR S G £ o
fl d d
appmacm@ﬁ‘g%’y]lrcﬁﬁt tEnE ﬁ“.@’g%ecaﬁ? 8’f‘§?§‘$m¥ gg 89‘:}53 Z tﬁgnd havi ng

) emni c structure | X and Fed whil e Entr
[0065] M&ﬁs@ BEEeEnt dBY frdien dus (rege rillestiiedapnd: drwr g?fbﬁbomm terms of
enpl oying an iron catalyst fornmed froma |igand havi ng
particular gippariaial andt metbods ef Meards FpEirant thhte having théhbenefit of thehteachings
product distributions and the product purities are
herein, eduivaierthechmbgiessadpingtedicatsemal e efstitutedatdri those sho®m, aihd other
t he hi ghest conversion | evel. Each reaction was run

changes ch®be made within the scope of the present invention as defined by the appended claims.
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approximately 3 hours after the reaction had
exotherned to 50C. The catal yst productivities in
w@aiwses@oar e based on the total ampbunt of prodRECT/US2005/005437
formed and the total anount of catal yst and cocatal yst
fed to the reactor. The cycl ohexane sol vent was used
as the internal standard for cal culating the catal yst
productivities. Table 2[(?12@1 In exam ning Table 2,
sonme additional observati gre noted. First, the
rroduct distribution, as expressed by the Schul z- Fl ory
What1so?@ §¢ BEOURBETIHAREDXi mat el y 0.67 - 0.69 at 500 psig.
et hyl ene pressure, and refl ected pressure dependence.
1. Updmeithmel eomspirising: he pressure to 1000 psig, the K val ue
increased to.0.75 - 0.77 (conpare entries 1 and 2).
Al socontadtiig dnheigdaiesizationesatalyst Systdm dad b €ecd, cobipiSingllefins;
7, and 8 were created. Fig. 6 shows that when

i ncr Sﬁg&ﬂ&hﬁﬂgsa@ RERAM a@feas@ ené’&orilfmueaé A6k ranahe

reacto hexene qua Ity remalns near
at .12

perce fer cent te ncent r at . .

shovvs tﬁq%ratw {l%e {he%e pélj{rﬂ Cog ar s TV er @96%6%?1& et PIISIng
, P fercent 1 but ene and 1- hexene in the reactor.
Pmdufgfﬁeﬁgsh Vipg B 15t O SHPOREOFer al | paraffin content in

the reactor decreases with increasing conversion and

run Waatpith. thexahgareeralion 6utalytie SYséese scefprises bisen i r cobalt, or

entry 8 of Exanple 2 are furthered described in
combineadions theteof;Tamdexam ne the i npact of ethyl ene

conversion on product olefin quality, product olefin

cont §kkrelYaDligomerization to product olefins having at least four carbon atoms

comprises a single pass conversion of ethylene of at least about 40 weight percent. -

2. The method of Claim 1, wherein the single pass conversion of ethylene is at least
about 65 weight percent.
3. The method of Claim 1, wherein product olefins having twelve carbon atoms

comprise at least about 95 weight percent 1-dodecene.

4. The method of Claim 1, wherein the effluent comprises at least about 40 weight

percent product olefins having at least four carbon atoms.
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simulated utilizing 1-butene as a diluent, which is

al so one of the product ol efins produced in the
w@bkdogosmsni zat i on reactor, rather than cycl ohexe@BEUSH#005437

entries 3 and 8 of Table 2. Thus, 12Cgof 1- butene was

5. | nfﬂeogrf%%_ sggﬁayiﬁhhﬁ &/ﬁé}‘éfn?g%d @g&@@%‘#ﬁm &%@ysxgag &a@%g about 80

cocat ene was e reactor
. .and the.seni-continuous oligonerization experinment was
Welg%é’refcgpﬁgﬂeaétl'@fﬁ?eﬁsi g of ethylene. In Figs. 9 and 10,

conversion, neasured as the anount of product ol efins
fornmed, increases as the percentage of butene present
decreases. In the single run oligonerization, the mass

6 B Beod BEkid, PobiaFn SR GHORET slRTPHgeBFl 3t about 20
. Fig. 9 indi high 1-h i
weig iR ADPR LR O - PRRBR oL P BRI po nt.

near 50 mass percent 1-butene, is due to increased
paraffin content (0.7 percent vs 0.2 percent for other
points) resulting froml ow ethyl ene conversion. In

7. FiThe ifdthol- of CClainel, pwireirdiy sarinaligusn@ization 8ataBsL eystenv@®mprises a
running the reaction in 1-butene. As in Fig. 9, the

metaPAIRYI&r@gethian@lidobpaeasal fin at | ow conver sion
artificially lowers the olefin purity. Figs. 9 and 10,

whi ch were conposed using data fromthe 500 psig run,
may be viewed as extensions of Figs. 6 '"and 7,

r ectj.vel yv. .\\e sing 1-bute th ol vent, the .

8. or BOEESG A G Codie rigmeah Sk PG 5tSE shesies comprises
for 1-hexene and exceedi ng 98.2 percent for 1-octene.

one POBSF Liiis acidfea SPBDERLION RIPRY B M05S Lisdidh acids and one or more
illustrated and descri bed above in terns of particul ar

alkylaippgagentss onndr metehalldd abfmime® cdnipausds) ppaoentors hlky] aluminoxanes;
havi ng the benefit of the teachings

methyl aluminoxane (MAQ); modified MAQ; tri-alkyl aluminum; diethylaluminum chloride

(DEAC); or combinations thereof.

9. The method of Claim 1, wherein said oligomerization catalyst system comprises
triethylaluminum (TEA), trimethylaluminum (TMA), tri-isobuty] aluminum (TIBA), tri-butyl

aluminum, or combinations thereof.

10. The method of Claim 1, wherein the oligomerization catalyst system comprises a
metal complex activated by a co-catalyst and wherein said metal complex comprises a ligand

having chemical structure I:
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herei n, equival ent techniques and ingredients may be
substituted for those shown, and other changes can be
wora@s/08430hi n t he scope of the present inventi oPCHES2005/005437
defined by the appended cl ai ns. CLAI M5 What is cl ai ned
as our invention is: 1. A nmethod conprising:
contacting an oIigonerizatioideatalystésysten1and a
feed conprising olefins; oligbaerizin Rsaid feed in at
| east one continuous reactor; d withdrawi ng from
said at |east one conti ctoriNan ef fl uent
conprising product ol efi | east four carbon
tion catal yst system
conprises iron or cobaltf or canbinations thereof; and
wherein ol i goneri zgeionfito produgt ol efins having at
| east four carbon atonmsgonpri ges a single pass
conversion of ethyl ene ofy tast about 40 wei ght
percent. 2. The nethod of in 1, wherein the single
pass conversion of ethyliene is gt | east about 65
wei ght percent. 3. Thei¥et hod of=&F&"m | wherein
product ol efins having twel ve ¢arbon Eiqns conpri se at
| east about 95 wei ght percent Rf- dodeceRe.

wherein R}, R?, and R? are each independently hydrogen, hydrocarbyl, substituted
hydrocarbyl, an inert functional group, or any two of R'-R®, vicinal to one another, taken
together may form a ring;

R* and R® are each independently hydrogen, hydrocarbyl, substituted hydrocarbyl,
or inert functional group; and

RS and R’ may be identical or different, and are independently aryl, substituted
aryl, optionally substituted heterohydrocarbyl moiety, optionally substituted aryl group in
combination with and [J-coordinated to a metal, optionally substituted aromatic hydrocarbon

ring, or optionally substituted polyaromatic hydrocarbon moiety.

11. The method of Claim 1, wherein said oligomerization catalyst system is activated in

the absence of ethylene.
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4. The method of Caiml1, wherein the effl uent

conprises at | east about 40 wei ght percent product
wob@siossohavi ng at | east four carbon atons. 5. REOEUS2005/005437

met hod of Claim1, wherein said product ol efins

PRRTE N LT T —

roduct ol efins conprise at |east about 20 wei ght
Compgérl%ésﬁmnamﬁb ol efins having fromabout 8 to about 20
carbon atons. 7. The method of Caim1l, wherein said
ol i gonerization catal yst system conprises a netal
al kyl or nmetal hydride species. 8. The nethod of Claim
13. 7. THehgE@bA s RinTeton ! fumhds Yon@hisipt fleching R 'R’ SRACHRS said metal

conprises one or nore Lew s acids; a conbination of
ew s acids and one or nore al kyl ati ng
comp%Qnggsyrﬂg%@ JEl)ir nmore al kyl al um num conpounds; one or
nore al kyl al um noxanes; nethyl al um noxane (MAO);
nodi fi ed MAG, tri -al kyl al um num di et hyl aI um num
chl ori de 51 or conbinations thereof. 9. The
14.  nékheomeidp (Qfa¢ m 1, WHesFan 5aidg! tEOBITGBHEL FaztakYﬁfowstem comprises a
cat al yst system conprises triethylal um num ( TEA),
metalt orpidhydtiarktedibyumec-Taudyst and iwhiesi saig mcialuavinplen ¢ORBARS a ligand
tri-butyl alum num or conbinations thereof. 10. The

having®hbgtabéinfohatm: 1, wherein the ol i gonerization
catal yst system conprises a

wherein Ry, Ry, and R; are each independently hydrogen, hydrocarbyl,
substituted hydrocarbyl, or an inert functional group;
R;and Rs are each independently hydrogen, hydrocarbyl, an inert functional

group, or substituted hydrocarbyl; and



netal conplex activated by a co-catal yst and wherein

said netal conplex conprises a |ligand having chem ca
wa@resoswne | wherein RlL, R2, and R3 are each PCT/US2005/005437

i ndependent |y hydrogen, hydrocarbyl, substituted

hyd | } i onal . ‘ .
Rt 3. R pEBE, iod WL 0% Bl ot Sriesp
hydcigs b Bt FREER BUPed RYRRBEATBSIooY! GG Hom sbout Ot

functional group; and R6 and R7 may be identical or
aboutcA ¥ fagharatomand are i ndependently aryl, substituted
aryl, optionally substituted heterohydrocarbyl nviety,
optionally substituted aryl group in conbination with
and -coordinated to a netal, optionally substituted
15. armEBhbhol YA QR AORyHetdi safdl ol%%ﬁe?ﬁ@éi%xy catd %ﬁs%gn? Qomprises a
. 11. The nethod ot

.pol yaromati ¢ hydrocarbon noi et

daim] erein sai | r.ization catal yst system .

metaZoRiplen Bl A ReC AR eAEh R el S R tgana
.of Claim10, further conprising selecting R -R7 such

havingghemicy Wﬁwﬁborrpl ex is symmetrical. 13. The nethod

of Caim 10, further conprising selecting R1-R7 such

that said netal conplex is a§¥nnetrical. 14. The

met hod of Caim1l, -wherein $aid oligonerization

catal yst system comgzi ses a

I

wherein R;-Rs each comprise, independently, hydrogen, optionally substituted
hydrocarbyl, an inert functional group, or any two of R;-R3 vicinal to one another taken
together méy form a ring;

Z,, which is different from Z,, is an aryl or substituted aryl group; and
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netal conplex activated by a co-catal yst and wherein

said netal conplex conprises a |ligand having chem ca
w@resoswne : wherein R, R2 , and R3 are eachPCT/US2005/005437

i ndependent |y hydrogen, hydrocarbyl, substituted

1Y Rt 8, POAAGIUES Ol i BT By

functional gqro stituted dr ocar
moiety, Qk i1, CpHTTA Ybﬁlﬁgﬁgﬁedéna SR S TR A g ordinated to a
conpri se hydrogen, hydrocarbyl, an inert functiona
metalgr oup, or substituted hydrocar byI havi ng from about O
to about 30 carbon atons. 15. The nmethod of Caim 1,
wherein said oligonerization catal yst system conpri ses
a nmetal conplex activated by a co-catal yst and wherein

16. Safyd ABh8k of @mheps SRR %gﬁ a8 aHlQﬁfb@tlﬁ?é&' 29, Sfi‘t%ﬂa% lsubstituted

structure I: 11l wherein R5 each conpri se,

arom%tﬁgl%qgrg th eroleBy %% %hb&ﬁ@eh%ow étIcLﬁe?éjr c\%chg fm01ety, an

rocar ) ner trona or any

Vi Ci . . O her taken to ethe . or . .
optlolaallry gg)s’u%tec{] {M)]l?aglﬁ“ ﬁezera? 16 10T r%‘mgptl? lé{nsxéﬁt&tpte raliphatic
substituted aryl group; andZ2 conprises an aryl,
heterafgeadaraml sapielyyl , optional |y substituted
heterohydrocarbyl

17.  The method of Claim 1, wherein said oligomerization catalyst system comprises a
metal complex activated by a co-catalyst and wherein said metal complex comprises a ligand

having chemical structure IV:
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noi ety, or an optionally substituted aryl group in
conbi nation with and -coordinated to a netal. 16. The
woredohoghsof Cl ai m 15, wherein Z2 is an aryl, subSL/Usub&5437

aryl, optionally substituted aromatic heterocyclic

noi ety, an optionally substituted pol yaromatic

het erocyclic rmi ety, an optionally substituted

al i phati ¢ het l'ic mi et or .a pti.onal

2 UG PeTA cehiFRER EOTHBREr dNrmeBt il [ o girogen, oxveen, or

The nmet hod of CI aim1l, wherein said oI I gomeri zation
sulphogt al yst system conprises a netal conplex activated by

‘a co-catalyst and wherein said netal conplex conprises

a | i ganshyevdingtlgivendadto /&t ructure |V: | Vnherein Al- A6

each conprise, independently, carbon, nitrogen,

Oxy%%*R%lRﬁ lﬂ%%ﬁ 1fﬁ¥es@ﬁYRHeaI@'eB&Ptiﬁdép9@d&ﬁ§ RyRirén, optionally

and, if présent, 3, "are each,

subst 5 enrtrjoggl_I yygfﬁx%{e%gﬁn%tloggfnégnél Iy subst,ltut ed

an 1 ner nal group, any tvvo
O‘ R1- R15, VI cipnal to ne anot taken et h?
f or mPBY FYR gt Rafas: A 113 gpeanet efm%ﬁléﬁiﬁl fﬂget #1oRg. a fige; and
present, are all car bon said atons constit ut e
condltlonally, when Ai-As and A, if present, are all carbon, said atoms constitute

the cyclopentadienyl or aryl part of a [T-coordinated metal.

18.  The method of Claim 1, wherein said oligomerization catalyst system compﬁses a -
metal complex activated by a co-catalyst and wherein said metal complex comprises a ligand

having chemical structure VI:

R4
RN Y Ry
Ry N Ri4
Rg Rio Rq4 Ris
Rg Ri2

VI
wherein R;-Rs and R;-Ry and Ry;-Ris are each, independently, hydrogen,
substituted hydrocarbyl, an inert functional group, or any two of R;-Rs, R7-Ry, and Ri2-Ryg,

vicinal to one another, taken together may form a ring; and
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t he cycl opentadi enyl or aryl part of a -coordinated

metal. 18. The nmethod of Caim1l, wherein said
wW@bkiogosmni zat i on catal yst system conpri ses a nBCEIS2005/005437

conpl ex activated by a co- catalyst and wherein said

s..a,l i gand .
St e B R i R RER i Byen AR i oel PR Gl cpine.
are each, |ndependently, hydr ogen, substituted
hydrocarbyl, an inert functional group, or any two O
R -R3, R7-R9, and R 2-R 4, vicinal to one anot her,
19. t akemdtbgbohé€laimay, Wbeminasaid odjgomeiRBion RiatalysR systemt (RbEprises a
are identical and are selected fromfluorine or

metal E&hﬁfebd“a@twé@d by Beoltefahetaef whbinRald mebe eehples @ofhprises a ligand
ol i gonmerization catalyst system conprises a metal

d by a co-catal yst and wherein said
hawn%§¥g%g§5ﬁ%+g¥?¥gnprlses a ligand having chem ca
structure V: VIl wherein R1I-R5 and R7-Rg and R 2-Ru
are each, independently, hygdtogen, substituted
hydrocarbyl an inert functi®hal group, or any two OFR
i -R3, R7- Rc and R -Ri 4, V|C|nal to one anot her,
taken together may Rs hydrogen,
substituted hydrocarbyl, functi onal group, or

t aken
R4 Rs
R Rys
R N N Ria
R "R R
8 T 10 1 T Rz
Ry Rqz

VI

wherein R;-Rs and Rs-Ro and Riz-Ris are each, independently, hydrogen,
substituted hydrocarbyl, an inert functional group, or any two of Ri-Rs, R7-Ry, and Ri2-Rya,
vicinal to one another, taken together may form a ring;

R¢ is hydrogen, substituted hydrocarbyl, an inert functional group, or taken

together with R; or R4 to form a ring;
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together wwth R7 or R4 to forma ring; RLO i s hydrogen,
substituted hydrocarbyl, an inert functional group, or

wo a008n083oget her with RO or R4 to forma ring;, BOMURDAS/005437
and R1S are, independently, hydrogen or an inert

f uncti ona roup. -.Jhe th of Caiml,.wherein
ot R Pocwdioesh: RS AED o, ot ReidE b, or taken
sel ective 1-hexene (Sl H), catalyst. 21. The nethod of
together ayith Roor Ritorierm adiiggatsl i goneri zati on catal yst system -
conprises chromum 22. The nmethod of Claim1, wherein
sai dRat addeRgtarg melepemienthy,diysragenot en ineonfonetimal grobpop
reactor, tubular reactor, continuous stirred tank
reactor, or conbi nations thereof. 23. The net hod of
Claim1l, wherein said at |east one continuous reactor ‘
C r r€ : | [ , .
20. PO it Rl EAHMMIN Sitdterlzoh blaBR) ot Romprises a
200, 000 t ut 700, 000. 24. The nethod of Caim]1l,
SeleCW‘FeIf'gf”fF@gﬁgﬁg‘?at?lé’gtst one continuous reactor conprises
a tubular reactor and fluid flow in said tubul ar
react or conprises a Reynol ds nunber of from about
~ 300, 000 to about 2,000, 000.25. The nmethod of Claiml,
21. witheemetlaid of Eiaiyp 29, awleer¢inesab ntigetherization aathlyse agstemn comprises
are not turbid.
chromium.

22. The method of Claim 1, wherein said at least one continuous reactor comprises a loop

reactor, tubular reactor, continuous stirred tank reactor, or combinations thereof.

23.  The method of Claim 1, wherein said at least one continuous reactor comprises a loop
reactor and fluid flow in said loop reactor comprises a Reynolds number of from about

200,000 to about 700,000.

24.  The method of Claim 1, wherein said at least one continuous reactor comprises a
tubular reactor and fluid flow in said tubular reactor comprises a Reynolds number of from

about 300,000 to about 2,000,000.

40



26. The nethod of Caim1, wherein the effluent
conprises a diluent and wherein said diluent
w@ovpossing al i phatics, non-aliphatics, aromatPCHEDS2005/005437
saturated conpounds having from4 to 8 carbon atons,
or Lnat i -t he : t im.l
25. o EEE R de0ieh 12 bRkt 8 el s O Koo idiiegptor are mot
aid diluent conprises an aromatic conpound havi ng :
Tom about 6 to about 30 carbon atons, or conbi nations
thereof. 28. The nethod of Claim1l, wherein the '
ef fluent conprises a diluent and wherein said diluent
conpri ses cycl ohexane, benzene, tol uene, xylene,
26. etTyd hethodne, Claim clg midiendh it sfiluest enfiprides 29dilubhand wherein said
met hod of Claim1l, wherein the effluent conprises a ‘
dilueft édHERHisiBNEiPMABES ndn SR Hatfts | 46kt 60 FRHutS&BciSIunlS having from 4
havi ng from about 4 to about 30 carbon atons,” or
[ ' ~~The method of C aiml,
tog%e#%h%’%é%gw L?gg St@g%"p)?i ses a diluent and wherein
said diluent conprises 1-butene, 1-dodecene,
1-tetradecene, 1-hexadecene, 1-octadecene, or
conbi nati ons: t hereof.31. The nethod of daim1,
27. f uFhheethodnglr Claimgl, rrdirgnitie pRYCpr eiuerises [aedilygnt and wherein said
di stribution by nodifying a pressure of the reactor.
diluent comprises an aromatic compound having from about 6 to about 30 carbon atoms, or

turbi

combinations thereof.

28.  The method of Claim 1, wherein the effluent comprises a diluent and wherein said
diluent comprises cyclohexane, benzene, toluene, Xylene, ethylbenzene, or combinations

thereof. '

29. The method of Claim 1, wherein the effluent comprises a diluent and wherein said
diluent comprises olefins having from about 4 to about 30 carbon atoms, or combinations

thereof.

30.  The method of Claim 1, wherein the effluent comprises a diluent and wherein said
diluent comprises 1-butene, 1-dodecene, 1-tetradecene, 1-hexadecene, 1-octadecene, or

combinations thereof.
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32. The nmethod of A aim1, further conprising
injecting said feed and said catal yst systeminto said
WO e@sNg30at nore than one point al ong the | engediI/v82005/005437

said reactor wherein said reactor is a tubular
reactor. 33. The nmethod of Claim 1, further conprising
cooling said reactor wwth a coolant nore vol atile than
water. 34. The nethod of Claim1l, further conprising

31, cddeimeghehpf Clamctdirthet ¢omprissn maripulaHBs @rodushplgfin distribution
cool ant conprises butane, isobutane, isopentane, or

ymdmﬂyhig"mpnem ofthe emftor35. The nethod of Caiml,
wherein said reactor conprises a tenperature of from
about 40 to about 150 degrees Celsius. 36. A nethod
conpri si ng: contacting an ol i goneri zation catal yst

32. e et%ng & é{%ﬁfl tﬂs 'c&% Llﬁ% oy LaeRL Zagﬁgsaid catalyst

eés one. co ctor’:

mnthdr fron1s d at | east. on ont ouL cto
systerg am@fseﬁjr@ﬁ%%ﬁrm?ﬁeihﬂg % BRIALHLOBE B RS AP T8 e trein said

four carbon atons;wherein oligoneri zatl on to product
reactaglied fubslanaeacieg: at | east four carbon atoms conprises a

si ngl e pass -conversion of ethylene of at |east about

65 wei ght percent; and wherein product ol efins having

- twel ve carbon atons conprise at | east about 95

33. The method of Claim 1, further comprising cooling said reactor with a coolant more

volatile than water.

34, The method of Claim 1, further comprising cooling said reactor with a coolant,

wherein said coolant comprises butane, isobutane, isopentane, or combinations thereof.

35. The method of Claim 1, wherein said reactor comprises a temperature of from about

40 to about 150 degrees Celsius.

36. A method comprising:
contacting an oligomerization catalyst system and a feed comprising olefins;
oligomerizing said feed in at least one continuous reactor; and
withdrawing from said at Vleast one continuous reactor an effluent comprising

product olefins having at least four carbon atoms;
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wei ght percent 1-dodecene. 37. The nethod of C ai m 36,

wherein the catal yst system conprises a netal conpl ex
wa@ewsesised by a co-catal yst and wherein sai d neCHUS2005/005437

conplex conprises a ligand having chem cal structure

d | |
t 1
hydr ogen hdi%r rg?ég%ﬁ;?i ORﬁfb L |&t ﬁl{gg hggﬁgcar Eﬁtt %ur carbon atoms

nert .functional grou C|na

compE & sBEf RS e R SERAEC Pl 1?“6”#@?35 R AR

are each i ndependent|y hydrogen, hydrocarbyl,

subsﬁ?‘f}leEFtUéd’ffPﬁ())lGF @k?&flbiaﬁ 5FWPWérqaan%?m§ FEIDEE® g least about 95

andR6 and R7 may be identical or different, and are
weightrbeqeab dlefodegenar yl , substituted aryl, optionally

substituted heterohydrocarbyl noiety, optionally

substituted aryl group in conbination with and

-coordinated to a netal, optionally substituted

. SRR PR 408 06 SRAEORLY SHERY Yt compic
acuv&méz%qc 0 SR8 B8, FELSLG8T, B0 Do i

O ai m 37, further conprising sel ecting R1-R7 such that
STRERIL conpl ex is asymetrical .

wherein R', R?, and R? are each independently hydrogen, hydrocarbyl, substituted
hydrocarbyl, an inert functional group, or any two of R'-R3 vicinal to one another, taken
together may form a ring;

R* and R’ are each independently hydrogen, hydrocarbyl, substituted hydrocarbyl,

or inert functional group; and
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40. The nethod of O aim 36, wherein the catal yst
system conprises a netal conplex activated by a
waeessasmbyst and wherein said nmetal conpl ex coP@I‘/USEQS/m)5437

[ gand havi ng chemical structure Il: Ilwherein R
, andg arBeliadepands Y
subst | t ut e hy oce:zi Qn%rﬂgflﬁ%lnﬂea?l unc(%é%%g ﬁg agﬂpSubsumted

R4 .and,,R5 dr oge
aryl Rl BT gy By Sy BARR SR msiet) qugondly sibskisd,med sroup in
~ hydr.ocar byl ; and Y. is a structural br| d andwW Y, :
comphgtion wideandnldeseprdinateshiors metahyptionally Sﬂ%?@mtﬁdaﬁf@yatlc lydrocarbon

inert functional group, or substituted hydrocar byl
ringhanaptignéliypsnbatimied iyavomiiouliyddeactyrhabieat.ons. 41. The

met hod of Cl aim 36, wherein the catal yst system

conprises a netal conplex activated by a co-catal yst

and wherein said netal conplex conprises a ligand

3g. havig, chgH fhgrﬁ’}’c e ﬁ 8}n8ngfn cﬁng lflRﬂéuc%aﬁlat said metal

conprise, I ndependenfly, gen,
%bstltuted hydrocarbyl an inert functlonal group, or
comy R3 vicinal to one another taken together

may forma ring;

39. The method of Claim 37, further comprising selecting R'-R7 such that said metal

complex is asymmetrical.

40. The method of Claim 36, wherein the catalyst system comprises a metal complex
activated by a co-catalyst and wherein said metal complex comprises a ligand having

chemical structure II:



Z1, which is different fromZ2, is an aryl or

substituted aryl group; and Z2 conprises an aryl,
waamsoswsat ed aryl, optionally substituted PCT/US2005/005437

het er ohydr ocar byl nviety, or an optionally substituted

o AR, ORI B PEREAo L .
s PR B8 BB S0 3 bt i

substituted pol yaromati c heterocyclic noiety, an )
opt i Baand Rs stetnseh indepsndeantlyphedrpgens by &oea Dl e inedi fungtional
or an optionally substituted aliphatic

group) et eutshiidedhpdrbodrbyiparelt y. 43. The et hod of C ai m 36,
wherein the catal yst system conprises a netal conpl ex

act i yajsgCtypal GAdEA LA WBIY A Z\ﬁﬁi@ﬁéﬂ&eﬁ@* EorfiRIhydrogen,
conpl ex conprises a |ligand having chem cal structure
| Vil [ e - Cc | ' J

eyl AIRRE oA GREot BRI RUBRERERRG Bbm about 0t
d'recthy bonded to A; R -R2 R4-R 5, and, if

abmﬁ#Qﬁ%ﬁﬁ al are each, independently, hydrogen

. optionally substituted hydrocarbyl, or an inert
functional group;

41. The method of Claim 36, wherein the catalyst system comprises a metal complex
activated by a co-catalyst and wherein said metal complex comprises a ligand having

chemical structure III:

I
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any two OFRL-R , vicinal to one another, taken

together may forma ring; and conditionally, when
WA\008068@nd A6, if present, are all carbon, saiBCHUSIU85/005437

constitute the cycl opentadi enyl or aryl part of a

-coordi nated netal..44. The .net hod of i m36, wherein .
t he 5?6119331'%&%‘3%%% JB epan‘geé’[ﬂé(r gé( F‘éxoptlonaﬁy substituted
activated by a co-catal yst and wherein said netal
hydraseripil.esn desrp finstional groyarnd dnaviviey of RerRacaicingt fqene @gother taken
VI: VI wherein RoR 5 and R7-Rg and R12-R14 are each,
togethérdapefdeni fiyg; hydrogen, substituted hydrocarbyl, an
inert functional group, or any two O R -R3, R7-Rp,
and 2aR14 ;- Micgd 0 herd
A
i dentj cal and are sel . ro |.uor .ne . |
45, Facmig bl s Baed R Gpi R SaBfisfigk el drocarbyt
. system conprises a netal conplex activated_ b .
moicfh.OF AR APJIONalih SR HYLoyp ﬁ%@%ﬁn%%ﬁﬁlil é\szthc%ﬂsﬂ-@egdlaated toa
| i gand having chem cal structure VII:VII wherein Rl-R
metabnd R7-R and Ri 2-R14 are each, independently,
hydr ogen, substituted hydrocarbyl, an inert functional
group, or any two OOR 1-R3, R7-Rg, and R12-R14,
vicinal to one another, taken together may form a

42. T 1MHs method of Claim 41, wherein Z; is an aryl, substituted aryl, optionally substituted
aromatic heterocyclic moiety, an optionally substituted polyaromatic heterocyclic moiety, an
optionally substituted aliphatic heterocyclic moiety, or an optionally substituted aliphatic

heterohydrocarbyl moiety.
43.  The method of Claim 36, wherein the catalyst system comprises a metal complex

activated by a co-catalyst and wherein said metal complex comprises a ligand having

chemical structure IV:
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R6 i s hydrogen, substituted hydrocarbyl, an inert
functional group, or taken together with R7 or R4 to

wo 0051080301 Nng; Ri o is hydrogen, substituted hydrPOUESWYH/005437
an inert functional group, or taken together with R or
R4 to forma ring; and R11 and R 5 are, independently,
hydrogen or an inert functi dhal group. 46. The nethod
of Claim 36, wherein the efffluent conprises at | east
about 40 wei ght perRent product ol egins having at
| east four carbon atonmg, 47 e hdd of O ai m 36,

wherein said product ol e¥l sOIpri se at | east about
phes. 48, The net hod of
3 efin RtSOrrpri se at

80 wei ght perce i near

G aim 36, wherei aid

| east about 20 wei ght~percent~al p | efi ns havi ng
from about 8 Re about}{ 20 carbon at . 49. Rfge net hod
of Cl ai m 36, erei ni{pai d oligonerijgati on ¢at al yst

Syst &Ry conpri $ mgy al al kyl or mpetal hydride Ry 4
speci es~50 et'hod of Cl aim 49, '

met al al ky hydri de speci es cHapfi 9xSione or
more Lewi a conbi nati on of one b d Lew s

aci ds and- Qe
al kyl gatum ntm
al um nsxanes; ‘

al um noxane (M&d); rmg'
tri-alkyl alu

i num di et hyl al um num chl ori ¢gle

wherein A;-Ag each comprise, independently, carbon, nitrogen, oxygen, or
sulphur;

A1 may be directly bonded to As;

Ri-Riz, Ris-Rys, and, if present, Ry3, are each, independently, hydrogen, optionally
substituted hydrocarbyl, or an inert functional group;

any two of R;-R;s, vicinal to one another, taken together may form a ring; and

conditionally, when A;-As and Ag, if present, are all carbon, said atoms constitute

the cyclopentadienyl or aryl part of a [J-coordinated metal.
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(DEAC); or conbinations thereof. 51. The met hod of
Cl aim 36, wherein said oligonerization catal yst system
w@eoosas@byst conprises triethylal um num ( TEA) , PCT/US2005/005437

trimethylal um num (TMA), Tri-isobutyl Alum num (TIBA),

Tr
44 oticolieipd e, SbefBT ML RAGIRnERE fpria s EREI complex

. ent and V\,herel n _said diluent conprises an aro i

s $5TE PGS Sl R S ent, COUPL S, B0:8 SRS having

or conbi nations thereof.53. The nmethod of O aim 36,
chemigabstaicire Vd: ef f | uent conprises a dil uent and wherein

said diluent conprises cycl ohexane, benzene, tol uene,

xyl ene, ethyl benzene, or coRji nations thereof. 54. The

met hod of O aim 36, whgrein theﬁeffl uent conprises a

di l uent and wherein sal 3corrpri ses ol efins

havi ng from about 4 (o ab 0 Cﬁ{ bon atons, or

conbi nati ons thereoRg * G®R.ef O ai m 36,

wherein the effl uen [ ') and wherein

said di | uent cOAp z"1- but ene, “trdodecéfie,

1-tetradecene, 1- ecene 1-oct lade ene, or

conbi nati ons tRg The Rethotof RGhai m 36,

further conprising ni puci ating proguct olefin

di stribution 9 12

VI
wherein R;-Rs and R7-Ry and Rip-Rjs are each, independently, hydrogen,
substituted hydrocarbyl, an inert functional group, or any two of R;-Ri3, R7-Ry, and Ri5-Ry4,
vicinal to one another, taken together may form a ring; and

Rs, Rig, Ri1, and R;5 are identical and are selected from fluorine or chlorine.

45. The method of Claim 36, wherein the catalyst system comprises a metal complex
activated by a co-catalyst and wherein said metal complex comprises a ligand having

chemical structure VII:
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by nodifying a pressure of the reactor. 57. The net hod

of Caim36, further conprising injecting said feed
W@eehsH%i301 cat al yst systeminto said reactor atP@ODDS2005/005437

than one point along the length of said reactor

wherein said reactor is a tubular reactor. 58. The

met hod of Claim 36, further gonprising cooling said

reactor with a coolant nore Al atile than water.59.

The method of Caim36, further conprising cooling

said reactor with ajsg gsai d cool ant

conpri ses butane, isobut? NS opent ane, or

conbi nati ons thereof. 60.1} hod of G ai m 36,

wherein said reagfor cong fure of from
about 40 to a i P : The met hod
of C ai m 36, ysten1 pri ses a

transition met | 62.11The et hod of HCl ain1.6 wher ei n

said d& st emMonpri ses ironNe 4
conbi nat i f. 63. The nethod o
wher ei n sai allyst system conpri ses 64. The
nmet hod of wherei n said react g {Ses a
| oop r reactor, co ank
react t her eof . 3
Claim 36, wherein said at | east one conti nbous reactor
conprises a Ro 12

VII

wherein R;-Rs and Rs-Rg and Rj-Rjs4 are each, independently, hydrogen,
substituted hydrocarbyl, an inert functional group, or any two of Ry-R3, R7-Ro, and Rj2-Ry4,
vicinal to one another, taken together may form a ring;

(

Rg is hydrogen, substituted hydrocarbyl, an inert functional group, or taken
together with Ry or R4 to form a ring; (

Ry is hydrogen, substituted hydrocarbyl, an inert functional group, or taken
together with Rg or Ry to form a ring; and

Ri; and R;s are, independently, hydrogen or an inert functional group.

46.  The method of Claim 36, wherein the effluent comprises at least about 40 weight

percent product olefins having at least four carbon atoms.
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| oop reactor and fluid flowin said | oop reactor
conprises a Reynol ds nunber of from about 200, 000 to

W@bwansod0n, 000. 66. The net hod of C ai m 36, whePE€I/NSBaH/ 5437
at | east one continuous reactor conprises a tubular

ow, i n. sai. eact or
7. ok rbelB okl 56 e 2 rrolBit Blssts SbBrisn st depst about 50
about 2,000, 000. 67. The method of C aim 36, wherein
weight percenidipear kalkensse contents of said reactor are not
turbid. 68. A nethod of oligonerizing al pha ol efins
conprising contacting a netal conplex having chem cal
structure VIIl with a co-catalyst and a feed
r|s olefins; VIIl wherein and R3 are
4. ¢ aﬁ%%ﬁéé?t@lm/ ﬁyﬂhﬁfﬁﬁhsmﬁﬁ‘?%ér‘)l?%s coumsise rattlesst about 20
hydrocarbyl or an inert functional group; R4 and RS :
weight eeleaﬁtalphadnéﬁmdmmg;ﬁdw dbay &rip abgquir20cartonlatoran i nert
functional group, or substituted hydrocarbyl;Y is a
structural bridge, andW Y, and Z are independently
hydr ogen, hydrocarbyl, an inert functional group, or

49, :S% ulgkikdth&d of Yl‘ijd"lﬂ(:% %eraﬂ\éhﬂgo %E)%Qﬂ%@@dﬂ czgalggto%%% gct)mprises a

carbon atonms; wheérein are net al

metd" ﬁ(})l Qﬂ%@&f‘ﬂ?&tde%péﬁése“ ed f r om a group

50. The method of Claim 49, wherein said metal alkyl or metal hydride species comprises
one or more Lewis acids; a combination of one or more Lewis acids and one or more
alkylating agents; one or more alkyl aluminum compounds; one or more alkyl aluminoxanes;
methyl aluminoxane (MAO); modified MAO; tri-alkyl aluminum; diethylaluminum chloride

(DEAC); or combinations thereof.

51.  The method of Claim 36, wherein said oligomerization catalyst system ee-catalyst
comprises triethylaluminum (TEA), t:rimethylaluminum (TMA), Tri-isobutyl Aluminum

(TIBA), Tri-butyl Aluminum, or combinations thereof.

52. The method of Claim 36, wherein the effluent comprises a diluent and wherein said
diluent comprises an aromatic compound having from about 6 to about 30 carbon atoms, or

combinations thereof.
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conprising cobalt, iron, chrom um and vanadi um each
Xis an anion; and nis 1, 2, or 3, so that the total
woovbes03of negati ve charges on X i s equal to tPET/US2005/005437
oxi dation state OML or M2 . 69. The nethod of Caim
68, further conprising: wthdrawing froma continuous
reactor an effluent conprising at |east about 25
wei ght percent product ol efins having at |east four L.
53. caflizometipdrod Clzion 3GhwherenHbe cElueny eQTRPBISS ardjfuepppnd wherein said
conprising: wthdrawing froma conti nuous reactor an
diluegtf Edripnises CORhesiney tehzdneasdluaiep xiyled®, wkbylifenzene; oermombinations
product ol efins having at |east four carbon atons. 71.
thereafi© nMethod of O aim 68, further conprising:
wi t hdrawi ng froma continuous reactor an effl uent
conprising product olefins having twel ve carbon atons
wherei n said product ol efins having twel ve carbon

atonms conprise at | east about .95 wei ght. percent L.
1. S B e b B ot O e e s S R and wherein sid
conprising: wthdrawi ng product olefins froma L
dilnegbetrprisss lefomchayingviereatpus 4ite abPBHBE cahraratems, or combinations

conprise at | east about 20 wei ght percent al pha
thereof.ef i ns havi ng from about 8 to about

55.  The method of Claim 36, wherein the effluent comprises a diluent and wherein said
diluent comprises 1-butene, 1-dodecene, 1-tetradecene, 1-hexadecene, 1-octadecene, or

combinations thereof.

56. The method of Claim 36, further comprising manipulating product olefin distribution

by modifying a pressure of the reactor.

57.  The method of Claim 36, further comprising injecting said feed and said catalyst
system into said reactor at more than one point along the length of said reactor wherein said

reactor is a tubular reactor.

58.  The method of Claim 36, further comprising cooling said reactor with a coolant more

volatile than water.
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20 carbon atons. 73. The nethod of C aim 68, further
conprising: wthdrawi ng product olefins froma
w@emsiosnsous react or wherein said product ol ef i PGT/US2005/005437
conprise fromabout 20 to about 80 wei ght percent
ol efins having 6 carbon atons and wherein said product
ol efins conprise at |east about 20 wei ght per cent
ol efins having greater than 6 carbon atons, 74.
59. meThednehodofi(Giries 361 firrthse compRBINE GoRne ﬁatdhtﬁaaw W@th a coolant,
froma continuous reactor product ol efins conprising :
wherelredai hsodlan icompaibes bubemb pisotattares isap@rtaion os eombinhtidrisrisereof.
“having six carbon atons conprise at |east about 98
wei ght percent 1-hexene. 75. An al pha ol efin prepared
according to the nethod of claim1. 76. An al pha

60. ol % é?hodpoafr (;elgm?%g %Hérglg shid rtemﬁop&tnm%eg b téﬂi}f’i]érg@u?é of from about

40 to about 150 degrees Celsius.
61. The method of Claim 36, wherein said catalyst system comprises a transition metal.

62. The method of Claim 36, wherein said catalyst system comprises iron or cobalt, or

combinations thereof.
63. The method of Claim 36, wherein said catalyst system comprises nickel.

64. The method of Claim 36, wherein said reactor comprises a loop reactor, tubular

reactor, continuous stirred tank reactor, or combinations thereof.

65.  The method of Claim 36, wherein said at least one continuous reactor comprises a
loop reactor and fluid flow in said loop reactor comprises a Reynolds number of from about

200,000 to about 700,000.
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66.  The method of Claim 36, wherein said at least one continuous reactor comprises a
tubular reactor and fluid flow in said tubular reactor comprises a Reynolds number of from

about 300,000 to about 2,000,000.

67. The method of Claim 36, wherein at steady state the contents of said reactor are not

turbid.

68. A method of oligomerizing alpha olefins comprising contacting a metal complex

having chemical structure VIII with a co-catalyst and a feed comprising olefins:

wherein R, Ry, and R; are each independently hydrogen, hydrocarbyl,
substituted hydrocarbyl, or an inert fanctional group;
R4 and R are each independently hydrogen, hydrocarbyl, an inert functional

group, or substituted hydrocarbyl;
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Yisa structurai bridge, and W, Y, and Z are independently hydrogen,
hydrocarbyl, an inert functional group, or substituted hydrocarbyl having from about 0 to
about 30 carbon atoms; |

wherein M, and M, are metal atoms that are independently selected from a group
comprising cobalt, iron, chromium, and vanadium,;
each X is an anion; and

nis 1, 23 or 3, so that the total number of negative charges on X is equal to the

oxidation state of M; or M.

69.  The method of Claim 68, further comprising:
withdrawing from a continuous reactor an effluent comprising at least about 25

weight percent product olefins having at least four carbon atoms.

70. The method of Claim 68, further comprising:
withdrawing from a continuous reactor an effluent comprising at least about 40

weight percent product olefins having at least four carbon atoms.

71.  The method of Claim 68, further comprising:
withdrawing from a continuous reactor an effluent comprising product olefins
having twelve carbon atoms wherein said product olefins having twelve carbon atoms

comprise at least about 95 weight percent 1-dodecene.
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72.  The method of Claim 68, further comprising:
withdrawing product olefins from a continuous reactor wherein said product
olefins comprise at least about 20 weight percent alpha olefins having from about 8 to about

20 carbon atoms.

73.  The method of Claim 68, further comprising:

Withdrawing product clefins from a continuous reactor wherein said product
oieﬁns comprise from about 20 to about 80 weight percent olefins having 6 carbon atoms and
wherein said product olefins comprise at least about 20 weight percent olefins having greater

than 6 carbon atoms.

74. The method of Claim 68, further comprising:
withdrawing from a continuous reactor product olefins comprising olefins having
six carbon atoms wherein said olefins having six carbon atoms comprise at least about 98

weight percent 1-hexene.

75. An alpha olefin prepared according to the method of claim 1.

76.  An alpha olefin prepared according to the method of claim 36.
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