OLIGOMERIZATION CATALYST SYSTEM
AND PROCESS FOR OLIGOMERIZING OLEFINS

FIELD OF THE INVENTION

{001] This disclosure relates to an oligomerzation catalvst svstem, methods for
preparing the oligomerization catalvst svstem, and methods for using the oligomerization

catalyst system for preparing an oligomerization product.

BACKGROUND OF THE INVENTION

{002] The chromium-catalyzed synthesis of 1-hexene from cthylene constitutes a
conunercially significant process for the selective preparation of this alpha olefin, which
turn 1s usefud for propating a range of polvolefins when deployved as a comonomer with
ethvlene. A widely reported chromiam catalvst system comprises chravmuna{iih
carboxylates (e.g. tris(Z-cthyvlhexanoate) chromium D (Cr(EHY), a pyrrole-containing

compounl, and a metal alkyv for the selective prodiction of Thexene.

{063] Many oligomerization catalvst systems contain a chrominm-contaming
compound, a pyrrole or perrofe-containing compound. at least one metal atkvl, optionally
a sobvent, and optionallv additional components, which can be combined in various ways
and 1o various ratios 1o afford the catalvst systom. Some catalvst svstom preparative
methods appear to rely on the presence of particular sobvent to aid in the activation of the
catalyst components, while other methods may relv on using an excess of a metal alkyl or
other activator. Tvpically, any method of preparing, activating, and usmng a catalvst
system may present challonges with respeet to its pasticular preparation, activation, and

stability, as well as to the activity and selectivity provided by the catalvst svstent,

[004] Therefore, it would be useful to discover and develop new oligomerization
catalyst svsfems, new metheds for preparing the oligomenzation catalvst svstems, and now
methods for using the oligomerization catalyst systems for prepaning an ohgomenzation
product that might provide greater efficioncy and cost effectivencss, In one aspect, now
oligomerization catalyst svstems and methods for preparing the oligomenization catalvst
svstems are needed that might afford greater activity and more efficiency, and possibly

fower the cost or increase the efficiency of using the chronnum-based catalvst system.
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SUMMARY OF THE INVENTION

[005] Among other things, this disclosare provide for new olefin ohigomerization
catalyst systems, new methods for prepanng the oletin oligomerization catalyst svstems,
and new methods for using the olefin oligomernization catalvst svstem for preparing an
oligomerization product. In one aspect. the new ohgomerization catalvst systems
descenbed here and prepared according to the vanious disclosed embodirnents may allow

for achicving good catalvst activity and selectivity,
[006] Accordingly, one aspect of the disclosure provides for a catalyst system, in
which the catatvst systest can comprise:
a) a transiion metal compound;
b & pyrrole compound having mndependentiv-selected €y to Ciy organyl groups at
the 2- and S-positions, wheremn at least one of the organyvl group alpha-carbon
atonss attached to the 2- and S-positions of the pyrrole compound can be a
secomdary carbon atom; and
¢} a metal alkyl.
by another aspect of the disclosure provides for a catalvst system, m which the catalyst
svstem can comprise:
a} a transition metal compound;
b} a pyverole compound baving independentlv-selected C; to Cig organyl groups at
the 2- and S-positions, wherein the organyvi groap alpha~-carbon atoms attached to
the 2- and S-positzons of the pyrrole compoand can be secondary carbon atoms;
and
c} a metal alkyl
In vot another aspect, the catalyst system disclosed herein can comprise;
a} a chromimm compoand;

b} a pyrrole compound having mdepeadentiv-selected €y to Cig organyl groups at
the 2- and S-positions, wherein at least one of the organvl group aipha-carbon
atoms attached to the 2- and S-positions of the pyrrole compound can be a

secondary carbon atom; and
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¢} a metal alksyd
In a farther aspect, the catalvst system disclosed heroin can comprise:
a} a chromium compound;
b} a pyrrole compound having mdepondenthv-selocted Cs 1o Ty hydrocarbyl
groups at the 2~ and S-positions, wherein the hydrocarbyl group alpha-carbon
atoms attached to the 2- and S-positions of the pyrrole compound can be secondary
carbon atoms; and
c} a metal alkyvl,
For example, the 2, 3-dicthvipyvirole {2,5-DEP)-based catalvst svstems can afford cortain
advantages over unsubstitufed pyriole catalyst svstems and son-2 S-disubstitated catalyst
systems. In any number of embodiments, the catalyst system according o this disclosure
can further comprise a halogen-contaiming compound.
[007] A further aspect of this disclosure provides for a method or process for
preparing & catalvst systeny, the method or process comprising contacting:
@) a transition metal compound;
b} a pyrrole compound having indepeadentiv-selocted T o T organsyt groups at
the 2- and S-positions, wherein at least one of the crganyl group alpha-carbos
atoms attached to the 2~ and 3-positions of the pyrrole compound can be a
secondary carbon atom; and
¢} a metal alkyl,
In another aspect of this disclosure provides for a method or process for preparing a
catalyst system, the method or process comprising contacting:
a} a transition metal compound;
by a pyrrole compouad having mdependentiv-selected Gy to Cix organyl groups at
the 2- and S-positions, wherein the organyvi grouap alpha~carbon atoms attached to
the 2- and S-positions of the pyrrole compound can be secondary carbon atoms;

and

¢} a metal alkyl,



In still another aspect, this disclosure provides a method or process for preparing a catalyst

svstem, the method or process comprising contacting:
a} a chromium compound;

b a pyrrole compound having independently-selected € to Cyp organyt groups at
the 2- and S-posittons, whercin at least one of the organy! group alpha-carbon
atoms attached to the 2- and S-positrons of the pyrrale compound can be a

secondary carbon atom: and
c} a metal alkyl

In a further aspect, this disclosure provides a method or process for prepaving a catalyst

system, the method or process compnising contacting:
a) a chromium conpound;

b) a pyrrole compound having mdependentiv-selected C; to Cyg hvdrocarbyl
groups at the 2- and 3-positions, wherein the hvdrocarbyl group alpha~carbon
atoms attached to the 2- and 3-positions of the pyrrole compound can be secondary

carhon atorns; and
e} a motal alksl

In anv munber of embodiments. the method or process for proparing a catalyst system can

further comprise contacting a halogen~contabing compound. In this aspect. contacting

o

can oceur o the presence or absence of a halogen-~containing compound.

£
{008] Other aspects of the method or process for prepanng a catalyst system can
include anv of the following: contacting in the presence of the absence of an unsatorated
hvdrocarbon; contacting in the presence of the absence of 1-hexene: coutacting n the
presence of the absence of a sobvent; or any combination of the prosence or absence of any
of these componeids.

[009]  According to a further aspect and i any embodiment, this disclosare also provides
for as oligomerization process for prepanng an ohgomenzation prodact, i which this
process comprising oligomenzing a feedstock olefin with an oligomernization catalyst

system, the catalyst svstom comprising:

a} a transition metal compound;
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b) a pyrrole compound having mdependenthv-selected C; to Ty organyt groups at
the 2- and S-positions, wherein at least one of the organvl group alpha-carbon
atoms attached to the 2- and S-positions of the pyrrole compound can be a

secondary carbon atom; and
c} a metal alkyvl,

Other catalyst systems which may be vtilized in the oligomenzation process are readily
apparent from this disclosure. As disclosed, 1 one aspect the transition metal compound
can be a chromium compound, and the Cy to Uy organyl groups at the 2- and 3-positions
of the pyrrole compoand can be Cy to Cg hvdrocarbyvl groaps. Accordingly, 1 vet another
aspect and in any embodiment of the present disclosure, there 1s provided an
cligomerization process comprising:

a) contacting a feedstock olofin with the catalyst svstem according o any

embodiment of this disclosure; and

b} oligomerizing the olefin under oligomenzation conditions to form an

oligomerization product.

[0} The pvr

the 2- and 3-posifions, whercin alpha-carbon atoms of at keast one of the 2- and S-orzasyl

¢ compound disclosed herein can have U to Uy organyl groups at

sroups can be a secondary carbon atom: alternatively, the pyrrole compound disclosed
herein can bave €y 1o Uyg organyl groups at the 2- and S-positions, wheretn alpha-carbon
atoms of the 2- and S-organyvl groups may be secondary carbon atoms. In ong aspect, any
€1 to Cyg organyd group can be a hydrocarbyl group and in anothor aspect, any Gy to Cyg
orgamyvl groups can be ag allovl group, As provided besein, the organyt groups at the 2-
and S-positions of the pvrrole compound can contam ert functional groups. Other
substituents at the 3-position, the d-position, or both the 3- and 4-positions of the pyrrole
compound can be prosent or can be absent, and their presence or absence is not required.
Thus, for example, the pyrrofe can be 2, 5-substituted, 2.3 S-substitated, 2.4, 5-substituted,
or 2.3 4. 3-vabstituted. and cach substitaent is selected mdependently. Thus, according to
some aspocts and embodiments, the pyreole compound can be a 2.5-disubstituted pyvrroke,

and in some aspects and embodiments, the pyreole compound can be 2 5-diethyvl pyrrole.

{011} In a furthor aspeet of this disclosure and In any embodinent, there is provided

an oligomerization process comprising combining a feedstock olefin with an



oligomenzation catalyst system to form an oligomernzation product, the oligomerization
catalyst system, comprising any of the ohigomerization catalvst systems disclosed herein,
Thus, m some aspects and 1 some embodiments, the process can be an olefin
trimerization process. In frther aspects and embodiments, the feedstock olefin can be an
alpha olefin; alternatively. the feedstock olefin can be cthyvlene, Moreover, 1y some
aspects and embodiments, the process can be an olefin trimerization process and the
resoalting product can comprise an olefin timer. I yot other aspects and embodiments, the
process can be an ethyvlene tnmerization process and the olizomerization product can

conyprises 1-hexene.

[0812]  Inother aspects of any of the herein mentioned embodiments, the
oligomerization process according to this disclosure can provide greater product
selectivity andfor trimer purtties than a corresponding oligomerization process asing 2.3+
dinsethv pyerole as the pyiroke compound, That is, under the same condigions and using a
catalvst system that differs only in the pyrrofe, the oligomcerization process of this
disclosure can have provide greater product selectivity andfor trimer purities than a
corresponding oigomenzation process using 2, 3-dumethyvi pyrrole. In another aspect, the
oligomerization process acconding to this disclosure also can produce less polvmer than
the corresponding process using an oligomenization catalvst svstent i which the perrole

compond is 2. 5dimethylpverole.

[0013]  These and other aspects and embodiments of the transition metal carboxylate
conpositions and of the synthetic process for their proparation are deseribed more fully

the Detailed Descniption and claims and forther disclosure provided berein.
BRIEF DESCRIPTION OF THE FIGURES

0014} FIG. 1 illustrates a plot of the selective C6 productivities {g Cofg Cryasa
function of temperature (°C), for chromum-based catalyst svstems prepared wsing the
foHowing pyrroles: 2 3-dimethvipyrrole (2,5-DMPY; 2.5-dibenzyvipyrrole {2,5-DBP) 2 4~

dmnethylpyrrole (2. 4-DMP); pyrrole; and 2 5-diethyvipyrrole (2,53-DEP).

LI BY FI1G. 2 provides a comparison of the [-hexene purity (% of total C6 produet}
and C6 sclectivity (% of total oligomerized praduct) for a variety of pyvrrole compounds,
reported at the temperature (CC) of the highest observed prodactivity {g C6/g Cr), asing

the mdicated pyrroles in the catabvst system disclosed heremn,



DETAILED DESCRIPTION OF THE INVENTION
General Description
[0B16]  According to various aspects and embodiments of this disclosure, there s
provided new olefin oligomenization catalvst systems, mothods for their preparation, and
methods for their use for proparing an ofefin oligomerization produsct. In one aspect, the
new oligomernzation catalyst systems described here and prepared according to the vanous
disclosed cmibodiments can allow for achieving good catalvst svstom activity, catalvst
svstem productivity, product selectivity, and/or product purity by selection of the pyrole
compound or component used 1 the catalyst svxtem. In another aspect, the new
oligomerization catalyst systems produce low quantities of polymer.
[T} One aspect of this disclosure provides a catalvst system comprising:
a) a transition metal compound:
b3 a pyerole compound having independentlv-selocted € to CUig organyl groups at
the 2~ and S-posttions, wherein at least one of the organyl group alpha-carbon
atoms attached to the 2~ and 3-positions of the pyrole compound canbe a
sceondary earbon atom; and
¢y ametal alkyl
Asgother aspeet of this disclosure provides a catalvst system comprising:
a} a transiton metal compound;
b} a pyrrole compound having independentiyv-selected C; to Ciy organyl groups at
the 2+ and S-positions, wherein the organvyl group alpha~carbon atoms attached to
the 2- and S-positions of the pyrrole compound can be secondary carbon atoms;
angl
¢} a metal alkyl.
According to a further aspect, this disclosure provides for a process or method of
preparing a catalyst system, the process comprising contacting components a), b), and ©)
rectted as components of the catalvst system. According to vanous embodiments and
aspects, whether catalvst systems or processes. the fransition metal compound of the

catalyst svstem can be a chromusm compound, and the C; to Ty organyi groups at the 2-



and S-positions of the pyrrole compound can be C; to Cyg hvdrocarbyvl groups; or
alternatively, the Gy to Cyy organyd groups at the 2- and S-positions of the pyrrole

cenapound can be Cy to Cig hvdrocarbyl groups.

O8] In vet another aspect and in any embodiment of the present disclosure, there 18
provided an oligomernzation process for preparing an oligomerization product, 1 which
this process comprising ohigomerizing a feedstock olefin with an obgomerization catalyst

system, the catalvst system comprising:
a} a transition metal compound;

by a pyrrole compound having independenthy-selected Cy to Cip organyt groups at
the 2~ and S-positions, wherein at least one of the organvl group alpha-~carbon
atoms attached to the 2- and 3-positions of the pyrrole compound can be a
secondary carbon atom: and

¢} a metal alkyl

Accordingly, m vei another aspect and 1n any embodiment of the preseat disclosure, there
is provided an chigomerization process for preparing an oligomerization product, m which
this process comprising oligomenzing a feedstock ofefin with an oligomenzation catalvst
systers, the catalyer system comprising:

@) a transition metal compound;

b) a pvrrole compound having independenthv-selocted 1o (g organyl groups at
the 2~ and S-positions, wherein the organvl group alpha-carbon atoms attached to
the 2~ and S-positions of the pyrrole compound can be secondary carbon atoms;
and

¢} a metal alkst

In the various embodiments of this aspect of this discloswre, the transition metal
compound of the catalyst svstem can be a chromiwm compound, and the Cy to Cyy organyl
groups at the 2- and S-positions of the pyvirole compound can be ) to Uy hvdrocarbyl
groaps; alternatively, the Gy 1o Cis organyi groups at the 2- and S-posittons of the pyrrole

compound can be Cs to Cyg hvdrocarbyl groups.

[0019]  Varnous patents and references relate to chromium-based olefin

oligomerization svstems, ncloding those that provide 1-hexene, Examples of such patents
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and references mnclade, but are not mited to, US. Patent No. 53,376,612, U8, Patent No.
3,323,507 UK. Patent No. 3343373, LS. Patent No. 5,689,028, U.S. Patent No.
7187612, UK Patent No.6 445,648, US. Patent No. 6,380,431, US. Patent No
7.396.970, ULS, Patent No. 7.384 886, U S, Patent No. 6,133,495 U8, Pateat Application
Publication 2002/0182124, U.S. Patent Apphcation Publication 2004/0236163_ U S,
Patent Application Publication 2005/0197521, European Patent Application 060844741,
U8, Provisional Application No. 617110396 {filed October 31, 20083, U8, Provisional
Application No. 61/110,407 (filed October 31, 2008}, and U.S. Provisional Application
No. 61/110476 (filed October 31, 2008}, All of these patents and patent applications are

hereby meorporated by reforonce in thewr entireties.
Definitions

[0620] To defing more cleardy the terms used herein, the following defimitions are
provided. Unless otherwise indicated, the following defimstions are applicable to this
discloswre. If a torm is used 1 this disclosure but is not specifically defined hevem, the
definition from the TWPAC Compendiam of Chesical Terminology, 2 Ed (1997) can be
applied, as long as that defistion does not contlict with any other disclosure or detinition
applied herein, or render indefinite or non-enabled any clainy to which that definition is
applicd. To the extent that any definition or usage provided by any document incomporated
hergin by reforence contlicts with the definttion or usage provided herein, the definition or

usage provided herem controls.

[0021] Regarding claum transtiional terms or phrases, the transitional {erm
“comprising . which is synonyvmoeus with “icluding,” “containing,” or “characterized by,”

15 melusive or open~caded and doos not exclude addstional, vnrecited elements or method
steps. The transional phrase “consisting of ™ excludes any clement, step, or ingredient not
specified i the claim. The transittonal phrase “consisting essentially of ™ imits the scope
of a clam to the specified matenals or steps and those that do not materially affect the
hasic and novel charactenistic(s) of the claimed fnvention. A “consisting ossentially of”
claim oceupies a middle ground between closed chums that are written in @ “consisting of”
format and fully open claims that are drafled in 3 “compnsing”™ format. Abseat an
wcication to the contrary, when desenibing a compound or composttion “consisting
cssentially of " 1s not to be construed as “comprising,” but 1s infended to describe the

recited component that includes materials which do not sigaificantly alter composition or
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method fo which the ternt is applied. For exanple, a feedstock consisting of & material A
can include wyprities typreally present in a commercially produced or commeraally
availablc sample of the recited compound or composition. When a claim includes
difforent features and/or feature classes (for example, a method step, feedstock features,
andfor product features, among other possibilities), the transitional texms comprising,
consisting essentially of, and consisting of apply only fo feature class to which 1s utihized
and 1t is possible to have difforent transitional tenms or phrases utihized with different
features within a claim. For example a method can comprises several recited steps (and
other non-recited stops) but vtilize a catalvst system preparation consisting of specific or
abternatively consist of specific stops but utilize a catalyst system comprising rectted

components and other non-recited components.

{00221 While compositions and methods are desertbed in terms of “comprising™
various componenis or steps, the compositions and methods can also “consist essentially

o™ or “consist of " the various components or steps.

{0023] The terms “a” “an,” and “the™ are intended, unless specifically indicated
otherwise, fo wwlude phaal aliersatives, e.g., at least one.  For instance, the disclosure of
“a chromium carboxviate™ 1§ meant to encompass one chronuum carboxylate, or mixtures

ar combinations of more than ore metalioceone unless otherwise speciiied.

{0024 in one aspeet, a chemieal “group™ can be defined or deseribed according to
how that group is formally dertved from a reference or “parent”™ compound, for example,
by the number of hvdrogen atoms that are formally removed from the parent compoand 1o
generate the group, even if that group is not lterally synthesized in this manner. These
groups can be utilized as substitvents or coordinated or bonded to metal atoms, By way of
exanmple, an “alkyl group™ formally can be derved by removing one hydrogen atom from
an atkane, while an “alkvlene group™ formally can be derived by removing two hvdrogen
atoms from an alkane. Morcover, a more gencral torm can be used to encompass a variety
of groups that formally are dertved by removing any number (“one or more™) hydrogen
atoms from a parent compound, which i this example can be deseribed as an “alkane
group,” and which encompasses an “alkyl group,” an “alkvlene group,” and matenial have
three or more hvdrogens atoms, as noeded for the situation, removed from and atkane,
Throughount, the disclosure that a substituent, ligand. or other chemical mototy may

constiute a particelar “group” imphies that the well-known ndes of chemical structure and
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bonding are followed when that group is emploved as described. By way of example, if a
subject compound is disclosed in which substituent X can be an “atky! group.” an
“atkviene group.” or an “alkane group,” the normal nides of valence and bonding are
followed. When deseribing a group as bemg “derived by, “denved frosy,” “formed by,”
or “formed from.” such terns are ased fn a formal sense and ave pot intended to reflect any

spectiic synthetic methods or procedure, unless specified otherwise orthe context requires

otherwise.
[0025] Also, unless otherwise specified, any carbon-containing group for which the

number of carbon atoms is pot specified can have, according to proper chemical practice,
2,34, 5,6 78,9 10, P12, 13, 8415, 160 17,18, 19, 20, 21, 22, 23,24, 25,26, 27,
28,26, or 30 carbon atorus, or any range or combination of ranges between these vahies.
For example, enless otherwise specified, any carbon-contaming group can have from { to
30 carhon afoms, from 1 to 25 carbon atoms, from 1 to 20 carbon atoms, from 1 to 13
carbon atoms, from 1 to 10 carbon atoms, or from 1 to 3 carbon atoms, and the like,
Moreover, other identifiers or qualifying terms may be witlized to indicate the presence or
absence of a particular substituent, a particutar regiochemistry and/or stereochemustry, or
the presence of abseace of a branched underlying structure or backbone. Any specific
carbon-containing group is imited according to the chenucal and stractural requirements
for that specific group, as understood by one of ordinary skill. For example, unless
otherwise speaitied, an arvl group can have from 6 to 30 carbon atoms, from 6 o 23
carbon atoms, from 6 to 20 carbon atoms, from 6 to 13 carbon atoms, or from 6 to 0
carbon atoms, and the like. Thus, according to proper chemical practice and unless
otherwise specified, an anvl group can bave, an arvl group can have 6, 7,8, ¢, 10, 11, 12,
13, M, 15,006, 17, 18,19, 20, 21, 22, 23, 24, 23,26, 27, 28, 29, or 30 carbon atoms, or any

mange or combination of ranges between these vahwes,

{0026] The term “substituted” when wsed to describe a group, for example, when
referrmg to a substituted analog of a particular group, s intended to describe any non-
hvdrogen motety that formally replaces a hvdrogen in that group. and is intended fo be
nov-limiting. A group or group may also be reforred to herein as “unsubstituted™ or by
equivalent terms sueh as “non-substituted,” which refors o the oniginal group in which a

non-hyvdrogen motety does not replace 3 hvdroges within that group. “Substiiged™ is
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intended to be non-Hmiting and include inorganic substituents or organic substitucnts as

specified and as anderstood by one of ordmary skill m the art.

0027 A “halide™ has its usual meaning; therefore, examples of halides include

fluonde, chlonde, bromide, and rodide.

[0028] The term “hedrocarbon”™ whenever used i this specification and claims refers
10 a compound contamning only carbon and hydrogen. Other wdentifiers may be vtilized to
indicate the prosence of particular groups m the hydrocarbon {0 g. halogenated
hydrocarbon mdicates that the presence of one or more halogen atoms replacing an
eguivalent nember of hydrogen atoms in the hyvdrocarbon). The tere “hvdrocarbyl group™
15 used herem m accordance with the definition specified by IUPAC: a univalent group
formad by romoving a hyvdrogen atom from a hvdrocarbon (that is, a group containing only
carbon and hydrogen). Similarly, a “hyvdrocarbylene group™ mefors to a group fonmed by
removing two hydrogen atoms from a hvdrocarbon, either two hydrogen atoms from one
carbon atom or one hvdrogen atom from cach of two difforent carbon atoms. Therefore, in
accovdance with the terminology used herein, a “hydrocarbon groap™ refersto a
generatized group formed by resoving one or more bydrogen atons (as necded for the
particular group) from a hydrocarbon. A “hydrocarbyl group,” “hyvdrocarbylene group,”
and “hvdrocarbon group™ can b acvalic or evclic groups, and/or may be lincar or
branched. A “hydrocarbyl group,” “hydrocarbvlene group,” and “hydrocarbon group™ can
mclude rings, ting systems. aromatic rings, and aromatic ring svstoms, which contain only
carbon and hydrogen. “Hydrocarbyvl groups,” “hyvdrocarbylone groups,” and “hydrocarbon
esroups” nclade, by way of example, anvl, arviene, arene groups, alkvl, alkviene, alkane
group, cyeloalkyl, cveloalkvlene, evcloatkane groups, aralkyvl, aralkvlene, and aratkane

aroups, respectively, amonyg other groups as members.

{0629 An “aliphatic group™ is a generalized group formed by removing one or more
hvdrogen atoms {as needed tor the particular group) from carbon atom of an aliphatic
compound. Thus, an aliphatic compound 15 an acvelic or evclic, saturated or unsaturated
carbon compound, excluding aromatic compounds. That is, an aliphatic compounds is a
non-aromatic organic compoand. Aliphatic compounds and therefore aliphatie groups

may contain organic functional groupis) andfor atom(s) other than carbon and hvdrogen.
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{0630} The term “alkane™ whenever ased in this specification and clams refersto a
saturated hyvdrocarbon compoend. Other Wdentifiers may be etilized to indicate the
presence of particidar groups in the alkane (¢ .g. halogenated atkane indicates that the
presence of one or more halogen atoms replacing an equivalent sumber of hvdrogen atonns
w the alkane). The term “alkyt group™ is used herein in accordance with the defimtion
spectfied by IUPAC: g undvalent group formed by removing o hvdrogen atom from an
atkane. Simdarly, ap “alkviene group™ refors to a group formed by romoving two
hvdrogen atoms from an alkane {either two hydrogen stoms from one carbon atont or one
hvdrogen atom from two different carbon atoms}). An “alkane group” is a general ferm
that refors to a group formed by removing one or more hvdrogen atoms (as needed for the
particular group} from as atkane, An “alkvl groap,” “alkvienc sroup,” and “alkase group™
can be acvehic or eyclic groups, andfor may be hinear or branched anless otherwise
spectfied. Primary, sccondary, and tertiary alkyl group are denved by removal of a
hvdrogen atom from a primary, secondary, torfiary carbon atom, respectively, of an
atkane. The s-alkyl group derived by removal of a hvdrogen ator from a termunal carbon
atom of a hincar atkane. The groups RCH, (R » Hy, RyCH (R « H), and R:C (R + Hj are
pomary, secondary, and tortiary alkyvl groups, sespectively. The carbon atom which

attached to the indicated motety are secondary, torttary, and guaterary carbon atom,

respectively.
[0031] The tons “orgasyl group” is used herein in accordance with the definition

specified by ILPAC an organic substituent group, regardless of functional tvpe, having
one free valence at a carbon atom. Stmiarly, an “organyviene group” refers to an organic
group, regasdless of functional tvpe, denved by removing two hvdrogen atoms from an
organic compound, cither two hydrogen atoms from one carbon atom or one hydrogen
atom from each of two different carhon atoms. An “organic group” refers to a genoralized
group formed by removing one or more hyvdrogen atoms from carbon atoms of an orgamic
compound. Thus, an “organvi group,” an “organyiene groap.” and an “organic group” can
contain organic functional group(s) and/or atom(s) other than carbon and hydrogen, that is,
an orgamic group that can comprise functional groups and/or atoms 1o addition to carbon
and hvdrogen. For instance, non-hinuting examples of atoms other than carbon and
hydrogen include halogens, oxvaen, nitrogen, phosphorus, and the like. Nop-limiting

exantples of functional proups include others. aldebydes, ketones. esters, sulfides, amines,
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and phosphines, and so forth. In one aspect, the hydrogen atonys} removed to form the
“organvi group,” Yorganviene group,” or “organic group” may be attached to a carbon
atom belonging to a functional group. for example, an acyl group (<C{O)R). a formyl
group (~C{OMH), a carboxy group (-C{OYOH), a hvdrocarhoxyvearbony! group ((C{OYOR),
a cyano group (~Cs N), a carbamoy! groap (~C{OINHy), a M-bydrocarbyicarbamov! group
{-C{OINHR), or NN dihvdrocarbylearbamoy! group (<CIOINR ), among other
possibilities. In another aspect, the hydrogen atom(s) romoved to form the “organyt
group.” “organvlens group.” or “orzmuic group” may be attached to & carbon atom not
belonging to, and remote from, a functional group, for example, ~-CHCOYCH;, ~CHNR,,
and the like. An “organyl group,” “organviene group,” or “organic group” may be
atiphatic, inclusive of being evelic or acvelic, or mav be aromatic. “Organyl groups,”
“organylene groups,” and “organic groups” also encompass heteroatom-containing rings,
heteroatom~containing ring svstams, hetercaromatic rings, and heteroaromatic ring
svstoms. “Organyl groaps,” “organylene groups,” and “organic groups” may be lnear or
branched wnless otherwise specificd. Finally, it is noted that the “organyl group,”
“organviene group,” or “orgamic group definttions include “hydrocarbyl group,”
“hvdrocarbylene group,” “hyvdrocarbon group,” sespectively, and “alkyi group,” “alkvione

group.” and “alkane group,.” respectively, among others, as members,

[0832]  For the purposes of this application, the term or variations of the torm “organyl
groap consisting of inert functional groups™ refers to an organyl group wherein the organic
functional groups anddor atomy other than carbor and hvdrogen present in the functional
group are restricted to those functional group andfor atoms other than carbon and
hvdrogen which ame non-reactive under the process conditrons defined hevein. Thas, the
ferm or vanation of the term “organy] groups consisting of inert functional groups™ further
defines the particular organy! groups that can be present. Additionally, the term “organy]
group consisting of ment functional groups™ can refer to the presence of one or more inert
functional groups within the erganvi groep. The term or variation of the “organvl group
consisting of mert fenctional group” defingtion inchudes the hydrocarbyl group as a
member,

[0033] For purposes of this application, an “inert fusctional group ™ 15 a growp which
does not substantially interfere with any process described herein in which # takes part

{e.g. interfore with the oligomertzation process). Non-limiting examples of nert
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functional groups which do not substantially interfere with any process deseribed berein
can include a halogens (fluore, chioro, bromo, and iode), organoxy groups {e.g. hvdroxy

aroup or alkoxy group among others), sulfidyl groups, andfor hvdrocarbyl groups,

634 A eveloalkane i< a saturated cvelic hvdrocarbon, with or without side chains,
for example, cvelobutane. Unsatarated ovelic hvdrocarbons having one endoevelie doable
or one tnple bond are called cycloalkeses and oveloalkvoes, mespectively, Those baving
more than one such multiple bond are cycloalkadienes. cveloatkatrnienes, and so forth.
[0035] A “ovelealky group” 1s a wuvalent group derrvad by removing a hydrogen
atom from a ring carbon atom from a cvcloalkane. For example, a 1-methylovelopropyi

group and a 2-methylevelopropyl group are dlustrated as follows.
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Similary, a “eycloalkylene group” refers to a groap denived by removing two hydrogen

atoms from a cvcloatkane, at least one of which is a ring carbon. Thus, a “cvcloalkyvlene
group” mcludes both a group derived from a cyveloalkane in which twe hvdrogen atoms
are formally removed frons the same ring carbon, a group derved from a cvcloatkane in
which two hydrogon atonss are formally removed from two different nog carbons, and a
group denved from a eyvcloalkane i which a first hydrogen atont is formally removed
from a ring carbon and a sccond hydrogen atom is formally removed from a carbon atom
that &3 not a ring carbon. An “evcloalkane group” refers to a gencralized group formwd by
removiag one or more hvdrogen atons (as aveded for the particular group and at least one

of which is a ring carbon} from a cveloatkane,

[0636] The term “alkene™ whenever used in this specification and claims refers to an
olefin that has at least one carbon-carbon double bond. The term “alkene™ ncludes
aliphatic or aromatic, cvelic or acvelic, andéor Hnear and branched alkene unless expressly
stated othenwise. The term “alkene.” by itself, does not indicate the presence or absence of
heteroatoms and/or the presence or absence of other carbon-carbon double bords unless
exphicitly indicated. The teoms “hydrocarhon alkese™ or “alkene hyvdrocarbon™ refer to
olefin compounds containing only hydrogen and carbon. Other identificrs may be wtilized
to ndicate the presence or absence of paricudar groups within an atkene. Alkenes may

also be funther wentificd by the position of the carbon-carbon double bond. Alkenes,
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having meore than one such multiple bond are alkadienes, alkatrienes, and so forth. The

atkene may be further identified by the position of the carbon-carbon doeble bond(s).

[0637] An “glkeavi group” is 3 umivalent group denved from an alkene by removal of
a hydrogen atom from any carbon atom of the alkene  Thus, “atkenvl group™ mcludes
groaps in which the hydrogen atom is formally removed from an sp” hvbridized (olefinic)
carbos atom and groups bt which the hydrogen atom 1s formally removed from any other
carbon atorm, For example and wnless otherwise specified, propea-1-vi ((UH=CHCH,),
propen-2-vi {OH)C=CH:], and propen-3-v1 CCHCH=CHy) groups are all enconipassed
with the term “alkenvl group.” Stmilarly, an “alkenviene groap™ sefers (o a group formed
by formally removing two hyvdrogen atoms from an alkene, either two hvdrogen atoms
from one carbon atom or ose hydrogen atost from two different carbon atoms. An
“atkene group” refers 10 a generalized group formed by removing one or more hvdrogen
atoms {as needed for the particular group) from an atkens. When the bydrogen atom is
renoved from a carbon atore parficipating 18 a carbon-carbon doubic bond, the
regiochemistry of the carbon from which the hydrogen atom 1s removed, and
segiochemistry of the carbon-carbon double bond may both be specified. The terms
“abkenvl group,” “alkenviene group.” and “alkene group” by themselves do not indicate
the presence or absence of heteroatoms andfor the presence or absence of other carbon-~
carbon double bonds unless expliciily indicated. The torms “hydrocarbon alkeny! group,”
“hydrocarbos atkenylene group.” and “hyvdrocarbon atkene group™ refer to oletin groups
containing onlv hvdrogen and carbon. Other identifiers mav be utilized to indicated the
presence or absence of particalar groups within an alkene group. Atkenyvl groups may also
have more than one such multiple bond. The atkene group may also be fither wdentified

by the position of the carbon-carbon double boad(s).

[0038] The term “alkyne™ is used in dus specification and claims to refertoa
compound that has at least one carbon-carbon triple bond. The term “alkyue™ inchsdes
aliphatic or aromatic, cvelic or acycelic, anddor Hincar and branched alkyvnes unless
expressly stated othernwise. The term “alkyne.” by stself. does not indicate the presence or
absence of heteroatoms and/or the presence or absence of other carbon-carbon triple bonds
undess exphcitly indicated, The terms “hydrocarbon altkvae™ or “alkvoe bydrocarbon™
refer o alkyoe compounds containing only hydrogen and carbon. Other identificrs may be

utitized to indicate the presence or absence of particular groups withun an alkvine.
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Alkvnes, having more than one such multiple bond are alkadivoes, alkatrivees, and so
forth. The alkvne group nray also be further identified by the position of the carbon-

carbon triple bond(s).

[639] An “alkyavl group™ 15 a univalent group denved from an alkvie by removal of
ahvdrogen atom from any carbon atom of the alkyne. Thas, “alkvny group™ inclades
groaps i which the hydrogen atont is formally removed from an sp hybridized
{acetvionic) carbon atom and groups m which the bydrogen atom is formally remeved
from any other carbon atom. For example and unless otherwise specified, T-propyn-1-vl
(-C=CCH;:) and propyn-3-yl {(HC=CCH;-) groups are all encompassed with the form
“atkynyl group.” Smmilarly, an “alkvaviene group™ refers to a groap formed by formally
removing two hydrogen stoms from as alkvee, eaber two hydrogen atoms from ane
carbon atom if possible or one hvdrogen atom from two difforent carbon atoms. An
“allovne group” refers to a generalized group formed by removing one or more hydrogen
atoms {as nceded for the particular group) from an alkyne. The tenms “alkveyl group,”
“atkynylene group,” and “alkvoe group” by themselves do not wudicate the presence or
ahsence of heteroatoms andfor the prosence or absence of other carbon-carbon double
bonds unless explicitty mdicated. The terms “hyvdrocarbon atkvavi groep,” “hvdrocarbon
atlkvnyviese group,” and “hydrocarbon alkvae group” refer to oletin groups containing ondy
hvdrogen and carbon. Other identiticrs may be utilized to indicate the presence or absence
of particolar groaps within an alkvoe group. Alkvae groups may have more than one such
multiple bond, Alkyne groups mav also be further identificd by the position of the carbon-

carbon triple bond(s).

[0640] The term “alpha olefin™ as used in this specification and claims refers to an
olefin that has a double bond betwesn the first and second carbon atom of the longest
contiguous cham of carbon atoms. The tenm “alpha olefin™ meludes hinear and branched
atpha olefing undess expressly stated otherwise. In the case of branched alpha olefins, a
branch may be at the 2- position {a vimvlidene) and/or the 3-position or higher with respect
to the olefin double bond. The term “vinyhdene™ whenever used m this specification and
claimg refers to an alpha olefin having a branch at the 2-position with respect to the olefin

double bond. By itself the term “alpha olefin”™ does not indicate the presence or absence

of heteroatoms andfor the prosence or absence of other carbon-carbon double bonds unless
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explicitly indicated. The terms “hydrocarbon alpha olefin”™ or “alpha olefin hvdrocarbon™

sefer to alpha olefin compounds containing only hvdrogen and cavbon.

[0041] The term “hnear alpha olefin™ as used boren refers to a linear oletin having a
double bond between the first and second carbon atom. The term “hinear alpha olefin™ by
waelf does not indicate the presence or absence of heteroatoms andfor the preseace or
absence of other carbon-carbon double bonds, unless exphicitly indicated. The tems
“inear hvdrocarbon alpha ofetia™ or “linear alpha olefin hyvdrocarbon™ refors to liscar

alpha olefin compounds containing only hydrogen and carbon.

[0042] The term “normal alpha olefin™ whenever used in this specification and claims
refers to a linear hydrocarbon mono-olefin having a double bond between the first and
second carbon atom. It is noted that “normal alpha olefin™ iz not synonymous with lincar
alpha olefin™ as the ferm “lincar alpha olefin® can inclade lncar clefinic compounds
having a double bond between the first and second carbon atoms and having heteroatoms

and/or additional double bonds.

[0043] An “aromatic group” refors to a gencralized group formed by romoving one or
more hyvdrogen atoms {as needed for the particular group and at least one of which 1s an
asomatic ring carbon atom) from an aromatic compound. Thus, an “aromatic group™ as
used herein refers 1o a group derived by removiag one or more hvdrogen atoms from an
arcmatic commpowd, that is. a compound comtatning a cvehically conjugated hydrocarbon
that follows the Hackel {(dn+2) rule and contaiming (4n+2) pi-clectrons, where n is an
integer from | to about 3. Aromatic compounds mad hence “aromatic groups™ may be
monocvelic or polvevclic unless otherwise specified. Aromatic compounds nclude
“arenes” {(hyvdrocarbon aromatie compounds) and “heteroarenes.” also termed “hetarenes™
{beteroaromatic compounds formally derived from arenes by replacement of one or more
methine {-C=) carbon atoms by trivalent or divalent heteroatoms, in such a way as to
maintam the contmuous pi-clectron svstem characteristic of aromatic svstems and a
numbier of out-of-plane pi-electrons corresponding to the Hickel rule (4o + 2). While
arene compounds and heteroarene compounds are matually exclusive members of the
group of aromatic compounds, a compound that has both an arent group and a heteroarcne
group that compound generally is considered a heteroasene compound. Aromatic
compounds, arenes, and heteroarencs may be mono- or polvovelic unless otherwise

spectficd. Examples of arenes include, bat are not himited to, benzene, naphthalene, and
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toluene, among others. Examples of heteroarenes include, but are not hinuted to furan,
pyndine, and methylpyridine, among others. As disclosed herein, the term “substituted™
may be used to describe an aromatic group wherein any non-hyvdrogen moiety formally

replaces a bydrogen i that group, and s intended 1o be non-limiting.

{0044] An “arvl group™ is a group derved from the formal removal of a hydrogen
atom from an aromatic hydrocarbon ring carbon atom from an arene compound. One

example of an “arvl group™ is erthe-tolvl {o-tolyl), the structure of which 1s shown here,
CHs

;55

Similarly, an “arviene group” refess to a group formed by removing two hivdrogen atoms
{at least ouc of whuch is from an aromatic hyvdrocarbon ring carbon) fromm an arene. An
“arene group” refers fo a generalized group formed by removing one or more hydrogen
atoms {as needed for the particular group and at least one of which is an aromatic
hvdrocarbon ring carbon) from an arene. Howover, 1f a group coutams separate and
distinet areng and hetercarene nngs or ymg svsioms (o.g. the phenyl and benzofuran
moteties i 7-phenvibenzofivan} its classification depends upon the particelar ring or ning
system from which the hvdrogen atom was removed, that is, an arene group i the removed
bydrogen canw from the aromatic hyvdrocarbon ring or ring system carbon atom {e.g. the 2
carbon atom i the phenyvl group of 6-phenvibenzofuran and a heteroavene group wihe
removed hydrogen carbow came frony a heteroaromatic ring or ving svstem carbon atom

{o.g. the 2 or 7 carbon atom of the benzoturan group or 6-phenylbenzofinan).

[45] An “aralkyl group™ is an arvl-substituted alkyl group having & free valance at a
now-aromatic carbon atom, for exanple, a benzvl group s an “aralkel™ group. Similarly,
an “aralkyleng group™ is an arvl-sebstituted alkvlene group having two free valances ata
single non-aromatic carbon atom or a free valence at two non-aromatic carbon atoms
while a “aralkance group™ is a generalized is an arvl-substiteted alkane group baving one or
more free valavces at a non-aromatic carbon atom{s). A “heteroaratkyl group™ s a
heteroarvi-substituted alkyl group having a free valence at a non-heteroaromatic nng or
ring system carbon atom. Similarly & “heteroaralkyvlene group™ 1s a heteroarvl-sabstituted
atkvlene group having a two free valances at a single non-heterogromatic ning or ring

svstere carbon atom or g froe valence at two pon-heteroaromatic nng ot ring svstem
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carbon atoms while a “heteroaralkane group™ is a generalized arvi-substituted altkane
group having owe or more free valances at a non-heteroaromatic Ang or ring systern

carbon atom{s).

[046] I a compound or group contains move than one molety it s formally a member of
the group having the highest naming priosity as stipulated by TUPAC. For example 4-
phenvipyading is a heteroaromatic compound and a 4-{phen-2-vieaclpyadin-2-vl group isa
heteroaromatic group because the highest naming groups v the pyndine group and the

pyridin-2-v1 group respectively.

[0047] An “organcabenimm compound,” 15 used to desertbe any compound that
contains an aluminuni-carbon bond. Thus, organoalumimum compounds mclude
hyvdrocarbyi shaminum compounds sach as malkyvl-, dialkyl-, or monoalkvialumingm
compounnds; hydrocarbyl alomoxane compoands, and shmminate compounds which contain

an alumium-organvl bond such as tetrakis{p-tolvhaluminate salts.

[0i348] The term “reactor effluent.” and it denivatives {e.g. oligomerization reactor
efffucnty generatly sefors to all the matenial which oxits the reactor. The torm “reactor
effluent.” and s dertvatives. may also be prefaced with other descrniptors that limit the
portion of the reactor effluent being reforenced. For example, while the term “reactor
effluent” would refer to all matenal exiting the reactor {¢.g. product and solvent or diduent,
among others), the torm “olefin reactor efffuent”™ refers to the effluent of the reactor which

contains an olefin {i.c. carbon-carbon} double bond.

[0049] The tersy “oligomenzation.” andd its dertvatives. refers to processes which
produce a mixture of products contatming at feast 70 weight percent products contaming
from 2 to 30 monomer units. Simifardy, an “ohigomer™ 18 a product that contains from 2 o
30 monomer units while an “oligomerization prodact” includes all product made by the
“oligomenzation” process including the “oligomers™ and produscts which are not
“oligomers™ (e g. product which contain more than 30 monomer units. It should be noted

that the monomer usits i the “oligomer™ or “oligomerization product”™ do not have to be

ax

the same. For example, an “oligomer™ or “cligomerization product’” of an
“oligomenization” process using othyvleae and propylese as monomers may contam both

athviene and/or propylene units,
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{0650 The torm “trimerization,” and it derivatives, refers (o a process which produce
a mixture of products containing af least 70 weight percent products containing three and
only three monomer units. A “trimer 18 a product which contans three and ondy three
monomer units while a “trimenzation product” mehudes all products made by the
trimerization process inchuding tnimer and product which are not frimer {o.g. dimors or
fetramers). Generally, an olefin trimerization reduces mumber of olefinic bonds. Lo,
carbon-carbon dauble bonds, by two when considering the sumber of olefin bonds n the
monmaer goits and the muomber of olefin bonds in the trinwer. Tt should be noted that the
monamer units i the “trimer” or “tmenzation product” do not have be the same. For
example, a “trimer” of a “inmenization” process using othyvlene and butene as monomers
may contain ethyviene and/or butene mononter units. That is to say the “trimer”™ will
wclade Cp, Cy. G, and T products. In another example. a “trimer” of a “trimerization”
process using ethvlene as the monomer may contain ethyvlense monomer units. It should
also be noted that a single molecule may contain two monomer units. For example, dienes

such as 1, 3-butacdione and 1 4-pentadiene have two monomer units withia one molecule,
Oligomerization Catalvst System

[0051] The oligomerization catalyst system munimally comprises a transition metal
compoand, a 2 3-disubstituted pyreole compound, and a metal alkel. Iy one aspect, the
pyrrole compound can bave independently-selocted Cy to Cys organyt groups at the 2- and
S-positions, wherein at least one of the organyl group alpha-carbon atoms attached to the
2~ and S-positions of the pyrrole compound can be a secondary carbon atom; altiematively,
mdependenthv-selected Cy to Uiy organyl groups at the 2~ and S-positions, wherein the
organyl group alpha~carbon atoms attached to the 2- and S-posttions of the pyrrole
coennpound can be sceondary carbos atoms. Optionally, the oligomerization catalbvst
systemn may farther compnise a halogen-containing compound. The transition metal
compound, pyvrrole compound, metal alkyl, and optional halogen comtaining compound are
independent clements of the oligomerization catalyst system. These clements of the
oligomerization catalvst svster are independently deseribed berein and idependently
selected, and these elements may be atthzed in any combination o describe the

oligomenization catalvst syatem,

[52] Transition Metal Compound. Generally, the transition metal compound for the

cligomerization catalyst svstem can comprisc a group 3,6, 7,8, 9, 10, or 11 transition
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metal. b some embodiments, the transition metal conmpound comprises chronuum, nickel,
cobalt, ron, melvbdenws, or copper. For example, in some embodiments, the transition

metal compound cosprises chromunm.

[653] In some aspects, the transition metal compound for the oligomenization catalyst
systern may be an inorganic transition metal compound. In other aspects, the transition
metal compound may contan ligands formaltly derived from an organie compound or
motety (¢.g. a carboxvlate, atkoxide, or beta-dionate, among others). In an embodiment,
suitable inorgame transition metal compoands include, but are not Tumited to, a transition
metal halide, a transition metal sulfate, a transitton metal sulfite, a ransition metal
bisuifate, a transition metal oxade, a transiion metal nitrate, a transition metal nitvite. &
transion metal bydrmade, a transition metal chlorate, or any contdynations thereof,
alternatively, transition metal halide, a transition metal sulfate, @ transition metal oxide, or
a transifion metal mwinate. In an cobodiment, the teansttion metal halide may be a
transition metal chloride, a transition matat bronude, or a transition metal todide. o an
embodiment, the transition metal compound may be a transttion metal atkoxide, a
transition metal arvioside, @ transition metal carboxylate, a transition metat beta-dionate
{such as an acetvlacetonate), a transition mietal amide compound: alternatively, a transition
metal alkoxide or transifion metal arviosade; alematively, a transition metal carboxvlate, a
transition metal beta-dionate; or altematively, a transition metal amide. Furher, in another
aspect, suttable transition metal compounds can contain combinations of these recited
figands. in some embodinents the transition metal compound comprises a transition metal

carboxyviate.

[0054] Alternatively and o any aspect and ermbodinent, suilable transttion metal
connpounds can be a ransition metal balde; alternatively., a transition metal sulfate;
abternatively, a transition metal sulfite; alternatvely, & ransition metal bisulfate;
alternatively, & transition wetal oxide; alternatively, a transition metal nitvate;
aliematively, a transition metal siirde; alternatively, a transition metat lwdroxide:;
alematively, a transition metal alkoxide: alternatively, a trnsition metal anvloxide;
alternatively, a trangition metal carboxylate: alternatively, a transition metal beta-diovate;
alternatively, a teanstiton metal chlorate; or alternatively. a transttion metal amude. s an
cmbodinient, the transtiion metal halide mav be a transition metal chlonde; altomatively, a

transition metal bromide; or altermatively, a transibon metal todide.
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[0655] According to a further aspect of this disclosure and in any embodiment, cach
transition metal hydrocarboxy groap {alkoxy or arvioxy), carboxylate group, beta-dionate
group, or anude growp may be a € to Cu. a Gy to Co, or a Us to Uy hvdrocarboxy group
{alkoxy or arvioxy), carboxylate group. beta-dionate group. or amide group. In an
embodiment, cach carboxylate group of the transition metal compound may be a €y to Uy
carboxylate group; aliematively, s Cato Css carboxyiate group; or aliematively, a Cs to
Cyz carboxviate group. In some embodiments, cach alkoxy group of the transition metal
compound may be a Uy to Uy alkoxy group; altematively, a Cy to Cio alkoxy group; or
altematively, a Cs to Cyz alkoxy group. In other embodiments. cach arvloxy group of the
transition metal compownd may be a Cs to Coy alkoxy group: alternatively. a Gato Ce
atkoxy group, or altematively, a Cyto Cyp alkoxy group. I vet other enbodiments, cach
beta~-dionate group of the transition metal compound may be a s to ¢ beta~donate
group; altematively, a Cs to Cys beta-dionate group: or alternatively. a Csto Gy beta-
dionate group. In further embodiments, amide group of the transition metal compound
may be a € to Gy amide group; altematively, a s to Cs amide group; or altenatively, a

Cy to Cpp anude group.

[0056] According to a further aspeet of this discloswre and i any embodiment, the
transition metal compound can have an oxidation state of &, LI T TV V. or VI {also
written as 0, +1 {or 1) +2 {or 2), +3 {or 3}, +4 {or 4), +3 {or 5). or +6 {or 6), respectively,
In another aspeet and in other embodinients, the transition metal compowmd can bave an
oxudation state of I or HI: or alternatively, the transition metal compound can bave an
oxudation state of . Further to this aspect and in any embodiment, the transition metal
compound can have an oxidation state of O; altersatively, 1) alternatively, I altemmatively,

Hi: alternatively, IV altermatrvely, V. or altematively, V96

0857 In still a further aspect of s disclosure, the transivon metal compound for the
oligomerization catalyst system can be a chromium compoand. In thas aspect, the
chromusm compound can have a chromiurn oxidation state of O to 6. In some
cmbodiments, the chromium compounnd can may have an oxidation state of 2 or 3 (that is,
a chrosum (1) or chromium(I} compound). o other embodinonts, the chropnam
compound can have an oxidation state of 3 (1.e. a chromuum{HI} compound). For
example, chromium{H) compounds which may be ased as the transition metal componnd

for the oligomenization catalvst system can include, but are not Timited to, chromium(H}
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mitrate, chrominm(il) sulfate, chronuum{ly foonde, chromium(lly cldonde, chromium{i)
bromide, or chromium{ll) wodide. Also by way of example, the chromium{Iih compounds
which mav be used as the transition metal compound for the oligomerization catalyst
svstem can include, but are not lontted to, chyomivey( U mitrate, chromium(l) solfate,
chromiam{1H) Suoride, chromiam(iD chloride, chronnum(H) bromide, or chromban{IiD
wodide. Altermatively, the chrominm compoungds that can be used as the transition metal
compound for the oligomertzation catalvst svstom can include, but are not fonited to,
chromuwn (I nurate; alteroatively, chromium{il} sulfate; alternatively, chromum(il)
fluoride; altematively, chromium{Il) chlonde; altematively, chrommum(il) bromide;
abtersatively, chromaesn(ll} iedide; altornatively, chromiam{HD nitrate; abtormatively,
chrominm(1l) sutfate; altemativelv, chromuym(il) fleonde; altematively, chromuum(ill)
chioride: alternatively, chromiam{I} bromide; altematively, chromium{HI} iodide; or

altemnatively, any combination of any of these compounds.

[0058] n vet an additional aspeet of this disclosure and in any embodiment, the
transition metal compound for the ohigomerization catalyst system can be a chromium(i)
atkoxide, a chromum{ll} carboxylate, a chromiwn{Il} beta~-dionate, a chromium (115
atkoxide, a chromum{li} carboxyviate, or a chromunmd 1T} beta~dionate; alternatively, a
chromium({1l) altkoxade or a chromium (11} alkoxide; alternatively, 8 chromam{ih
carboxviate or a chromium(I} carboxviate; alternatively, a chromivn(lh) beta-dionate or
a chromiym{lll} beta-dionate; alternatively, g chromium{ll} alkoxide; aliernatively, a
chroreusm{ll} carboxyiate; alternatively, a chuominm{ll) beta-dionate; alternatively, a
chrosmom (1D alkoside; altermatively, a chronmum(H) carboxylater or alternatively, a
chrogam{IiD beta~dionate . In an embodiment, sach carboxyvlate group of the chromiim
connpowrd may be a Cy to Gy carboxyvlate group; aliernatively. a Cy to Cro carboxylate
group; or aiematively, a Cs to Cy; carboxviate group. In somie embodiments, each alkoxy
group of the chromimm compound may be a € to Cyy alkoxy group; altematively, a Gy to
Cro alkooy groap, or altematively, a Gs to Cyp alkoxy group. In otbor cmbodiments, cach
arvioxy group of the chromiam compound may be a Cs to Corarvlony group; altematively,
a Cs to Cro arvioxy group: or altermatively, a G to Cp anvlosy group. In vet other
embodiments, cach beta~dionate group of the chromium compound may be g Cs 1o Cxy
beta-chonate group; alteratively, a Cs to Cye beta-dienate group; or alferatively, a Us 1o

Cyy beta~dionate growp. I fisther embodiments, anude group of the cluvomine camnpmmd
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may be a € to Coy amide group; altematively, a €5 to Cys amide group: or altematively, a

Cy to Ty amide group.

[00391  The chromium carboxyviates are particulardy useful transttion metal compounds
for the oligomerization catalvst svstem. Thas, i one aspect, the catalyst system and
process according to this disclosure provides for the use of chronnum carboxviate
compositions, including but are not bowted o, chronium carboxyviate compositions in
which the carboxylate is a C; to Coy monocarboxviate. The most widely coploved
chromium carboxyvlate composition catalysts ave those of chronuum (I, for example,
chromam (B compositions comprising 2-ethvibexanoate are effective catabyvst system

components for selective 1-hexene svathesis.

{060} In one aspeet, this disclosure provides chromiom carboxyvlate composition in
which the carboxylate groap is a Uy to Gy monocarboxviate. I an embodiment, the
carboxvilate group may be an acetate, a propionate, a butyrate, a pentanoate, a hexanoate. a
heptanoate, an octanoate, 8 nonanoate, a decancate, an undecanoate, a dodecanoate, a
tridecanoate. a tetradecanoate, a pentadecanoate, a hexadecanoate, a heptadecanoate, or an
octadecanoats; or altematively, a pentancate, a hexaneate, 3 heptasoate, a octanoafs, a
nonanoate, a decanoate, a undecanoate, or a dodecanoate. In some embodiments, the
carboxylate group may be acotate, propionate, n-butyrate, valerate (n-pentanoate}. neo-
pontanoate, capronate {n-hexanoate), n-heptanoate, caprylate {n-octanoate), 2-
ethyibexanoate, n-nonanoate, caprate {(n-decanoate), n-undecanoate, lavrate (n-
dodocanoate), or stearate (n-octadecannate); altematively, valerate (n-pentanoate}, neo-
pentanoate, capronate (n-hexanoate), n-heptancate, caprylate (n-octanoate), 2-
cthvihexanoate, n-nonanoate, caprate (n-decancate}, n-undecancate, or laurate {a-
dodecanoate); altematively, capronate (n-hexancate); altematively, n-heptanoate;

alternatively, caprylate (n-octanoatey; or alternatively, 2-ethvihexanoate,

f061] in an aspect and in any embodiment, the transition metal compound for the
chigomernzation catalyst svstem may be a chromusm(ll) carboxviate: or alternatively, a
chromiam(1i) carboxvlate. Exemplary chrosunam(ll) carboxvlates may include, but are
not limited to, chrominm{Il} acetate, chronuam(ll) propionate, chrosmam(ilh) butyrate,
chromium(il) neopentanoate, chromium(Il) oxalate, chromium(il) octanoate.
chromum(1l) (2-cthvihexancate), chronuum(Il) laurate, or ehronuumi(ll) stearate.

Exemplary chropuem(1il) carboxyiates may mehade, but are not limited to, chrominm{I}
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acetate, chromundH} proponate, chromium{) butvrate, chromium{Il) neopetanoate,
chronmam(1H) oxalate, chromiam(H} octanoate, chromum(il) 2-ethvibexanosate,
chropvum{iif) 2,26 6 -tetramcthytheptanedionate, chromium(lil) naphthenate,
chromizvm{1#1) lawrate, or chromium{l}) stearate. v a further aspect and i any mumber of
embodiments. the transition metal compound for the oligomenzation catalyst system may
be, bt are not mited to: chromumI) acetate; alternatively, chrominm{ll} propronate;
altenatively, chromiun{li) butyrat: alternatively, chromium{H} neopentanoat;
alternatively, chromino(ll) oxalate alternatively, chromiurn{(Il} octanvate ] alteratively,
chromium(Il} (2-ethyvibexanoate); altematively, chronuum{11) laurate alternatively,
chromiom(l}) stearate; alicmatively, chromaun{lil) acctate; alternatively, chromam (11}
propionate; alternatively, cluonuem (i) botvrate; altematively, chromium{Ii)
neopentanoate, alternatively, chrontoem (I oxalate; alternatively, chromium(IH)
octancate; alternatively, chrominm (D 2~cthyvihexanoate; alternatvely. chronmum{il
2.2.6.6 -tetramcethyviheptanedionate; alternatively, chromium{H1} naphthenate;
alternatively, clvominou(1il) lawate or aliemativelv. chromium{IIl} stearate, In some
embodiments, the transition metal compound for the oligomernization catalyst system can
be chromiam{ll) 2-cthvlhexancate or chromm{iH) 2-cthvibexanote; or alomatively

chromium(il) 2-cthythexanoate.

[0062] Pyrrole Compound. Generally, the pyrrole compound (also called the

“pyrreie”™) of the oligomenzation catalyst systent can comprise or can consist essentially
of, a pyrrofe compound having a €y to Ciy group attached to the 2- and S-positions of the
pyrrole. Unless otherwise specified, the pyrrole compound having a €y to Gy group
attached to the 2- and S-posttions, may have groups aitached at the 1, 3, andfor 4 positions.
In an ecmbodiment, the pyrrole compound of the oligomerization catabvst system can be a
2 A-disubstitited pyrrole compound, that is, the pyvirole compound has substituents only at
the 2- and S-positions. Regardioss of whether or not the pyrrole compound has
substituents prosont at the 1, 3, andfor 4 positions, the groups attached o the 2- and 3-
positions of the pyerole compound may be the same or different. For example, 2-cthyl-3-
methyl pyrrole and 2-ethyl-3-propyd pyvrroke are among the suttable 2 5~-disubstituted
pyrroles for use i the catalvst systermn and methods of this disclosare. In other aspects and
embodiments, the groups attached to the 2~ and 3-positions of the pyrrole compound may

be the same.
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[0863} The Ty to Ci3 groups attached to the 2- and S-positions of the pyrrole rng may
be Cito Cyg organvi groups in which the organsyt groups may be € to Cig organyl groups
comtaining incrt functional groups, C; to €y hyvdrocarbyl groups; or altemnatively Cyto Cip
afkyl groups. Alternatively, the groups attached fo the 2- and S-positions of the pyrrole
ring may be € to Cyp organyl groups, €y to Cyp organyt groups contaiming inert functional
groups, €y to Cp hvdrocarbyt groups: or altemativelv, Oy to Tz alkvl groups.
Alteratively, the groups attached to the 2- and S-positions of the pyrrole g may be €
to Cy organyl groups, € to Cg organyl groups contsining inert functional groups, € 1o Cx
hvdrocarbyl groups; or alternatively, €y to Cealkyl groups. According to any embodiment
of this disclosure, the pyvirrole compound can have independentiv-selocted organyt groeps
{Cy 1o Chs. alternatively Cy to Cp, or altematively € to Cg) at the 2- and S-positions.
Altematively, the pyrrole compound can have independentiv-selected organsyd groups
consisting of inert functional group (€ to Cre, altematively €y to Ty, or altematively €y
to Cg) at the 2- and 3- posttions. Alcmatively stifl, the pymrole compound can have
mdependentiv-selected hydrocarbyl groups (C) to Cig, altematively Cyto Cpp, or
altemmatively Uy to Cx) at the 2~ and 5- positions. Yot altematively, the pyrrole compound
can have independentlv-selected alkyi groaps (C) to Ty, altomatively Cito G, or

atternatively € to Cg) at the 2- and 3- positions,

o4} The Csto Cig groups atiached 1o the 2~ and 3~positions of the pyrrole ring may
be Cy to Cyy orgamvl groups in which the osganyl groups may be s to Cig organyvl groups
contatiung inert functional groups, Cy to Ui bydrocarbyl groups; or alteraatively Co to Cig
atkyl groups. Alternatively, the groups attached to the 2- and S-positions of the pyrrole
fing may be Cs to Cpp ovganyl groups, Oz to Ty organyl groups contaning inert functional
groups, L to Oy hvdrocarbyl groups; or altcrnatively, (U to Uy alkyvl groups.
Altematively, the groups attached to the 2- and S-positions of the pyirole ring sray e €
to Cg organyvi groups, C; to Gy organyt groups containing mert functional groups, Czto Gy
hyvdrocarbyi groups; or alternatively, Cs to Gy alloel groups. According to any embodiment
of this disclosure, the pyrrole compound can have mdependentiv-selocted organyt groups
{Cy 10 Oy, alternatively Cg to Gy, or altematively Gy o Cy) at the 2~ and S-positions.
Altematively, the pyvrroke compoungd can have ndependentty-selected organyi groups
comsisting of inert functional group {Cy to Chg, alternatively € to Cyp, or altematively O

ta Cg) at the 2~ and 3~ positions.  Altematively still, the pyrrole compound can have
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independenthy-selected hydrocarbyvl groups (Cy to Ciy, altematively Coto Cyp, or
alternatively €y to Cy) at the 2~ and S- positions. Yet alternatively, the pyrrole compound
can have independentlv-selocted alkyil groups (G to Cyg, alternatively Gy to Oy, or

alternatively Cy to Cg) at the 2- and 3~ positions,

{0065] Generally, the groups attached to the 2- and S-positions of the pyrrole ring ave
attached to the pyrrole ring 1 sach a way that at least one carbon atom attached o the 2-
and 3-positions of the pyrrole ring 13 a sccondary carbon atom; altematively, the groups
attached to the 2- and S-positions of the pyrrole ring are attached to the pyrrole ring
such & way that both the carbon atoms attached to the 2- and S-positions of the pyrrofe ring
are secondary carbon atoms. That is, when the carbon atom of the group attached fo the
pyrroie ring is a secondary carbos atom, that secondary crbos Is aftached to one, and ondy
one, other carbon atom besides the carbon atom of the pyrrole nng. In some
cmbodiveents, the groups attached to the 2- and 3-positions are attached 1 sach a way that
the carbon atom attached to the 2- and S-positions of the pyrole ring are secondary carbon
atoms, and the groups are branched. In other embodiments the groups attached 1o the 2

and 3 position of the pyirole ring may be lincar.

[0066] in an aspect, the pyrrole compound is a pyrrole compound having T to Cyy,
altematively Cy to o, or aliemativaly Oy to Cy, n-alkvi groups agached at the 2- and 3-
posttions of the pyrrole ring. In another aspect and embodiment, the pyrrole compound 13
a pyrrole compound baving C; to Cig. altematively s io g, or altematively Cyto Gy, n-
atky! groups attached at the 2~ and 3-positions of the pyrrole ning. In further
embodiments, the n-alkyl groups are selected mdependently from methvl, ethyd, n-propyl,
n-butvl, n-pentyl, n-hexyvl, s-heptvl, or neootyvl; altersatively, ethyl, nepropyl, a-butvl, n-
pentyl, a-hexyvl, n-beptyl, or n-octvl: altematively, ethyl, r-propyl, n-butyl, or n-pentvl;
alternatively, methyvl; alternatively, ethyvl; alternatvely, s-propyvl; altematively, n-butyvi;
alternatively, nepentvl; alteratively, n-hexyl; alternatively, n-heptyl: or altematively, n-
cetvl. o another embodiment, the pyrrole compound s 2,5-dicthvl pyrrole; altematively,
2 3-di-n~propyl pyrrole; altematively, 2.5-di-n-butyl pyrrole: alternatively, 2, 3-1i-n-pentyl
pyrrole; or alternatively. 2 5-di-n-hexyi pyrrole. According to this aspect, the pyrrole
compound has alkyvi groups at the 2- and S-positions selected sudependently from ethyl. n-
propvl, n-butyl, s-peotvl, n-hexsd, nheptyl, or r-octvl; alternatively, ethvl, n-propyvl, n-

butyl, or n-pentyl; alternatively, cthyl: altwrnatively, n-propyl: alternatively, n-butyl
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altematively, n-penty]: alternatively, n-hexyll altematively, n-heptvl; or altematively, o
octyl. For example, the pyrrole compound of the catalvst systen can be a 2,5-disebstituted

pyrrede, such ax 2 3-dicthyl pyrrole.

657 In vet a further aspect of this disclosure, the pyrrale can have the fornula PL

RS {P1}), wherein

e PR . o
a) R”and R are selected independently from a € to Cig organyl group,
wherein at least one of the organyl group alpha-carbon atoms attached to

the pyrrole ring 18 a secondary carbon atom; and

b R and RY are sclected ndependently from hyvdrogen and a Uy to Uy

organyl group.
In an embodiment, the pyrrole can have the formula P1, wherein

a) R*and R’ are selected independently from a Cx to Cig organyl group,
wherein the organyt group alpha-carbon atoms attached to the pyrrole ning

are sccondary carbon atomis; and

4 _ . o .
b) R7and R™ are selected indepondenty from hvdrogen and a Cyto Cyg
organyl group.

- , 2 pd opd o \
In this aspect, RY, R7, R, and R are independent eloments of the pyrrole having formula

3

P1. The pyrrofe having formala P1 may be described using any combination of the R, R”,
R® and R® described horgin, In an embodiment, R” and R are selocted independently
from a C; to Cig organyt groups, wherem at least one organvl group alpha~carbon atoms
attached to the pyrrole ring is a sceondary carbon atom and R and R are hvdrogen. In
another embodiment, R? and R are selected independently from a C; to Cy organyl
groups, wherem the organyl group alpha~-carbon atoms attached to the pyrrole ring are
secondary carbon atoms and R and R are hydrogen. In some embodiments, R and R
ase sclected independently from a € to Uy orgamd groups, wherein at least one of the

organyvi group alpba-carbos atoms attached to the pverole ning is a secondary carbon atom,

R

and R is hvdrogen and R is a Cy to Cix organyl group. In some other embodiments, R
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and R are selected independently from a C; to Cig organyl groups, wherein the organyl
group alpha-carbon atoms attached to the pyrrole ring are secondary carbon atoms, and R
ts hvdrogen and RUsaCitoCpn organy! group. In othor embodements, Rrand R’ a

selected independently from a Uy 1o Uy orgamd groups, wherein at least one of the
organyl group alpha-carbon atoms attached to the pyrrole ring is a secondary carbon atom
and R and R are selected ndependently from a Cyto Cys organyl groups. o vet othe
embodiments, 2% and RY are selected inds pendently from a Gy o Cig organy! groups,
wherein the organyl group alpha-carbon atoms attached to the pyirole ning are secondary

carbon atoms and R and RY are selected mdependently from a €y to Cyg orzanyl groups.

[0068]  Inan aspect, the RY group and/or RY which is a €y to Cig organyi group,
whorem the at least one ovganyl group alpba-carbos atoms aftached to the pyrrole ring s a
secondary carbon atom may be a €y to T organyt group: alteratively, a Cy to Cy organyl
group; altematively, a Uy to Uy orgamyl group contmining mert functional groups; a € to
Cy» argany! group containing inert functional groups; alternatively, a Cyto Gy m‘gmrlyi
group containing nert functional groups: altermatively, a Cy to Gy hydrocarbyl group: a €
o Cyy hydrocarbyl group: alternatively, a Cy fo Cy hydrocarbyl group: alternatively, Cy o
Crg alkyl group; alternatively, a Cy to Cy alkyl group; or alternatively. a Cy to Gy alkyl

groug,

{069 In an embodiment, the R? group which is a C; to Cys orvany! group, wherein
the organyl group alpha-carbon atoms attached 1o the pyrrole ring are secondary carbon
atomns may be a Gq to Cy organyl group; alternatively, a Coto Gy organyl group,;
alternatively, a Cs to Cig organyvl groep containing mert functional groups; a Gy to Cyp
organy! group contasung et functional groups; altematively, a C; to Cq organyl group
comtaining inert functional groups; alternatively, a Us to Uy bydrocarhyl group:, a Cato Ciz
hyvdrocarbyvl group; alteratively, a Cr 1o Cg hyvdrocarbyvl groap; alternatively, Cato Cyg
alkvt group; altermativelyv, a O to Tz alkyvi group: or altermatively, a Cq to s alkyvi group.
In an embodiment, the R group which is a Cz to Cig orpanyl group, wherein the erganyl
group alpha~carbon atoms attached to the pyirole ning are secondary carbon atoms may he
a o to Cir organyt group: alternatively, a Cs to Gy organyl group: altematively, a Cato Ciz
organyl group contasung oot functional groups; 3 Cs to Oy organyvt group contmning
mert functional groaps; alternatively, a Gy to Gy organyl group contatmng mert functional

groaps; altematively, a Cz to Cig hvdrocarbyl group: a Cr to i hvdrocarbyvl group:
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altematively, a €y to Cg hvdrocarbyl group: altematively, C; to Cigalkyl group;
alternatively, a Cato Cyp alkyl group; or alternatively, a € to Cy allovt group. Inan aspect,
R* may be hvdrogen or a C; to Cyo organyi group: altcmatively, hvdrogen or a3 €y to Cy
organyl group; altermatively, hvdrogen or a € to €y organyi group contaming mert
functional groups; hyvdrogen or a Cy to Cp organy! group contaiming nert functional
groups; altematively, bvdrogen ara Cyto Cy organyl growp contaiming inert functional
groups; aliemnatively, hvdrogen or a Cy to Cyg hydrocarbyl growp: hydrogen ora Cito Ciz
hvdrocarbyl group, altersatively, hivdrogen or a € to Cy hydrocarbyl group; altematively,
hvdrogen or a €y to Cygalkyd group; alternatively, hvdrogen or a €y o Cyp adkyl group; or
atternatively, hydrogen or a Cy to Cyatkyl group. In an embodiment, R may bea € to
Crz organsd group: altematively, a Gy to Cy organsl group: altemativels, a Cito G
organvi group contaping inert functional groups; a € to Cp organyl group containng
et functional groups; alternatively, a € o Gy organyt group containing nert functional
groups,; alicmatively, a C to Cua hvdrocarby! group; a € o U hydrocarbnl group:
alternatively, a €y fo Cy bydrocarbyl group; altematively, € to Cigallyl group;
alteratively, a €y to Cyz aliovl group; altematively, a € o Cy alkyl group; or alternatively,
hydrogen, In an aspect, R* may be hyvdrogan or a Cy to Cyz organy! group; altornatively,
hydrogen or a Uy to Cy orgamyl group; altematively, bedrogen or a Cy to Cyg organy group
containing inort funchional groups: hvdrogen or a € to €y organyl group contaung nert
functional groups; altematively, hvdrogen or & Gy to Ca organ group contaning inert
functiowal groups; alternatively, hydrogen or a €y 1o Cig hvdrocarbyl groap; hvdrogen or ¢
C; to Cp hvdrocarbyl group; aliematively, hedrogen or a Cy to Ce hydrocarbyl groug;
altemnatively, hydrogen or a Cy 1o Cyg alkyl group; altematively, hydrogenora Ciio Cpp
atkyl group; or altemnatively, hvdrogen or a €y to Cyalkyl group. In an embodiment, R?
may be a € to Uy organyt group: altematively, a Gy to Cy organst group: altematively, a
€y to Cyg organyd group containing inert functional groups: a C; 1o Cps organyl group
containing ment functional groups: alternatively, a €1 to Gy organyl group containing inert
functional groups; altematively, a €y to ¢ hydrocarbyl group: a Cy to Cyp hvdrocarby!
group; alteraatively, a Uy to Uy hvdrocarbyl groap; alternatively, Uy to T alkad group:
alteratively, a €y to Cyz aliovl group; altematively, a € o Cy alkyl group; or alternatively,

hedrogen.
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6070} b any aspect of the pyrrole of the formula P1, cach of R and R® can be
selected independently from a ssethyt group, an ethvl group, an n-propyvi groap, an n-batvl
aroup, an n-peatyl group, an a-hexy! growp. as r-beptyl group, or an s-octyl group,;
alternapively, an ethyl group, an s-propyvl group, an n-butyl group, an n-pentyl group, an n-
hexyl group, an n-heptyl group, or an n-octyl group. I some embodiments, of the pyrrole
ofthe formula P1, R and R” can be sefected independently from a methyl growp. an ethyl
groap, an n-propyl group, an n-butyl group, or an n-pentyl group, altesmatively, an cthyl
group. an n-propyi group, an n-butyl group, or an n-pentyl group: altematively, a methyl
group: alternatively, an othv group; alematively, an n-propyl group; altematively, an n-
butyvl group: altematively, an n-pentvl group; altematively, an n-hexy! group,

alternatively, an n-hepte! group: or alternatively, an n-octvl group.

{0071} tn any aspeet of any pyrrole having the formuda P1, R andior RY when not
hvdroges can be a methy! group, as ethyl group. a propyl group, a butyvl group, g pentyl
group, a hexyl group, a beptyl group, or an octyl group; altematively, a methyl group, an
ethyl group, a propyl group, a buty] group, or a pentyl group: alternatively, a methyl
group. altematively, an cthyi group: alternatively, a propy! group: alternatively, a butyl
group: alicroatively, a pentyl group; altomatively, 3 hexyl group; altematively, a hepivl
group; or ahematively, an ooty group. In an embodiment of any pyrrole having the
formudda P1, RY andor RY swhen not hvdrogen can be a metbyl group, an ethyl group, an n-
propy! group, an iso-propyl group, an n~butyl group, a sec-buty! group. an 1so-butvl group,
a teri-butyl group, an p-pentyl group, a noo-pentyl group, an n-hexyt group, an s-heptvl
group, or an s-octy] group: altematively, a methyl group. an cthyl group, an n-propyl
group, an iso-propst group, an n-butyl group, a sec-batvt group, an so-butyl group, a tert~
butvl group, an p-pentyl group, or a neo-pentyl group: alicraatively, an n-propyl group,;
altersatively, an iso-propyv group; altematively, an n-budvl group; alternatively, a see-
butvl group; alteratively, an so-butst group; alternatively, a tert-butyd group;
altemativelv, an n-pentyl group: altematively, a neo-penty] group: aliematively, an n-

hexyl group; alternatively, an n-heptyl group; or altematively, an n-octvl group.

[0a72] According to a further aspect, the pyrrole of the catalyst syvstem disclosed here
can be selected from a 2 S-halbvipyvrrole, a 2.3 S-tmuatkyvlpyverole, a 2.4, S-miatkyvipyrrole,
a 2,34 Setraatkylpyrrole, or any combination thereof. In this aspect, and not by way of

Himitation, the the pyvrrole can be selected from 2-methvl-S-ethyvipyrrole, 2.5~
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dicthvlpyrrrale, 2, 5-dipropyvipyrrole, 2 3-dibutvlpyrrole, 2 3-hexvipyirole, 2.5+
diheptvlpyrrole, 2. 5-dioctvipyrrole, 2.3 S-tvimethvipyvrrole, 2.3 S-triethvipyrrrole, 2,3.5-
tibutvipyrrrele, 2.3 3-trthexylpyrrrole, 2.3, Srheptvlpyrrrole, 2.3, 5-trioctylpyvirrole,

2.3 4 3etramethvipyrrole, 2.3 4 S-etracthylpvrrole, 2,34 S-tetrabutylpyrrole, 2,3.4.3-

tetrabexylpyrrole, 2.5-bis(27.2° 2 triftnorocthvt) pyrrole, 2.5-bis(2 -methoxymethyl)
pyrrole, or any combination thereof, In some embodiments. the pyrrele may be 2-methyl-
S-cthyvipvrrole; altematively, 2, 3-dicthvipvrrole; altcmatively, 2,.53-di-n-propyipvirole;
altemnatively, 2.5-di--butvlpyirole; altermatively, 2 5-n~hexylpyrrole; alternatively, 2,3-di-

n-heptyvlpyrrole; or altematively, 2, 5-di-a-octyvipyivole.

[0073] Metal Alkyl. Generally, and according to one aspect of this disclosure, the metal

alkyl nray be any heteroleptic or homalepiic metal alkyvl compound. For example. the
metal of the metal alkyvl can comprise orcan be agroap 1, 2, 11, 12, 13, or 14 metal: or
alicoratively a groep 13 or 14 metal; or alteroatively a group 13 metal. In some
cmbodiments and aspects, the metal athvl mxay comprise a lithivm alkyl, sedium alkyl,
magnesia alkyl, boron atkyl, a zine alkyl, or an aluounum alkyl. B this aspect, for
example, suitable metal alkyls include, but are not limgted to, n-butv lithiwm, sce-butyl
Hihium, tert-butvl lithium, dicthyl nagnesiom, or dicthyl zine. 1o an embodiment the

metal alkyl may be an alununom alkyl

(0074 According to a further aspect and i anv embodiment of this disclosure, the
matal alkyl may be a metal alkyt halide. Metal alky! halides are described herein and may
be utilized as the metal alkyl component of the oligonenization catalvst system. The
halide portion of the metal alkyl halide mavbe chlonide; alternatively bromide; or

abtersatively wodide.

0075 in some aspects and embodiments according to this disclosure, the metal atkyl
can be a non-hydrobvzed allovl alumingm compound. In an embodiment, the non-
hvdrolvzed alkyt aluminum compound may be a tnialkyl alununum compound. an alkyl
aturainum halide, or and alkyl aluminum altkoxide. Generally, cach alkyl group of any
metal alks deseribed herein {e.g. alkyl ahominum compound or alkylahminum halide,
among others), i there is more than one, may independently be a € to Cyy alkyvi group;
alternatively, a € to Gy alky! group: or alternatively, a € to Gy alkyt group. Inan
embodiment the atkyvl group(s) mav mdependently be a methyl group, an ethivl group, a

propyl group, a butvl group, 8 pentvl group, a hexvi groap, a heptyvl group, or an oetvi
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group: alternatively, a methyl group, a ethyl group, & butvl group, a bexy! group, or an
octyl group. In some embodiments, the alkyl group may independently be a methy group,
an cthyl group, an n-propyl group, an n-butyl group, an 1so-butvl group, a n-hexyvl group,
ot an n-octyl group; altersatively, a methyl group, an othyl group, a a-butyl group, or an
wso-butyl group, alternatively, a methyl group; alternatively, an ethyl group: alternatively,
an n-propyvi group: alternatively, an n-butyvi group: alternatively, an iso-buty] group:
alteratively, a p-hexy group: or alternatively, an s-octyl group.

[076] According to another aspect of this disclosure, the metal alkyl can comprise or
can be selected from a thalkyl ahaninum compound, a dialky! ahaminum hadide
compoind, an alkyl aluminum dihalide compound, a dialky! sluminum hydride
compound, an alkyl alumiman dibvdnde compound, a diallovl alusdgbum hvdrocarbylowde
compound, an alkyvl alununem dihvdrocarbyvioxde compound, an alkyl alumimen
sesguithalide compound, an alkyl alenunwm sesquihydrecarbyloxide compeund, or any
conttunation thereof, Applicable atkyl groups and halides for the metal alkyl, metal alkyl
halides. andfor metal alkyl hydrocarbyloxides are desentbed herein and may be utitized to

further describe the saitable metal alkvls,

{0877 Exemplary triatkyvl aluminom compounds may nclude but are not limited to,
trimethyl alomimom (TMA), tricthy] alomimuen (TEA), tripropy! alwminum, wi-n-buotyl
ahmminum, or tri-iscbuty! alumimm, or mixtures thereof. Exemplary alkyl aluminem
halide compounds may nclude. but are not hmited to, diethvlaluminum chionide (DEAC),
dicthyvlaluminum bromide, ethvlahiminum dichlonde, ethvialuminum sesquichlonde, and
muixtures thereof. In various embodiments, the trialky! shiminum compound may be

tricthyl alevuoom.

[0078] According to a further aspect, the metal alkyl compound may be a mixture of a
trialiovi alumimum compowrd and an alkyl alasupoem halide. Generally, the triatkyel
absmimun compound of the mixtare may be anv trtalkyl aluminem compound described
heremn. The alkvl aluminum halide compound of the mixture may be anv alkel aluminum
compound described herein. In some embodiments, the nuxture of the tnalkyvl adlusinem
compound and the alkyl abanimum halide may comprise, or consist essentially of, triethvl
aluminam and diethyl alumimun chloride, tricthy] alominum and ethyl aluminom

dichlonde, or triethyl aluminum and cthyl alwminum sesquichlonde. In an embodimont,
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the metal alkvl component of the oligomerization catalvst svstem may be a mixture of

triethyl elominur and diethyl alwsinum chloride.

[0079] in another aspoct and i any emboduments, specific examples of metal alkyls
that are useful i this disclosure can comprise or can include, but are not limited 1o
rimethylaluminum (TMA), tdethvialeminum (TEA), ethvlademinum dichlonde,
teipropylabiominum, dicthyvlabaninum cthoxade, tribvgyisboninum, disobutylalenuoum
hvdride, trisobutylaluminum, diethylaluminam chloride {DEAC), and combinations
thereof. o other aspects, and i any embodiments, specific examples of metal alkyls that
are uselul in this disclosure can comprise or can mclade, but are not hied to

tricthvialnminum (TEA) or dicthyvialummum chlonde (DEAC).

10080

is thought that a halogen-containing compound can improve the product purity and

Haloeen-Containing Compound. While not intonding to be bownd by theory, it

selectivity of the oligomerization process. In some aspects and embodiments, the halogen-
containing compound may be a chlonide-containing compound, a bromide-containing
compound, or an jodide-containing compound.  In an embodiment, the halogen-containing

compound may be a chlonde-coaining compound.

j0081] in an aspect, the halogen~contaiming compound, regardioss of whether itisa
chlonde-, bromide-, or todide-containing compound, may be a metal halde, allyl metal
halide, or an organic halide. In various embodiments and aspect, the halogen-containing
compound mav be a metal chlonde; altermatively, a metal bromide; or altermatively, a
metal iodide. In an embodiment, the halogen-containing compound may be a metal alkyl
chlonide; altematively, a matal ally] bromide: or altematively, ametal odide. Inan
embodiment, the halogen-contaning compound may be an organic chlonde; altematively,

an organic bromide; or aliernatively, an organic 1odide.

(0082 Moreover, and m another aspect, the halogen-containing compowund comprises
a group 3 metal halide, a group 4 metal halide, a group 5 metal halide, & group 13 metal
halide, a group 14 metal halide, a group 13 metal halide, or any combination thercof. By
way of cxampie, the halogen-containing compound can be or the halogen-containing
cenapound can comprise scanchivm chlonde, vitrium chloride, lanthasum chlonide,
titantan tetrachtoride, zirconhum tetrachioride. hafsium tetrachlonde, boron tnchioride,

absminum chloride, galliom chloride, sthoeon tetrachionde, trimethyl chilorositane,
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germanium fetrachloride, tin tetrachlonde, phosphorus tnichloride, antimony trichloride,
antimony pentachloride, bismath trichionde, boron tnbromade, aluminam tribromide,
silicom fetrachloride, silicon tetrabronude, aluminem fluoride, melyhdenum pentachlonde,
thngsten hexachlonde, tatyl hexachloroantimonate, or any combination thereof.

{0083} in accordance with another aspect, the halogen-containing compound can be or
the haloges-containing compound cas comprise, a Groap 1, 2, 12, or 13 alkyl metal
halide; altematively, a Group 12 or 13 alkyvl metal halide; or altematively, an alkyl
alaminum balide or an alkyl tin halide. According to a further aspect. the halogen-
conlaining compound can be or the halogen-containing compoungd can comprise, an alkyl
aluminum halide. In some embodinment, the alkvl alumimum halide mav be an alkyl
alanunum chlonde; altemativelyv, an alkyvl alumusnun bromide; or altematively, and atky!
ahsminum jodide. By other embodiments, the alkyv] tn halide may be an adky] un chloride;
alieoratively, an alkyl in bromide; or aiomatively, aalkyl tin odide. 1o ao embodiment,

the alkyl metal balide may be an alkyl alususum halide. Tn another emabodiment, the alky

metal halide may be an alkyi tin halide.

[0084] Brovanous embodiments and according to another aspect. the balogen-
containing compound can conprise or can be selected from a dialkvialuminum habide, an
atkvialuminum dibalide, or an alkylaluminam sesquibalide. In tus aspect, the alkyd group
of the allyl alaminom halide, the atkyl tin halide, the dialkylaluminoss halide, the
atkyialununom dibalide, or the alkylalunusum sesquihalide 15 a € 1o Gy alkyl group.
Moreover and in this aspect, the balogen-containing compound can comprise
diethvialommum chlonde, ethy aleminum sesquichlonde, ethyvl shiminum dichlonide,
tributyvl tin chlonde, dibugyd tis dichlonde, or asy combination thereotl altematively,
dicthvialununum chlonde, othyt alapunum sesquichlonde. ethyvl aluminum dichlonde, or

any combination thereof, or alternatively, diethyvialominum chioride.

[O83) According to a finther aspect and in anv embodiment, the halogen-contaiming
compound can comprise ot be selected from a Cy-Cys orpanie halide; altematively, a € to
Ch organie halide; or altematively, a €y to Cy organic halide. By way of example,
according to this aspect, the halogen-containimg compound can comprise or be selected
from carbon tetrachloride, carbon etrabromide, chloroform, bromoform, dichloromethane,
dibromoethane, duodomethane, chloromethane, bromomethane, wdomethane,

dichlorocthane, tetrachlorocthane, trichloroacatons, hexachloroacotone,
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hexachloroevelohexane, 1.3 5-4nchlorebenzene, bexachlorobenzene, tritvl chlonde, benayd
chloride, benzyvt bromide, benzyl jodide, cldorobenzene, bromobenzene, jodobenzene,

hexafluorcbenzene, or any combination thercof,

[O086] In an aspect, the catalvst system has a molar matio of metal in the transition metal
compound to metal in the metal alkyl ranging from 11 to 11560 altematively, 1:1 10 110G or
alternatively, 119 t0 1121, in an cothodimest, when the transtion metal compound is a
chromizm compond {e.g. a chronuum(tl) carboxylate composition) and the metal atkvl is an
atkyiatwninum compound (e.g. tnethylalominum, disthylahuunum chlonde, or a mixtwre
thereot), the catalyst system may have a molar ratio of chronuum to aluminum rnging from

o 1M alernatively, 11 o 1100 or aliematively, 190 121

06871 In an aspeot, the catalvst svstem has a molar ratio of nitrogen of the nitrogen
containing compeound to metal of the transition metal compownd ranging from L1 o 4.0:1;
altemnatively from 1.5:110 3.7:1; altematively from 151 to 2.5:1; altematively from 2.0:1 to

3.7:1; alternatively from 251 10 351, or altermatively rom 2.9:1 1o 3 L1 Tn an embodiment
when the transttion metal compound 18 a chromium compound (e.g. a chropam{IH)
carboxvlate cosyosition) and the mfrogen contaming compoud s a pyrole (e.g, 3 2.5+
disubstituent pyrrole), the molar ratio of chronum to pysrole typically ranges from 1.0:1 to
4.1 alternatively from 1.5:1 t0 3.7 10 aliomatively from 131 to 2.3: 1 altematively from

240 te 3771 alteratively from 2.3:1 10 3.5:1; or allematively from 291 o 3.1 L
Oligomerization Process

[O088] The oligomerization catalyst system deseribed herem may be atilized within an
oligomerization process of @ process to prepare and oligomerization product. Geacrally,
the oligomenization process or process 1o prepare an ohigomerization product comprises

cligomerizing a feedstack eolefin with the oligomerization catalvst as described herein,

(0689 in various embodiments and in accordance with one aspect, the feedstock
olefin may be an alpha olefin and the cligomerization progess can be an oligomerization
process tor preparing an alpha ofefin ohigomerization product. altematively, the feedstock
olefin can be a lincar alpha olefin and the oligomerization process can be an
oligomerization process for proparing an linear alpha olefin oligomenzation product:. or

alternatively, the feedstock olefin can be a normal slpha olefin and the ohgomenzation
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process can be an oligomerization process for preparing & nonmal alpha olefin

oligomenzation prodact.

{0090 in ong aspect. the oligomerization process for prepanng an olefin
oligomerization product may be an olefin trimerization process for preparing an olefin
trimer product. Iy an ensbodiment, the trimenization feedstock olefin can be alpha olefin
and the eligmmenzation process can be an trimerization process for preparing an alpha
plefin trireenization product; altematively, the truncrization feedstock olefincan be a
hacar alpha olefin and the ohgomernization process can be an trimerzation process for
preparing an linear alpha olefin tnmerization product; or altematively, the trimenization
feedstack olefin can be normal alpha olefin and the oligomernization process can be an

trimerization process for prepariog an nonoal alpha olefin trimerization product.

{0651 Generally, the feedstock olefinfs). alpha olefin{s), lngar alpha olefin(s), or
normal alpha olefin{s) may be C; 1o Cao, Cr 1o Cyg, 0r G to Cyg olefings), alpha olefings),
Hincar alpha olefinds), or normal alpha olefinds). In an embodiment, the olefin comprises,
or consists essentially of ethviene. When the feedstock olefin consists essentiatly of
cthvlene, the oligomerization process can be an ethyvlene frunedzation process, the taimer

product can be I-hexene, and the tnmenzation product comprises -hexene.

{0092 One composite catalyst svstermn which may be used in the mvention s the
conttunation of chronsum (1) cthyvibexanoate, 2 3-dicthyipyrmole, tricthyvialunmun, and
dicthylatuminum chioride. This composite catalyst system can be used, for example, to
frimernize cthvlene, fomming -hexene., Other catalyst applicable catalvst systems are

disclosed herein.

[00693] Usually, and w2 one aspect, contacting and/or reacting the chromsiam
compound, pyvrrole or pyvrrole-containing compound, and metal alkovl is camied out in the
presence of an unsaturated hydrecarbon. The uasaturated bvdrocarbon can be any
aromatic or aliphatic hydrocarbon, in a gas, liquid or solid state. To effect thorough
contacting of the chromium compound, the pyrrole or pyrrole-contaiming compound, and
metal alkyl, the unsaturated hvdrocarbon may be i a hguid state. 1T will be understood,
however, that the invention may be used i conacction with appropriate catalyvst systems,
wrespective of the method of producing the catalyst systent. In one aspect, the unsaturated

hyvdrocarbon can be -hexene. Alematively, the contacting and/or reacting the chromium



compound, pyrrole or pyrrofe-containing compound, and metal alky] can be carried out in

the absence of 1-hexene.

[0094] The unsaturated hydrocarbon can have any number of carbon atoms per
molecule. Usaally, the unsaturated hvdrocarbon will comprnise less than about 70 carbon
atoms per molecule, or fess than about 20 carbon atoras per molecule. Exemplary
unsaturated, aliphatic hydrocarbon compounds inchade, bt are not Limited to, cthyviene, 1-
hexene, 1, 3-hutadiene. and mixtores thereof. In one aspect of the wvention, the
unsatorated aliphatic hydrocarbon compound s $-hexene. ¥ Fhesene is the target
oligomer to be formed, this may decrease the need for subsequent purtfication steps.
Aromatic hydrocarbons that may be used as the unsaturated byvdrocarbon for the catalyst
svstern may inclade, but are not Thioited to, Us to Csq aromatic compounds; alternatively,
Ce to Cag aromatic compounds: alternatively, Cy to Cyy avomatic compounds; or
attematively, Gy fo Cyy aromatic compounds, Exemplary aromatic hydrocarboas include,
but are not limited @, benzene, toluene, ethyibenzeng, xviene, mesitvieng,
hexamethyvlbenzene, and mixtures thereof. Inan embodiment, the aromatic compound
may be ethyvlbenzene. Unsatorated, aromatic hvdrocarbons may be ased to mmprove
catalyst svstom stabidity, as well as produce a highly active and sclective eatalyst svstem.
In one embodiment, the unsaturated hvdrocarbon may be toluene; alternatively, ethvl

benzene.

[0093] 1t should be recogmzed, however, that the reaction mixture comprising a
chromivm compound, the pyrrale or pyrrole-contaiing compound, metal alkv and
ansatorated hvdrocarbon can contam addstional components which do not adversely affect
and can enhance the resultant catalvst svsteny, such as, for example, transitions metals

andfor halides.

{0096} The amount of aromatic compound that mav be used i the proparation of the
oligomenzation catalyst systerm may be up fo about 13 weight pereent, based on the
amount of selvent i the reactor, between about §.001 and about 10 weight porcent, or

between about (.01 and about 3 weight percent. Excess aromatic compound may inhibit

catalyst systom activity and msafficient aromatic compound may not stabilize the catalyst
system. Generally, the moles of aromatie compound per mole of metal in the transition

metal compound (e.g. chrominm compound}) in the catalvst system may be up to about
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6,000, batween sbout 10 and about 3,000, or between about 23 to 1,000 moles of aromatic

compound per mole of metal {¢.g. chromiwn cormpound) in the catalyst system.

0097 Contacting of the aromatic compound and catalvst system may oceur under any
conditions sufficient to stahilize the catalvst svstem m the presence of heat. Generally, the
temperatures for contacting may be between about <30 °C and about 70 °C, between about
-143°C and about 707U, or between gbout 3 °C amd 30°C. Generally, comtacting times
may be less than about 3 hour, between about .01 seconds and about 4 hours, or between
about 0.1 scconds and 3 hours. Longer contact times may not improve catalyst svstem
stability, and shorter contact tmes may be lnsufficient to allow complete contacting of the
aromatic compound and catalyst system and, therefore, may not be sufficiont o stabilize
the catalvst system, Any presswre which allows tharough comtacting of the aromatic
compound and catalvst systont may be ased. Generally, any pressure which can maintain
the aromatic compound and catalvst system in bquid form may be used. The catalvst
system preparation 1s generally porformed wnder an inert atmosphere, such as nitrogen or
argon, to decrease the amount of water vapor and oxygen present. Nitrogen is often used
due to cost and avatlabibity. In addition to the discussion herein, other applicable
cxamples of transition metal compounds and oligomerization catalvst systems, and the
axemplary preparation, are provided in U S, Patent No. 6,133,495 and 118 Patent No.
7.384 886, cach of which 1s hereby incorporated by reference in its entirety for all

PUIPOSCS

[098] The oligomenization reaction products, e, olefin trimers, can be propared
from the catalyst system of this invention by solation, shury, anddor gas phase reaction
techniques using conventional equipment and confacting processes. Contacting of the
monomer of monomers with a catalyst system can be effected by any manner knowa i the
art. One convenient method is 1o saspend the catalyst svstem in an organic mediam and o
agitate the mixtere to maintain the catalvst systern in solution throughout the trimerization

process. Other known contacting methods can also be emploved.

[0099] For example, a continuous-feed astoclave seactor with a fluid jacket or intemal
heat transfer coil and any suitable stirring mechanism, such ag, for example, mechanical
storing or the sparging with an mert gas, tvpically nitrogen, may be used. In another

embodiment, a loop wactor with mechanical stirring, such as, for example. a circulating
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pump, can be used. Alternatively, wbualar weactions for carrving out the oligomenzation

may also be used 1 connection with the pvention.

[00100]  Alernatively, the timenization process can be carried out i a sturry of the
catalyst components in an inert madium or diluent which is the process medium If
emploved, any mumber of aliphatic or avomatic solvents may be used as a diluent for the
pligomertzation reaction. Generally, the solvent will be stable with respect to the
cligomerization process, ¢.g., haviag no double bouds that may be reacted dunng the
oligomenzation. Accordingly, the oligomerization solvent may generally be a stable
aliphatic compound. The oligomertzation solvent may be a Ci 1o Cay compound;
alternatively, a Cyto Cs compound; or alternatively, a Cs 1o Cyp alipbatic compound.
Exemplary alipbatic compounds inciode but are not hmited to isobutane, pentane,
cvelohexane, methvlevelohesane, T-hexene, heptane, and octane, among others. The
chotee of the oligomerization solvest may be made on the basis of convenience
processing. For example, isobutane may be chosen te be compatible with dilucnts used
for the formation of polyolefing in a subsequent processing step.  Since T-hexene may be
the reaction product of the oligomertzation, it mav be chosen as the oligomerization
solvent to decrease the need for separation.  Further, oyelohexane or methyleyclohexane
may be chasen to solubilize the prodocts made during the oligomerization. In an
smbodiment, the oligomerization solvent may be evelobexane. Other diluents that may be

available on site may also be used for the process.

{01} In accordance with another embodiment of this invention, a slorry procoss can
be camed out m a diuent imedium}, which i a product of the olefin ohigomerization
process. Therefore, the choice of reactor diduent, or medunm, is based oa the selection of
the mitial olefin reactant. For example, if the oligomerization catalyst is used to trimerize
ethviene to H-hexene, the solvent for the oligomerization reaction would be -hexene. B
ethviene and hexene were tnmerized to produce decene, the oligomenzation reaction
sofvent would be -hexene. if 1 3-butadiene was trunerized to 1,3-cvclooctadiene, the

trimenization reactor solvent would be 1 3-butadiene or 1 5-cvelooctadiens, and so on.

[06102] Reaction tomperatures and pressures can be any temperature and pressare
which are suitable to trimerize the olefin reactants using said catabvst system. Genorally,
reaction temperatures are within a range of about ~20° to about 230°C. In another aspect of

the mvention, reaction temperatures are within a range of about 60° to about 200°C. In yet
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another aspect, reaction tfemperatures are within a range of 80" to 150°C. Generally,
reaction pressures are within a sange of about atrnospheric to about 2300 paig. In another
aspect of the myvention, reaction pressurcs may be within a range of about atmospheric to
about 2300 psig; or alternatively, within a range of about aterospberic to about 1600 psig,
In vet another aspect of the mvention, the reaction pressure ranges between about 300 and
about 900 psiz. When the olefinic compound is ethyiene, the reaction may be performed
at an cthylene partial pressure ranging from 20 psi to 2300 psi altematively, from 100 psi

to 2004: alternatively, from 200 psi to 1300 psi; or altematively, from 300 psi to 1000 psi.

[H103] Too low of a reaction temperature can produce too much undesuable insoluble
product, such as, for example, polvmer, and too high of a temperature can cause
deactivation of the catalyst svstem and isomeorization of the reacthion products. Too low of

a reaction pressure can result in low catadyst svstem activity,

[00104]  Optionally, hvdrogen can be added to the reactor to accelerate the reaction
and/or increase catalyst system activity, 1f desired, hydrogen also can be added to the
seactor to suppress polvimer production. When hedrogen is utilized, the hyvdrogen partial
pressure may rage from 2 psi to 100 pst; altensatively, § pa to 73 pe; or alternatively, 10

psi to 30 ps1.

{00105]  The contents of the reactor can be agitated or stivred by an inert gas (g
nitrogen) purge, by introducing the reactant, bydrogen, fluid mediam, or catalvst or
exhausting the offluent in a manner causing agiation, by mechanical or magnotie stirving,

or in any other saitable manner.

[00106]  'The rcaction usually is run continuoasly by sicadily charging lower 1-olefm
reactant{s), catalyst system, and process medium and removing the hgoid contents of the
reactor. For example, a continuous stirred tank reactor system can be emploved that
inctades feed svstems for catalyst system, reactant and mediam and a discharge system for

the effluent. Altematively, a bateh process can also be emploved.

[06107]  The tnmuorization reaction s an exothornue process, so the reaction temperatare
usually can be regulated by circulating cooling water through a jacket or heat transfor coil,
thus transforning heat out of the reactor. I is important to be able to transfor heat
efficiently out of the reactor, so the reactor can be effectively mamtaned at the desired

reaction fomperature. Asother advantage of more etfective heat transtor is that the
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rimerization reaction can be nun at a higher throughput for a given temperature, which can

smprove prodoction efficiency.

[00108]  In an aspect, the reactor effluent 1s treated to deactivate the active catalyst
systern, and mayv further be treated to separate products, recvele the reswdnal reactants,
medium, and other components suitable for recveling, and dispose of any components that

are nof recycled.

{109 When the oligomerization or trimeorization process is deemed to be complete,
the reactor effluent stream comprising solvent, olefin product(s), catalyst svstem, and
some polymer andfor oligomer, may by contacted with as alcohol to deactivate the active
catalyst svstem. Aay alcohol which i soluble 1n the reactor effluent stream can be used.
As used heroin, the term “alcohol”™ inchedes monoalcohols, diols, and polvols. The alcobol
mav be sclected by boiling pomnt, molecular weight, or such that the aleohol will not
azeotrope with the olefin monomer product. In some embodiments of the invention, the
alcobol has a bosling point different from the olefin produet in the reactor effloent stream.
In an exemplary process, wherein the catabvst system is used to tnimerize ethvlene to -
hexene, an alcohol with six or more carbon atoms per malecale may be used. Inan
embodiment the alcobol may be a Gy to Gy, Cato T, or Cy 1o Cyp aleohal. Such aleohols
are casily removable from the P-hexene olefin product. Exemplary alcobols include, but
ase not hmited to, 1-hexanol, 2-hexanol, 3-hexanol, 2-cthvl-hoxanol, -hoptasol, 2-
heptanol, 3-heptanol, 4-heptanol, 2-methbyvl-3-heptanol. 1-octanol, 2-octanol, 3-octanol, 4-
octanol, 7-methvi-2-decanol, I-decanol, 2-decanol, 3-decanol, d-decanol, S-decanol, 2-
ethyl-1~decancl, and mixtares thereof. In an embodiment the alcobol may be 2-ethyl-1-

hexanol.

[00110]  Allernatively, a low-molecular-weight diol or polyol, for example cthyvlene
ghveol, can be used as a catalyst deactivation agent. Diols and polyols commondy have

much higher botling points than monoalcohols of comparable molecular weight, and thus

can be separated more casily from -hexene.

[00111]  'The alcohol 1s added to the reactor eftlacnt stream in an amowt sufficiont o
quench anddor kil the catalyst system to inhilit, or halt: {1} production of undesirable
solids, r.e., polvmer; andfor (2} product purity degradation due to isomerization, in the

product separalion process.
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[00112]  After the catalvst svstem has been deactivated, olefin product{s), such as, for
example, -hexene, can be removed. Awy removal process can be used, inchiding for

example, distillation,

[0113]  In an aspect, the oligomerization process or the process to prepare an
oligomerization product compnsing comtacting the feedstoek olefin with the
ohigomerization caltalyst svstem descenibed herein produces less polymer than the process
using an oligomerization catalyst svxtem using 2.3-dimethyv pyrrole as the pyrrole
compound. In an aspect wherein the oligomerization is an ethylene trimerization process,
the catalvst svatem produces an oligomerization product having a greater selectivity to 1~
hexene than an ohigomernization catalvst svstom using 2 3-dimethyl pyirole as the pyrrole
compomnd. 1 another agpect wherent the oligomwrization is an ethvlene tmerization
process, the catalyst system produces a T-hexene prodoct having a greater purtty than an
chigomertzation cafalyst svstem using 2. 5-davcthyl pymole as the pyrrole compound. Tn
an emibodiment, the catalyst svstom produces an oligomerization selectivity to I-hexene at
foast 0.3 %, 1.0 %, 1.5 %, or 2.0 %% (absolute) greater than the oligomerization selectivity
to 1-hexene product produced by an oligomernization catalvst systom using 2, S-dimethyl

pyrrade as the pyrrole compound.
Articles Prepared in Accordance with this Disclosure

[0114]  According to yet a further aspeet of this disclosure and i the various
embodiments, this disclosure encompasses vanoss articles prepared from the olefin
oligomers made by the disclosed process. For example and not as a limitation, this
disclosure cacompasses an articke prepared from the oligomenzation prodaect produced
from the process as described berein. For example, the article can be produced using the
oligomerization product in which the olisomerization product is a copolymer. Also by
way of example, the article can be produced using the oligomertzation product m which
the chigomernization product is a polvethvlene copolvimer and the oligomerization product

13 {~hexens,

[O0115]  in a further aspect, and also by way of example, the article can be produced
using the oligomerization product in which the cligomernization product s a high deasity
polyethyviene, a low density polyethylone, @ medhum density polvethviene, a linear low

density polvethviene. In these aspects, the oligomerization product can be subjecting to
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blending, heating, melting, compounding, extruding, injection molding, precision molding,
blow molding, forming a film. fonming a coating, or any combination thercof, n forming
e i k et o o B o

the article,
Comparative Results

[0116]  Reforrimg to FIGS, | and 2 and Tables 1 and 2, oligomenization studiss were
carried out to conmpare the catalytic behavior of differont pyrroles under standard selective
I-hexene oligomenzation reaction conditions, both 1o identify the varous substituted
pyrrades that provided reactive catalvsts and to adjust the oligomerization conditions 1o

determmine upper levels of prodectivity for the various catalyst svstems,

[00117]  FIG. 1 ustrates a plot of the selective C6 productivities (g Co/g Cryas a
function of temperature (°C), for chromium~based catalyst svstems prepared using the
following pyrroles: 2. 5-dimethvlpyrrole (2.3-DMPY; 2.5-dibenzvipyrrele (2,3-DBP}; 2.4-
dimethylpyvrrole (2. 4-DMP); pvrrole; and 2,3-dicthvlpyrrole (2,3-DEP). As sllustrated,
cach pyvrrole provides a unigue temperature profile to the catalyst svstem, which can be
readily determned, and which can be used to establish optimun or desivable operating
condittons for that particular eatalvst. Generally, these studies revealed that the
productivity of the 2. 3-disubstituted pyrrofe-based catalyst svstems was more acutely
affected by variations in tomperature than other catalyst systems containing pyrrofes that
are not 2 5-disubstitiged. Thas, the noa-2 3-disubstituted pyrroles generally bad a more
Aat temperatase profile. in addition, the 2.5-DMP and 2.5-DEP showed high
productivities at Jower temperatures than the other pyrrole compounds tested. The data

dlustrate in FIG. 1 are provided n detait in Table L

[00118] The Tablke 2 and FIG. 2 data provide the 1-hexens purity (% T-hexene of total
U6 product), shown as Series § in FIG. 2, and the €6 selectivity (g C8/g Cry, shown as
Series 2 in FIG. 2, for the indicate pyvrrole compouands. These data are reported at the
temperature (°C) of the bighest observed productivity (g C6fg Cr), which is also shown in
Tablde 2, using the catalvst propared according to the Examples. Thus, Table 2 illustrates
how the productivities for catalvst svstems prepared using the iHustrated pyrroles, can
provide dramaticadly different catalvst productivity values, Among other things, these
data illustrate that 2, 3-disubstituted pyrroles provide catabysts with higher productivity that

those that contaby non-2 S~disubstibited pyrrodes. Thus, pyrroles that do not inelode
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substituents at both the 2- and S-positions, regardless of the other substituents in the
pyrrole, afford catalvsts with fower acthivity, Generally, the catadyvtic productivity was
observed to increase on moving from the non-substituted pyrrole, to the 2- or 3-substituted
pyrrode (for example, 2.d-dimethyvipyrrole), to the prototypical 2, 3-dimethvipyvrrole.
Although some steric congestion at both the 2- and S-positions appear to be usefil, as
evidence in the data for the 2 3-dicthyl pyirole and the 2.5-dimethyl pyrrole. 1t appeared
possible to excoed the sterically-optimum pyrrole substiteents in the catalyst svstem.
Thus, comparing the data for the 2 5-diothyl pyrrele and the 2.3-dunetbyl pymrole with the
2 A-dusopropyt pyrrole dlustrates how the more bulky substituents at these 2- and 5-

positions successively lowwer or repress catalvtio activity,

[O0119]  The FiG. 2 and Table 2 data further ifhustrates the bighost hexene parities and
€6 selectivities generally are obtaimed with the 2. 5-disubstituted pyrroke compounds at
their hughest measered catalvst productivity tomperatures. As indicated in FIG. 2, the 2.5-
DMP, 2. 3-DEP, 2.3-DIP, and 2,53-DBP, as well as others such as 2-Melad, would appear
to offer a good combination of selectivity and punty. What 1s not iHlustrated by FIG. 2 16
the productivity values for these respective catabvsts. By comparing FIG. 2 data to the
FIG. § plot, one can observe the benefits of 2,5-DMP and 2.5-DEP, and further cbiserve

the substantial improvement 1o selectivity that i< attained with 2.5-DEP over 2 5-DMP

[0120]  Additional expenments waore conducted o ovaluate the potential effect of using
fused~-ring compounds such as ndole or substiuted mmdole as the nitrogen~containing
compound in the catalvsts systems. In these experiments (Example 5), 2-mothyl-3-cthvl~
S-methyipurrole (productivity - 21,700 ¢ C6/g Cr) and 2-methylindole (productivity -
3.500 g C6/g Crl, two compounds charactenized by a similar xebstiition pattern, with
similar steric congestion, provided very differend productivities, differ by over six-fold.
Whale not intending to be bound by theory, it is possible that the electron-withdrawing
phenyi group fased to the pyrrole ring in 2-methy] indole prodoces a catalbvst with low
activity. As a figther iHustration, mdole {productivity - 800 g Cofg Cr), which also bas an
clectron-withdrawing group fused to the pyrrole ring, produces a catalvst with almost an
order of magnitude lower productivity than the pyrrole catalvst (productivity - 6,400 ¢
Cofg Cr). Agam, while not intending €0 be theory-bound, i ix possible that clectronic

cficcts may reduce the productivity of 2,5-dibenzyvlpverole {productivity - 23,400 g Ch/g
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Cr)y as compared to that of 2. 5-dicthylpyrrole (productivity - 75,800 g C6/g Cr), although

increased steric effects mayv play a significant rofe.

Goeneral Disclosure Information

0121] Al publications and patents mentioned in this disclosure are incorporated
hergin by reforence i theiy entiretios, for the pasposs of describing and disclosing the
constructs and methodologies deseribed 1 those publications, which mught be used
connection with the methods of this disclosure. Anv publications and patents discussed
abeve and throughout the text are provided solely for their disclosurs prior o the filing
date of the present application. Nothing herein is 1o be constraed as an adsussion that the

mventors are not entitled to antedate such disclosure by virtue of prior trvention,

[00122] Undess mdicated otherwise, when a range of anv tvpe s disclosed or claimed,
for example a range of the number of carbon atoms. molar ratios, temperatures, and the
hike, it is intended to disclose or claim mdividually cach possible mumber that such a range
coukd reasonably encompass, inchuding any sub-ranges encompassed therein, For
example, when describing a range of the number of carbon atoms, cach possible individual
mtegral number and ranges betwoen integral numbers of atorns that the range includes are
encompassed therem. Thus, by disclosing a €y to Uy alkyl group or an alkyvl group having
from 1 to 10 carbon atoms or Tap 107 10 carbon atoms, Applicants” intent s to recite that
the alkyl group can have 1 2.3, 4, 5, 6.7, &, 9. or 10 carbon atoms, and these methods of
describing such a group are interchangeable., When deseribing a range of measurements
such as molar ratios, every possible meamber that such a range could reasonably encompass
can, for example, refer to values within the range with one significant digit more than is
present in the end points of a range. In this example. a smolar ratso bebween 1.03:1 and
L2 includes individeally molar ratios of 1.03:1, 1041, 1.05:1, 1.06:1, LOT:1, 1.08:1,
1O, 1101 L1 b and 1.12:1, Applicants” mtent is that these two mothods of
descnibing the range are interchangeable. Moreover, when a range of values is disclosed
or claimed. which Applicants mient to reflect mdividually cach possible number that such
a range could reasonably encompass, Applicants also intend for the disclosure of @ range
to refleet, and be interchangeable with, disclosing anv and all sub-ranges and
combinations of sub-ranges encompassed therein. In this aspect. Applicants” disclosure of
a Cy to Cyo alkv group is mtended to hiterally encompass a € to Ce allvd, a Cito Gy alkyvl,

a Crto Gy alkyl, a combination of a € to U and a Cs to Gy alkyl, and so forth, When
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deseribing a range i which the end points of the range have different numbers of
sigmificant digits, for exanple, a molar ratio from 111 to 1.2:1, every possible number that
such a range could reasonably encompass can. for example, refer to values within the
range with one significant digit more than is present 1 the end point of a range baving the
greatest number of significant digits, in this case 1.2:1. In this example, a molar ratio from
Lo 1.2:1 includes individuallv molar ratios of 1.0, 102, 103, 104, 103, 1.06, 1.07,
FOS, 109 LG, L1, L2, LER 04 LIS L6, 117, IR, 119, and 120, all welative to
1, and any and all sub-ranges and combmnations of sub-ranges enconpassed therein..
Accordinzly, Apphicants reserve the night to proviso out or exclude any mndsvidual
members of any such group, inclading any sub-ranges or combinations of sub-ranges
within the group, if tor any reason Applicants choose to claim less than the full measure of
the disclosure, for example, to account for a reference that Apphcants are unaware of at

the time of the filing of the application.

[MM23] 1o any application betore the United States Patent and Trademark Office, the
Abstract of this apphication s provided for the purpose of satisfving the requirements of 37
CFR § 172 and the purpose stated in 37 CF.R. § L72(h) "o enable the United States
Patent and Trademark Office and the public generally to determing quaickly from a cursory
inspection the natwre and gist of the technieal disclosure ™ Therefore, the Abstract of this
application is not mtended fo be used 1o construe the scope of the ¢laims or 1o limit the
scope of the subject matter that is disclosed berein. Moreover, any headings that may be
employed herein are also not intended fo be used to construe the scape of the claims orto
hait the scope of the subject matter that is disclosed herein. Any use of the past tense to
describe an examiple otherwise indicated as constructive or prophetic is not intended to

reflect that the constructive or prophetic example has actually been carried out.

[00124]  For any particular compounnd disclosed herein, the general structure or name
presented is also intended to encompasses all stractural isomers, conformational isomers,
and stercoisomers that may arise from a particalar set of substituents, unless mdicated
othenwise. Thus, a general reference to a compound inchudes all stroctural 1somers unless
explicitly indicated otherwise; ¢.g. a general reference to butane inchude n-pentane, 2-
methvi-bigane, and 2, 2-disethvlpropane. Additiosally. the reference 1o a general
struchire or name cncompasses all enantiomers, diastercomers, and other optical isonters

whether by enantiomeric of racenuc forms, as well as muxtures of storeotsomers, as the



49

context permits or requires. For any particular formula or nanie that 1s presented, any

general formula or name presented also encompasses all conformational 1somers,

regiciscmers, and stereoisomers that may arise from a particular set of substituenis.

[OO125]  The present disclosure is further iHostrated by the following examples, which
are not to be construed iy any way as imposing Hmitations upon the scope thereof. Onthe
contrary, it is to be clearly vnderstood that resort may be had o various other aspects,
embodunents, modifications, and equivalents thereof which, after reading the description
herein, may suggest themselves to one of ordinary skill in the art without departing from

the spint of the present invention of the scope of the appended claims.

[0B126]  In the following examples, unless otherwise spocified, the svntheses and

preparations described therein were carried out under an inert atmosphere such as mitrogen
andfor argon. Solvents were purchased from commercial sources and veere tvpically dried
prior to use. Unless otherwise specified, reagents were obtained from commercial sources.

EXAMPLES

Goeneral Expenimental Procedures and Startine Matenials

[0127) Unkess speaifiod otherense, all reactions ware performed wnder an inert
atmosphere. Al glassware was dried inoan oven at 100 °C for 4 hy and brought into an

mert atmosphere glove box (dry box) while warm.

All solvents were purchased from Aldrich as anhvdroos grade and were stored over freshly

activated 3A molecular sicves
A, Pyrroles.

[0128]  The following abbreviations are used for the pyrrole and mdole ligands used
herein: 2 d-dimethvlpyrrole (2.4-DMPY: 2 5-dimethvipyverole {2.5-DMP or DMP}); 2.5~
dicthyvlpyrrole (2. 3-DEP or DEP)Y. 2 5-dibenzvipyrrole (2.5-DBP or DBP}; 2.5~
ditsopropylpyrrole (2,3-DIP or DHP); mndole {Ind); Z-rocthylindole {2-Melad), and pyrrole
(Pyr).

[00129]  The pyrrole compounds 2 d-dimethyipyrrole (2, 4-DMP), indoke, and 2-
methviindols ware purchased from Aldech, Both indole (RP »09%%) and 2-
methvlindole(RP 98%) were dried under vacoum at 110 °C for several hours without

firther purification {RP is the reported purity i wi %o, MP 18 the measured punty in wi
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%% The Ld-dimethvipvrerole (2. 4-DMP, RP 97%) was purtfied by distillation under
nitrogen (bp = 163-167 °C) producing a cotordess hquid (MP 99.5%%).

H30]  Other pyrrele ligands, such as 2,3-dicthvipyrrole (2.5-DEP), 2.5-

dibeneyipyrrole (2.3-DBP) and 2, 5-disopropylpyrerole (2.5-DIPY were prepared by

Chemstep {Carbon-Blanc, France). The 2,5-DIP(RP »95%) was recerved as a colordoss
frguid (MP 96.58%) and was used without further punification. 2,3-DEP (RP »97%) was
distilled (MP 98.3%) prior to use. The 2,.3-DBP (RP 82%) was recerved as an orange
waxy material (MP 82.2%) and was used without further punification. The wlentity of all

three now 2.5-dialkylpyrroles was confirmed by GC-MS.
B. Catalvst Preparation.

[00131] A catalyst solution was prepared using the standard procedure described bere,
a which the molar ratios of TEA {(triethvlatumines) to DEAC {(dicthvialasusam chlonde)
o pyrrole compound to Crowere standardized to TEADEAC pyrrole Ce= 1HR3 L
Anhyvdrous, degassed cthylbenzene was added to a drv wial in a divbox. To this vial was
added neat tricthvialominum (TEA) and neat diethylalumimum chloride (DEAC). The
contents wore mixed and alfowed to stand for 13 puoutes. The sclected pyrrole was then
slowly added. as gas evolution was observed m wost cases. Chromunn(it) 2-
ethvihexanoate (7.23 wit % Cr in ethylbenzene) was used as the transition metal compound
and was added slowhy to the alkviahamnunypyirole solution with stissing. The catalvst
sohttion was diluted to a concentration of 3.6 mg Cr/mL by adding an appropriate amount
of ethyibenzene to constitute the sctive catalyst what was used as prepared. Ovange
colored solutions were observed for 2 4-DMP, Z-methvhindole, and 2 5-DEP based
catalvst, which are tvpical. 2.3-DBEP putially produced an orange solution, but gradually
precipitated a noticeable amount of grev solid over the cowrse of 24 h. Both indole and
pyrrole produced an orange solation with a white, fluffy sohd which was removed by
fittration. 2.5-DIP produced copious amounts of black precipitate suggesting that the

catalyst solution was fairtly unstable
EXAMPLE |
QOligomerization Reactions

[00132] Oligomerization reaction studics comparing the catalytic bohavior of different

pyrrofes under standard selective 1-hexene oligomerization reaction coaditions, as follows.
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The standard reactor was a 1L batch reactor, and oligomerization reactions were carried
outat 115-117 °C under 30 psig Ha, and onder 830 psig ethyvlene with ethvlene uptake on
demand, over a 30 sunute run time, using 2.5 mg Cr, in 430 mbL of cvelohexane. This

methodology was useful for identifeing various substitited pyrroles that provided seactive

catalvsts.
EXAMPLE 2
i-Hexene Productivity as a Function of Temperatare

[00133]  The activity of selected substitated pyrroles and their catadyst svstems ag
described were further mvestigated. Particularhy, catalyst systems that enployed 2.3+
dibenzyipyvrrole 2.5-DBP), 2. 5-dimethyvipyrrole (2,53-DMP), pyvrrole stself, and 2,3~
diethyvipyrrole (2.3-DEPY were further mvvestigated for thewr catalviie temperature profile,
m which their activity and productivity were examined as a fanction of temperatare. FIG.
tillustrates a plot of total hexene productivity {g C6/g Cr) as a function of temperature
{7}, for chrominm-based catalvst systems prepared using the following pyrroles: 2.5+
dimethyvipyrrole (2,5-DMP), 2. 5-dibenzylpyirole (2,5-DBP). 2 d4-dimethyipyvrrole (2.4-
DMPY, pyrrole; and 2 3-dicthedpyvirole (2,5-DEF). The FIG. 1 productivity versus

temporatere data are listed m Table 1

[00134]  Among other things, these studies indicated that each pyvrrole typically is
characterized by s owi wnique femperabre profile, which can be readily ascertained, and
which can be used to establish optimisn or desisable operating conditions, Generally,
temperature dependence studies also revealed that the productivity of the 2.5-disabstituted
pyrrole-based catalvst svstems wag more acutely affecied by variations in temperature than
other catalyst svstems contaimng pyrroles that are not 2, 5-disubstituted. Thus, the non-

2 A-disubstitted pyrroles generally had a more flat tomperative profide. Morcover, the

T

S-DMP and 2 3-DEP showed high productivitios at lower temperatures than the other

mrrode compounds wested.

[00133]  Asillustrated 1 FIG. 1 and the data in Table L. one consequeonce of comparning
the productivities of various catalvst svstems at a single standard temperature s that an
meomplete comparative picture may result, For examople, at higher temperatures (130-133
() the 2, 3-DMP and 2.5-DEP catalvst svstoms provide somowhat comparable results

{23,900 ¢ Co/g Crand 22,828 ¢ Co/g Cr, respectively), but when compared at thewr
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respective highest productivities at about 92-93 °C, thus difference 1n prodoctivity is
exageerated. At these lower temperatures. the 2 3-DMP (99,460 g C6/g Cr, 95°C) 13 about
3 1% wore productive than the corresponding 2 3-DEP catalvst system (73,737 g C6/g €
92°(]).

EXAMPLE 3

1-Hexene Productivity as g Function of Pyrrole Substitution

[00136] Table 2 and FIG. 2 provide a comparison of productivities {g C6/g Cr) for
catalyst svstems prepared according to Example 1, m whach the catalyst system contain
the indicated pyrroles. The temperature at the highest observed productivity is also
shown,

=

[00137] Among other things, the data from this Example and FIG. 2 illustrate that 2,3-
disubstituled pyrroles provide catalvsts with generally higher productivity that those that
contain non-2, 3-disubstitated pyiroles, that is, pyrroles that do not include substituents at
botl the 2~ and S~positions, regardless of the other substituents w the pymole. Generally,
the catalvtic productivity was observed to increase on moving front the non-substituted
pyrrole, to the 2- or S-substituted pyrrole (for example, 2 d-dimethylpyrrole), to the
profotypical 2, 5<hmethvipyrrode, Although some stenic congestion at both the 2- and 5-
positions appear to be usetud, too bulky substituents at these positions lower or repress

catalytic activity (compare 2. 3-DMP and 2, 3-DEP with 2. 3-DIP and with 2, 3-DBP}.
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Table 1. Productivity {g Cofg Tr) versus temperature for a variety of pyvrrole compounds.

These data ave lostrated in FIG. 1.
o Temperature Productivity
Pyrrole Compound () (2 Coio Cr)
92 73757
74.478

9%

103

Q9 480

87300

&0,660

iy
el e
N 3
N 113
2.5-DMP
™, P,
% - & 1
. .*;t PR \ !

pyerole
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Table 2. I-Hexene punity (% of total €6 product) and C6 selectivity (% of total

oligomerized product) for a variety of pyvrrole compounds, reported at the temperatare (7C)

of the highest observed productivity (g C6/g Cr), using the catalyst prepared according to

the Examples.

Pyrrole Compound

Productivity
(g Coig Cr)

Temperature
¢0)

I-Hexene
Purity
{Serigs 1)

Cé
Selectivity
(Series 2)

o 789 113 G821 93 |
H
indole
‘;‘,.-" :t':;.—ﬁ\
:‘ﬁ? ‘\é:\ .».:,“) N ~ i
g 3.508 115 a8 48 94 03
H
2-methvlindole
\ ;"""“\\\“
S N
Iy A 3.631 118 98 .89 94 57
2.5-DIp
‘“rd’" 6,427 90 96,34 9339
pyrrole
e»"f\N/‘ 14.284 113 06 46 92 .89
H
2.4-DMP
- = P
Nl 23411 83 99,38 96.13

94456 93 4902 91.72
73,7587 92 99 20 9421




L
A

EXAMPLE 4
I-Hexene Purity and Selectivity as a Function of Pyrrole Substiintion

[0B138]  The Table 2 and FIG. 2 data also provide the I-hexene purnity (Mo -bexene of
total Co product), shovwn as Series | in FIG. 2, and the €6 sclectivity €96 €6 of total
cligomerized product). shown as Serses 2 in FIG. 2, for the indicate pyrrole compounds.
These data are reported at the temperature {°C) of the highest observed productivity
{g C6/g Cn), which is also shown in Table 2, using the catalyst prepared according to the

Examples.

{00139 Among other things, the FIG. 2 and Table 2 data dlustrates the highest 1-
hexene purities and C6 selectivities generally are obtatned with the 2 5-disubstituted
pyrrele compounds at thetr highest measared catalvst productivity temperatures. As
mdicated in FIG. 2, the 2.5-DMP. 2.3-DEP, 2.5-DIP. and 2.5-DBP, as well as others such
as 2-Melnd, would appear to offer a good combimation of selectivity and puridy. What 1s
not iHlustrated by FIG. 2 is the productivity valaes for these respective catalysts. By
comparing FIG. 2 data to the FIG. 1 plot, one can observe the benetits of 2.5-DMP and
2.53-DEP, and further observe the substantial improvement in selectivity that 1 altained

with 2.5-DEP over 2.5-DMP.

[00140]  Among other things, FIG. 3 illustrates that the three lowest vatues of parity are
associated with the catalyst systems contaiing son-2 S-disubstituted pyviroles,
spectfically, mdefe, pyreole, and 2, 4-dimethyl pyorole (2,4-DMP), cach of which provided
purities of <96.3%.

EXAMPLE 3

1-Hexene Productivity as a Function of Pyrrole-Based or Indole-Based Catalyst

Systems

[0141]  Addittonal expermments were conducted to evaluate the potential effect of using
fused-ring compounds such as indole or substituted indole as the nitrogen-containing
conipound in the catalvsts systems. A comparison of productivities for catalyst systems
prepared under sdentical conditions except for the pyrrole or indole compound.

[00142]  2-Mothvi-3-cthyi-S-methvipyrrole (21,700 g C6/g Cr) and 2-methvlindole

{3,500 ¢ Co/g Cr) are characterized by a similar substitution paitern, with similar steric

pre
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congestion, vet their productivities differ by over 600%. Morcover, indole (800 g Co/g
Cr) produces a catalvst with almost an order of magnitude lower productivity than the
pyrrade catalyst (6,400 g Co/g Cr). These data can be compared to the productivity of 2.5-
dibenzyvlpyrrole (23 400 g Cé/g Cr) as compared to that of 2. 3-dicthyvlpyrrole (75300 ¢

Cole Un), althongh increased steric effects may play a role in this observed productivity.
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Claims

1. A catalyst system comprising:

a) a chromium compound;
b) a pyrrole compound having the formula

2
R3
—
__N-H
R4
R (P,

wherein

i) R? and R® are selected independently from a C, to Cg hydrocarbyl group, wherein
the R? and R® hydrocarbyl group alpha-carbon atoms attached to the pyrrole ring are
secondary carbon atoms; and

ii) R® and R* are hydrogen; and

c) a metal alkyl.

A catalyst system according to claim 1, wherein R? and R® are selected independently from C, to Cs alkyl
groups.

A catalyst system according to claim 1, wherein R* and R® are selected independently from an ethyl
group, an n-propyl group, an n-butyl group, an n-pentyl group, an n-hexyl group, an n-heptyl group, or
an n-octyl group.

A catalyst system according to claim 1, wherein the pyrrole compound is selected from 2,5-
diethylpyrrole, 2,5-dipropylpyrrole, 2,5-dibutylpyrrole, 2,5-hexylpyrrole, 2,5-diheptylpyrrole or 2,5-
dioctylpyrrole.

A catalyst system according to claim 1, wherein the pyrrole compound is 2,5-diethyl pyrrole.

A catalyst system according to any one of claims 1-5, wherein the chromium compound is a chromium
(1) or chromium (lll) halide, 1,3-diketonate, or carboxylate.

A catalyst system according to any one of claims 1-5, wherein the chromium compound is selected from
chromium (I1l) 2-ethylhexanoate, chromium (lll) octanoate, chromium(lll) 2,2,6,6, -
tetramethylheptanedionate, chromium(lll) naphthenate, chromium(lll) acetate, chromium (lll) propionate,
chromium (I1l) butyrate, chromium(lll) neopentanoate, chromium (ll1) laurate, chromium (ll) stearate,
chromium (Ill) oxalate, chromium(ll) bis(2-ethylhexanoate), chromium(ll) acetate, chromium(ll)
propionate, chromium(ll) butyrate, chromium(ll) neopentanoate, chromium(ll) laurate, chromium(ll)
stearate, chromium(ll) oxalate, or any combination thereof.


juvelyn
Rectangle


10.

11.

12.

13.

14.

15.

58

A catalyst system according to any one of claims 1-7, wherein the metal alkyl comprises a group 1, 2,
11, 12, 13, or 14 metal alkyl compound.

A catalyst system according to any one of claims 1-8, further comprising a halogen-containing
compound selected from a metal halide, and alkyl metal halide, or an organic halide.

The catalyst system according to claim 1, wherein the chromium compound is a chromium(ll) or
chromium(lll) carboxylate wherein each carboxylate is a C, to C,, carboxylate; R*> and R® are selected
independently from an ethyl group, an n-propyl group, an n-butyl group, an n-pentyl group , an n-hexyl
group, an n-heptyl group, or an n-octyl group; and the metal alkyl comprises a mixture of a
triethylaluminum and a diethylalumimum chloride.

An oligomerization process comprising:

a) contacting a feedstock olefin with the catalyst system of any one of claim 1-10; and
b) oligomerizing the olefin under oligomerization conditions to form an oligomerization product.

The oligomerization process of claim 11, wherein the feedstock olefin is ethylene; the oligomerization
product comprises 1-hexene; the chromium compound is a chromium(ll) or chromium(lll) carboxylate
wherein each carboxylate is a C, to C,, carboxylate; R? and R® are selected independently from an ethyl
group, an n-propyl group, an n-butyl group, an n-pentyl group, an n-hexyl group, an n-heptyl group, or
an n-octyl group; and the metal alkyl comprises a mixture of a triethylaluminum and a diethylaluminum
chloride.

A process for preparing a catalyst system of any one of claim 1-10, comprising contacting:
a) the chromium compound;
b) the pyrrole compound; and
c) the metal alkyl.

The process of claim 13, wherein the chromium compound, the pyrrole, and the metal alkyl are
contacted in the presence of an unsaturated compound.

The process of claim 14, wherein the unsaturated compound is a Cs to C,; aromatic compound
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