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CATALYST SYSTEMS

CROSS REFERENCE TO RELATED APPLICATIONS

[0001] This application claims the benefit of and priority to U.S. Application Serial No.
63/119,221 filed on November 30, 2020 and entitled “Catalyst Systems,” the entire contents of
which are incorporated by reference in the present disclosure. Additionally, this application claims
the benefit of and priority to U.S. Application Serial No. 63/119,136 filed on November 30, 2020
and entitled “Catalyst Systems,” the entire contents of which are incorporated by reference in the

present disclosure.

TECHNICAL FIELD

[0002] Embodiments of the present disclosure generally relate chemical processing and,

more particularly, to catalyst systems utilized in such chemical processing.

BACKGROUND

[0003] Linear alpha-olefins (“LAOs™) were historically produced from cracking of
refinery products or products of non-selective oligomerization of ethylene as a broad olefin
fraction. Demand for these compounds is rising in North America, Western Europe, and Asia.
Currently, there are several industrial processes that produce linear alpha-olefins. Notably, the
Shell Higher Olefin Process (SHOP), which has been in operation since 1977, can be used to
produce LAOs. The SHOP process employs a combination of oligomerization and olefin
metathesis chemistries to produce a variety of LAOs using a Ni-based catalyst. INEOS, a global
manufacturer of petrochemicals has also developed a proprietary process for synthesizing a wide

range of LAOs with the flexibility to change distributions of products to meet demand.

[0004] The demand for short chain alpha olefins, such as 1-octene and 1-hexene, has been
rising as well. Specific chain length ranges of alpha-olefins are crucial for specific applications.
For example, short chain-lengths (e.g., 1-butene to 1-octene) are used to improve the rheological
melt and solid resin properties of polyethylene. The main consumer of 1-octene is the high-volume

production of linear low-density polyethylene (LLDPE) and high-density polyethylene (HDPE),
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which expands each year. Co-monomer alpha-olefin content is 1-2 % for HDPE grades and reach

up to 30 % for some LLDPE grades.

[0005] As such, l-octene is a very important chemical feedstock which is in market
demand. Aside from the processes discussed above, various catalysts have been developed for the
tetramerization of ethylene to form 1-octene. However, these catalysts have deficiencies in several
respects. As such, improved catalysts which are suitable for tetramerization of ethylene to from

l-octene are desired in the industry.
SUMMARY

[0006] Fouling, as described herein, refers to the undesirable formation of polymers. Such
polymers may form as side-products in the reaction of ethylene to form 1-octene when a catalyst
system including chromium is used. However, as described herein, it has been discovered that the
utilization of a co-catalyst that is a reaction product of an antifouling compound and an
organoaluminum compound, may reduce fouling. As described herein, such antifouling
compounds may include one or more polyether alcohols or one or more non-polymeric ethers, and
it is believed that the incorporation of this antifouling compound into the catalyst system may be
responsible for reduced fouling. Moreover, in some embodiments, the utilization of the co-catalyst
described herein may contribute to maintaining the selectivity of 1-octene, or even enhancing the
selectivity of l-octene, as compared with similar catalyst systems that do not include the

antifouling compound.

[0007] According to one or more embodiments, a catalyst system suitable for
tetramerizing ethylene to form 1-octene may include a catalyst having a structure according to
Formula (VI) or Formula (VII).

[(LNL)CrXao(L1)a] [BY4]  Formula (VI)

[(LNL)CrXo(L1)a] [SO2Y]  Formula (VII)

[0008] In Formulas (VI) and (VII), X is a halogen, a (C2-C3o) carboxylate, acetylacetonate,
or a (C1-Cso) hydrocarbyl; L1 is a neutral coordinating ligand; n is an integer from 0 to 6; Y is a

(C6-Cao)fluorine-substituted aryl, a (Cs-Cao)fluorine-substituted aryloxy, or a (Ci-Cao)fluorine-

SUBSTITUTE SHEET (RULE 26)



WO 2022/115754 PCT/US2021/061123

3

substituted alkoxy; and LNL is a bidentate chelating ligand having the structure according to

Formula (VIII).
(R1))(R2))P—Z—P(R1)(R2)  Formula (VIII)

[0009] In Formula (VIII), each R; and R; is independently chosen from a (C1-Cso) alkyl
group or a (Ce-Cso) aryl group, and Z is a (C2-Cso) alkylene group, a (Cs-Cso) arylene group, —
N(Rg)—, —P(Rg)—, —B(Rg)—, or —Si(Rg)>— that links the two P atoms, where Rgis a (C1-Cso)
alkyl group or a (Ce-Cso) aryl group. The catalyst system may further comprise at least one
aluminum containing agent comprising a reaction product of an organoaluminum compound and
an antifouling compound. The antifouling compound may comprise one or more polyether

alcohols or one or more non-polymeric ethers.

[0010] According to one or more embodiments, a method of making a catalyst system
suitable for tetramerizing ethylene to form 1-octene may include mixing a chromium compound,
an anion-containing compound, a bidentate chelating ligand, and an aluminum containing agent
to form the catalyst system. The aluminum containing agent is a reaction product of an
organoaluminum compound and an antifouling compound, and wherein the antifouling compound

comprises one or more polyether alcohols or one or more non-polymeric ethers.

[0011] Additional features and advantages of the described embodiments will be set forth
in the detailed description which follows, and in part will be readily apparent to those skilled in
the art from that description or recognized by practicing the described embodiments, including the

detailed description which follows, as well as the claims.
DETAILED DESCRIPTION

[0012] Described herein are catalysts systems which may be utilized to produce 1-octene
from ethylene by tetramerization. Also described herein are methods for utilizing such catalyst
systems. The presently described catalyst systems may include a catalyst and a co-catalyst, as are
described in detail herein. In one or more embodiments described herein, the catalyst may
comprise chromium and, in some embodiments, may be the reaction product of a chromium
complex and a ligand. The co-catalyst may be the reaction product of at least an antifouling

compound and an organoaluminum compound.
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[0013] In one or more embodiments, the catalyst systems described herein may be used to
selectively oligomerize ethylene to produce 1-octene, while reducing undesirable polymerization,
sometimes referred to in this disclosure as “fouling.” For example, reactor fouling may occur at
least partially due to the formation of solid polyethylene-based residues, which may reduce fluid
flow and/or fully block or at least partially block fluids in a reactor system from flowing at a
desired rate. Without being bound by any particular theory, it is believed that the incorporation of

the antifouling compound into the catalyst system reduces fouling.

[0014] It should be understood that the catalyst systems presently described may not
completely eliminate fouling during a reaction. However, in one or more embodiments, these
catalyst systems reduce fouling as compared with catalyst systems which do not include the
antifouling compound as described in the present disclosure. Also, it should be understood that,
while the catalyst systems of the present disclosure may be useful in ethylene oligomerization
reactions, such as ethylene dimerization to form 1-butene, they may also be useful for the catalysis
of other chemical reactions, and the catalyst systems described in this disclosure should not be
considered limited in their use to the tetramerization of ethylene to 1-octene. It should further be
understood that the antifouling agents described in this disclosure may be incorporated with other

catalyst systems which contain, for example, non-chromium based catalysts.

[0015] As used in this disclosure, a “catalyst” refers to any substance that increases the
rate of a specific chemical reaction. Catalysts described in this disclosure may be utilized to
promote various reactions, such as, but not limited to, tetramerization of ethylene to from 1-octene.
Catalysts are generally not consumed in a reaction, but as would be understood in the art, may

have reduced catalytic activity over time and need to be replaced and/or regenerated.

[0016] As used in this disclosure, a “co-catalyst” generally refers to any substance or
chemical agent that brings about catalyst in conjunction with one or more catalysts. In some
embodiments, a catalyst may have independent catalytic functionality, while in other
embodiments, the catalyst may only have substantial catalytic functionality when paired with a
co-catalyst. It should be understood that the catalyst and co-catalyst may be, in some
embodiments, bonded or formed in a complex, but in other embodiments are not bonded or present
in a complex. Some co-catalysts may be said to “activate™ a catalyst, which may increase catalytic

functionality.
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[0017] Additionally, as used in this disclosure, a “catalyst system” refers to any
catalytically functional collection of chemical species. In some embodiments, a catalyst system
may include a catalyst and a co-catalyst. In additional embodiments, a catalyst system may include
additional components, such as, for example, additional co-catalysts or non-catalytic additives

which may serve other purposes.

[0018] As described herein, a “reaction product” refers to a chemical species formed from
the reaction of any two or more reactant species. A reaction product may result in a covalent or
ionic bond, coordination, or other interaction between reactant species. In some embodiments, two
or more reaction products may result from the reaction of the reactant species, and all of these

possible produced chemical species are included in the reactant product as described herein.

[0019] When used to describe certain carbon atom-containing chemical groups, a parenthetical
expression having the form “(Cx—Cy)” means that the unsubstituted form of the chemical group
has from x carbon atoms to y carbon atoms, inclusive of x and y. For example, a (C1—Cso) alkyl
group is an alkyl group having from 1 to 50 carbon atoms in its unsubstituted form. In some
embodiments and general structures, certain chemical groups may be substituted by one or more
substituents. A substituted chemical group defined using the “(Cx—Cy)” parenthetical may contain
more than y carbon atoms depending on the identity of any substituents. For example, a “(C1—Cso)
alkyl substituted with exactly one phenyl (—C¢Hs)” may contain from 7 to 56 carbon atoms. Thus,
in general when a chemical group defined using the “(Cx—Cy)” parenthetical is substituted by one
or more carbon atom-containing substituents, the minimum and maximum total number of carbon
atoms of the chemical group is determined by adding to both x and y the combined sum of the

number of carbon atoms from all of the carbon atom-containing substituents.

[0020]  The term “substitution” means that at least one hydrogen atom (—H) bonded to a carbon
atom or heteroatom of a corresponding unsubstituted compound or functional group is replaced
by a substituent. Substituents may be any suitable functional group or radical that could replace a
hydrogen atom bonded to a carbon atom or heteroatom of a corresponding unsubstituted
compound. For example, substituents may include, but are not limited to, hydrocarbyls,

cyclohydrocarbyls, aryls, halogens, and amines.
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[0021]  The term “-H” means a hydrogen or hydrogen radical that is covalently bonded to
another atom. “Hydrogen” and “-H” are interchangeable, and unless clearly specified have

identical meanings.

[0022]  The term “hydrocarbyl” means a monovalent radical resulting from removal of any
hydrogen atom from a hydrocarbon, including aromatic hydrocarbons, non-aromatic
hydrocarbons, cyclic or acyclic hydrocarbons, saturated or unsaturated hydrocarbons, straight

chain or branched chain hydrocarbons, and substituted or unsubstituted hydrocarbons.

[0023]  The term “heterohydrocarbyl” refers to a hydrocarbyl, from which at least one carbon
atom has been replaced with a heteroatom. Examples of heteroatoms include, without limitation,

oxygen, nitrogen, sulfur, and phosphorus.

[0024]  The term “cyclohydrocarbyl” means an aromatic or non-aromatic, cyclic hydrocarbyl
having at least three carbon atoms, including monocyclic and polycyclic hydrocarbyls, fused and
non-fused polycyclic hydrocarbyls, and bicyclic hydrocarbyls, non-aromatic saturated or

unsaturated cyclic hydrocarbyls, and substituted or unsubstituted hydrocarbyls.

[0025]  The term “aryl” means an aromatic hydrocarbon radical, in which the carbon atoms of
the aromatic system may be substituted or unsubstituted. Aryls include monocyclic, bicyclic and
tricyclic aromatic hydrocarbon radicals. A monocyclic aromatic hydrocarbon radical includes one
aromatic ring; a bicyclic aromatic hydrocarbon radical has two rings; and a tricyclic aromatic
hydrocarbon radical has three rings. When the bicyclic or tricyclic aromatic hydrocarbon radical
is present, at least one of the rings of the radical is aromatic. The other ring or rings of the aromatic
radical may be independently fused or non-fused and aromatic or non-aromatic. Non-limiting
examples of aryls include phenyl; fluorenyl; tetrahydrofluorenyl; indacenyl; hexahydroindaceny];

indenyl; dihydroindenyl; naphthyl; tetrahydronaphthyl; and phenanthrenyl.

[0026]  The term “alkyl” means a saturated hydrocarbon radical that may be linear or branched.
Accordingly, the term “(C1-Cyo) alkyl” means a saturated linear or branched hydrocarbon radical
of from 1 to 20 carbon atoms that is unsubstituted or substituted. Examples of unsubstituted
(C1-Cao) alkyl include methyl; ethyl; 1-propyl; 2-propyl; 1-butyl; 2-butyl; 2-methylpropyl;
1,1-dimethylethyl; 1-pentyl; 1-hexyl; 1-heptyl; 1-nonyl; and 1-decyl. Examples of substituted
(C1-Cao) alkyl include trifluoromethyl and trifluoroethyl.
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[0027] The term “saturated” means lacking carbon—carbon double bonds, carbon—carbon
triple bonds, and (in heteroatom-containing groups) carbon—nitrogen, carbon—phosphorous, and
carbon-silicon double bonds. Where a saturated chemical group is substituted by one or more
substituents, one or more double and/or triple bonds optionally may be present in substituents.
The term “unsaturated” means containing one or more carbon—carbon double bonds or carbon—
carbon triple bonds, or (in heteroatom-containing groups) one or more carbon—nitrogen double
bonds, carbon—phosphorous double bonds, or carbon—silicon double bonds, not including double
bonds that may be present in substituents, if any, or in aromatic rings or heteroaromatic rings, if

any.

[0028] In one or more embodiments, the catalyst comprises chromium. It should be
understood that, as contemplated herein, the catalyst may be any chemical compound that includes
chromium that is catalytically functional for, without limitation, promoting the selective

tetramorization of ethylene to from 1-octene.

[0029] In one or more embodiments, the catalyst includes a reaction product of a
chromium complex and a boron-containing compound. In some embodiments, the catalyst
includes a reaction product of the chromium complex and the boron-containing compound in, for

example, an acetonitrile solvent.

[0030] In one or more embodiments, the catalyst system includes a reaction product of a
chromium complex, a bidentate chelating ligand, an anion-containing compound, and an
aluminum containing agent comprising the reaction product of an organoaluminum compound
and an antifouling compound. In some embodiments, the catalyst system includes a reaction
product of the chromium complex, the bidentate chelating ligand, the anion-continuing compound,

and the aluminum containing agent in a solvent, such as, for example, chlorobenzene.

[0031] It should be understood that the chromium complexes described herein are not
necessarily limited in structure, but at least include chromium. In some embodiments, the

chromium complex has a structure according to formula (I):
CrX3(L1)n Formula (I)

[0032] In formula (I), each X is independently chosen from a halogen, a (C2-Csp)
carboxylate, acetylacetonate (ACAC), or a (C1-C3o0) hydrocarbyl having or not having at least one

of an ether group and an amine group. The term “carboxylate” refers to conjugate base of a
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carboxylic acid. In some embodiments, each X is fluorine (F), chlorine (CI), bromine (Br), iodine
(I), or combinations of these. In other embodiments, each X is a (C1-C3o) alkyl group, a (C1-C30)
alkyl group substituted by at least one of an ether group and an amine group, a (Cs-Csp)aryl group,
or a (Cs-Cso)benzyl derivative. For example, X may be ethyl or ortho-(N,N-

dimethylamino)benzyl.

[0033] In formula (I), each L; is a neutral coordinating ligand. In one or more
embodiments, each L is independently chosen from a (C2-Cso)nitrile, a (C2-Cso)cyclic ether, a (Ca-
Cso)acyclic ether, or an H>O ligand. In some embodiments, L.; may be acetonitrile, tetrahydrofuran
(THF), diethylether, H2O, or combinations of these. In embodiments, n is an integer of from 0 to
6. In one or more embodiments, n is an integer from 0 to 5, from 0 to 4, from 0 to 3, from 0 to 2,
fromOto 1, from 1 to 6, from 1 to 5, from 1 to 4, from 1 to 3, from 1 to 2, or any combination or
subset of these ranges. However, it should be understood that n may vary depending on the method
or the neutral coordinating agent added by which the catalyst is prepared. For example, n may

vary depending on the degrees of vacuum drying that occurs during preparation.

[0034] In some embodiments, the chromium complex may be a chromium (III) chloride

tetrahydrofuran complex (i.e., Cr(THF)Cl3).

[0035] In one or more embodiments, the catalyst may comprise the reaction product of the
chromium compound and an anion-containing compound. It should be understood that the anion-
containing compounds, described herein, which may coordinate with chromium of the chromium
complex, are not necessarily limited in structure. However, in some embodiments, the anion-

containing compound may have a structure according to formula (II) or formula (III):
M'[BY34] Formula (II)
M'[SO2Y]" Formula (III)

[0036] In formula (IT) and formula (IIT), each Y is independently chosen from a (Cs-Cao)
fluorine-substituted aryl, a (Cs-C2o) fluorine-substituted aryloxy, or a (C1-Ca) fluorine-substituted
alkoxy. In one or more embodiments, Y is CgFs, 3,5-(CF3)2C6H3, OC(CF3)3, or combinations of
these. For example, [BY4] may be [B(C¢Fs)4] or [B((3,5-(CF3)2CsH3)s] . Formula (II) and
Formula (III) utilizes M " as a cation. In one or more embodiments, M" may be a metal inorganic

cation. It is contemplated that any suitable metal may be uses as M". For example, M may be Ag"
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in one or more embodiments. In one or more embodiments, M" may be an organic cation. For

example, M" may be [Ph3C] or [PhNHR7Rs], where R7 and Rs are any (C1-Cao) hydrocarbyl.

[0037] In one or more embodiments, the reaction product of the chromium complex and
the anion-containing compound is a chromium trivalent compound. In some embodiments, the
chromium trivalent compound includes a non-coordinating anion and a chromium trivalent cation.
In some embodiments, the chromium trivalent compound has a structure according to formula

(IV) or formula (V):
[X2Cr(L1)a] [BY4] Formula (IV)
[X2Cr(Li)n ] [SO2Y] Formula (V)

[0038] In formula (IV) and formula (V), X, L1, n, and Y are the same as described
previously with regard to formulas (I), (II), and (III).

[0039] In one or more embodiments, the catalyst may include the reaction product of a
chromium trivalent compound having a structure according to formula (IV) or (V) and a bidentate
chelating ligand. In some embodiments, the catalyst may include the reaction product of the
chromium trivalent compound having a structure according to formula (IV) or (V) and the
bidentate chelating ligand in, for example, a dichloromethane solvent. In such embodiments, one
or more of the neutral coordinating ligands (L1) of the chromium trivalent compound having a
structure according to formula (IV) or (V) are substituted with the bidentate chelating ligand such
that the resulting chromium trivalent compound has a structure according to formula (VI) or

formula (VII):
[(LNL)CrXo(L1)a] [BYs]  Formula (VI)
[(LNL)CrXo(L1)a] [SO2Y]  Formula (VII)

[0040] In formula (IV), X, L1, n, and Y are the same as described previously with regard
to formulas (I) to (V). In formulas (VI) and (VII) LNL is a bidentate chelating ligand. In one or
more embodiments, the bidentate chelating ligand is an organic compound having at least two
atoms capable of coordinating with a metal. Examples of atoms capable of coordinating with a
metal include phosphorus (P), nitrogen (N), oxygen (O), and combinations of these. In some

embodiments, the bidentate chelating ligand has a structure according to formula (VIII):

(R1)(R2)P—Z—P(R1)R2)  Formula (VIII)
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[0041] In formula (V), each Ry and R» is independently chosen from a (C1-Cso) alkyl group
or a (Ce-Cs0) aryl group; and Z is a (C2-Csp) alkylene group, a (Cs-Cso) arylene group, or —
N(R7)—, —P(R7) —, —B(R7) —, or —Si(R7)>— that links the two P atoms, where R7is a (Ci-
Cso) alkyl group or a (Cs-Cso) aryl group. The term “alkylene” refers to an alkyl comprise at least
one unsaturated bond. The term “arylene” refers to a bivalent aryl. Without being bound by any
particular theory, it is believed that chromium trivalent compounds that include a bidentate
chelating ligand having a structure according to formula (V) provide increased catalytic activity

and selectivity for 1-octene when used in ethylene tetramerization processes.

[0042] Without intending to be bound by theory, the bidentate chelating ligand may
determine the electron density and stereo factors of the catalyst center. This may allow the catalyst
to selectively oligomerize ethylene to the desired products, such as 1-octene. The bidentate
chelating ligand may affect the stability of the catalyst, including the catalytic center and its
surrounding environment. Furthermore, the bidentate chelating ligand may affect the activity and

selectivity of the catalyst.

[0043] In one or more embodiments, the bidentate chelating ligand has a structure
according to formula (VIII), where Ry and R are phenyl, and Z is —N(R7)— that links the two P
atoms, where R7is a (C1-Cso) alkyl group or a (Cs-Cso) aryl group. In such embodiments, the
bidentate chelating ligand may be produced by reacting PhoPCl and R7NHo. In some embodiments,
the bidentate chelating ligand is CH3(CH2)sC(H)(Me)N(PPhy),. Without being bound by any
particular theory, it is believed that embodiments where R7 has 18 or more carbon atoms may be
more suitable for use in large-scale ethylene tetramerization processes because the solubility of

the resulting catalyst in aliphatic hydrocarbon solvents is improved.

[0044] In some embodiments, each Ry and R» bonded to a single P may be bonded such
that a cyclic moiety including P is formed. In one or more embodiments, Ri, R», and P may form
a phospholane group. As described herein, a “phospholane group” refers to a cyclic
organophosphorous compound comprising a five membered ring including phosphorous and four
carbon atoms. In some embodiments, the phospholane compound may be unsubstituted or may be
substituted by one or more hydrocarbyl groups. Cyclic moieties that may be formed from R; and

P in some embodiments are depicted in formulas (IX) to (XVI).
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Formula (XV)

Formula (XVI)
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[0045] As described herein, the catalyst system also includes an aluminum containing
agent. In one or more embodiments, the aluminum containing agent may function as a co-catalyst,
as described hereinabove, in the catalyst system. In the embodiments described herein, the
aluminum containing agent may be the reaction product of an organoaluminum compound and
the antifouling compound. It should be understood that the organoaluminum compound may
comprise multiple chemical species, or a single chemical species. Likewise, the antifouling

compound may comprise multiple chemical species, or a single chemical species.

[0046] In one or more embodiments, the aluminum containing agent may be formed from
a organoaluminum compound. As described herein, an “organoaluminum compound” refers to
any chemical compound that includes at least one aluminum atom and any organic moiety. It
should be appreciated that the organoaluminum compound may include several chemical species,

or may be a single chemical species.

[0047] In some embodiments, the organoaluminum compound may be an alkyl aluminum
compound. The aluminum alkyl compounds described herein may have a generalized structure

shown in formula (XVII):

R, :,
\AI ~

Rs
Formula (XVII)

where R3, R4, and R5s may each be a hydrogen atom, a (C1-Ca0) hydrocarbyl group, or a (C1-Cao)
heterohydrocarbyl group. In embodiments, the (C1-C20) hydrocarbyl group may be a substituted
or unsubstituted (C;-Cao) linear or branched hydrocarbyl group. In embodiments, the (C1-Cao)
heterohydrocarbyl group may be a substituted or unsubstituted (C;-Czg) linear or branched
heterohydrocarbyl group. In one or more embodiments, R3, R4, and Rs may each be a hydrogen
or a linear or branched (Ci-Cao) alkyl group. In additional embodiments, the alkyl aluminum
compound may be an aluminoxane structure (i.e., a partial hydrolysate of trialkylaluminum
compounds). For example, and not by way of limitation, suitable aluminum alkyl compounds

may include triethylaluminum, tripropylaluminum, tri-iso-butylaluminum, diisobutylalominium
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hydride, and trihexylaluminum. In one or more embodiments, the organoaluminum compound of

the catalyst system may comprise, consist essentially of, or consist of any of these compounds.

[0048] In one or more embodiments, the organoaluminum compound may comprise one
or more of trimethylaluminium, triethylaluminum, tripropylaluminum, tri-iso-butylaluminum,
diisobutylalumintum  hydride, trihexylaluminum, tri-n-octylaluminium, methylaluminium
dichloride, ethylaluminium dichloride, dimethylaluminium chloride, diethylaluminium chloride,
aluminium isopropoxide, ethylaluminiumsesquichloride, methylaluminiumsesquichloride,
methylaluminoxane (MAO), ethylaluminoxane (EAO), and modified methylaluminoxane

(MMAO).

[0049] Without intending to be bound by theory, the alkyl aluminum compound may be
operable to activate the chromium trivalent compound. Furthermore, the alkyl aluminum

compound may be operable to alkylate the chromium trivalent compound.

[0050] In one or more embodiments, the aluminum containing agent may be formed from
an antifouling compound. As described herein, an “antifouling compound” refers to any chemical
compound that decreases fouling by polymer production. It should be appreciated that the

antifouling compound may include several chemical species, or may be a single chemical species.

[0051] In one or more embodiments, the antifouling compound may be a polyether
alcohol. In some embodiments, the polyether alcohol may include monomer units comprising one
or more carbon chains separating ether moieties. For example, the polyether alcohols described

herein may have a generalized structure shown in formula (XVIII):

Formula (XVIII)

[0052] In formula (XV), Re is chosen from an unsubstituted hydrocarbyl group or a
substituted hydrocarbyl group; m is an integer of from 1 to 100; and n is an integer from 1 to 20.
In some embodiments, R¢ may be an unsubstituted hydrocarbyl group that includes at least 1
carbon atom, at least 2 carbon atoms, at least 3 carbon atoms, at least 4 carbon atoms, at least 5

carbon atoms, at least 6 carbon atoms, at least 7 carbon atoms, at least 8 carbon atoms, at least 8
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carbon atoms, at least 9 carbon atoms, at least 10 carbon atoms, at least 11 carbon atoms, or at
least 12 carbon atoms. In some embodiments, m is an integer of from 1 to 75, from 1 to 50, from
1 to 25, from 25 to 100, from 25 to 75, from 25 to 50, from 50 to 100, from 50 to 75, or from 75
to 100. In some embodiments, n is an integer of from 1 to 15, from 1 to 10, from 1 to 5, from 5 to

20, from 5 to 15, from 5 to 10, from 10 to 20, from 10 to 15, or from 15 to 20.

[0053] Without being bound by any particular theory, it is believed that the reaction
between the organoaluminum compound and the antifouling compound may produce various
chemical compounds. An example reaction of the aluminum alkyl compound of formula (XVII)

and the polyether alcohol of formula (XVIII) is shown in reaction scheme (I):

L e O RN o
i { A
o) ?\\/3 HEAY
Re ) 1 Ry
NS i
i ToTm
Q" . :
R'i\.‘ e > ;
. N
D & ™ v\'\{ };"’O\\E\
R 1T Dore
DY N 3]
/ - i ”“f?}
)
Rar
4 S
Ri, Ral
AAAAAAAAAA o jc\ N ,O\ G\;’ SN
q -~ \\«"’V \;\'\g § E’\\/Y ™ R%\
% ! H 2]
N A R N T
ot £ :Q'{‘ 1§. - ? 3%
3
R
RiyAi
N N g
i Rs
H
Q)\\ :
v :A§ {\.,- N {‘" }/{:} N
- N
- T P
Rgg % ’t ;{s
. -
R £
Ri. S48y By
& P/AE \Aéx\
(R EN AN 3 RY}
Ry
i { AN
o A§ Ms..} \i\ ,-" E__/S\,é\
Ry P TR,
' AN by v

SUBSTITUTE SHEET (RULE 26)



WO 2022/115754 PCT/US2021/061123

17

[0054] In some embodiments, the antifouling compound may include one or more non-
polymeric ethers. The non-polymeric ethers may include cyclic non-polymeric ethers such as, but
not limited to, tetrahydroturan (THF), a dioxane, a tetrahydropyran (THP), or combinations of
these. As described herein, a “non-polymeric” ethers refers to any chemical compound that
includes one or more ethers but do not include long ether polymer chains. Generally, such non-

polymeric ethers comprise one or two ether moieties, and comprise less than 10 ether moieties.

[0055] Without intending to be bound by theory, the reaction products of the
organoaluminum compound and the antifouling compound may affect the ion-pair of the metal
activation center of the catalyst. This may affect the coordination of ethylene with the metal
activation center and the degree of chain-transfer predominant with respect to chain propagation.
By controlling the chain propagation, the reaction products of the organoaluminum compound and
the antifouling compound may increase the product selectivity of 1-octene and reduce the
production of large polymers, resulting in reduced fouling. Furthermore, it is contemplated that in
one or more embodiments the reactions between the quaternary salt and the organoaluminum
compound are relatively fast and that there are little to no free quaternary salts remaining in the

catalytic system once the quaternary salt and organoaluminum compound react.

[0056] It should be understood that the aluminum containing agents contemplated herein
may include a number of different chemical species. However, as described in embodiments
herein, these aluminum containing agent species share certain structures and can be commonly

classified by moiety or structure.

[0057] In one or more embodiments described herein, the antifouling compound and
organoaluminum compound may have a molar ratio of from 0.001 to 1, such as from 0.01 to 0.1.
For example, according to embodiments, the molar ratio of antifouling compound to
organoaluminum compound may be from 0.001 to 0.01, from 0.01 to 0.02, from 0.02 to 0.03, from
0.03 to 0.04, from 0.04 to 0.05, from 0.05 to 0.06, from 0.06 to 0.07, from 0.07 to 0.08, from 0.08
to 0.09, from 0.09 to 0.1, from 0.1, to 0.2, from 0.2 to 0.3, from 0.3 to 0.4, from 0.4 to 0.5, from
0.5 to 0.6, from 0.6 to 0.7, from 0.7 to 0.8, from 0.8 to 0.9, from 0.9 to 1, or any combination of

these ranges, such as any subgroup encompassed by any combination of these ranges.

[0058] According to one or more embodiments, the catalyst system may further comprise
additional co-catalysts and/or additives. It should be understood that these additional co-catalysts

and/or additives are optional and are not included in all embodiments described herein. Examples
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of additional co-catalysts and/or additives include, without limitation, any of the organoaluminium
compounds described herein which form the co-catalyst (e.g. diisobutylaluminium hydride or and
TEAL) could also be added to the catalyst system. Such additional co-catalysts may be present if
an excess amount of organoaluminum compound is added to form the co-catalyst, such that all

antifouling complex is reacted by excess organoaluminum compound remains in the solution.

[0059] In one or more embodiments, methods for forming the catalyst system include
mixing a chromium complex, a bidentate chelating ligand, an anion-containing compound, and an
aluminum containing agent comprising the reaction product of an organoaluminum compound
and an antifouling compound. In one or more embodiments, the chromium complex, bidentate
chelating ligand, anion-containing compound, and aluminum containing agent may be mixed in
the presence of a solvent, such as chlorobenzene. The chromium complex, bidentate chelating
ligand, anion-containing compound, and aluminum containing agent may form a reaction product
when mixed, and such reaction product may be a catalyst system suitable for tetramerizing

cthylene to 1-octene.

[0060] It should be understood that the chromium complex, bidentate chelating ligand,
anion-containing compound, and aluminum containing agent may be mixed simultaneously or in
any order. For example, in one or more embodiments, the chromium complex, bidentate chelating
ligand, and anion-containing compound may be mixed to form a catalyst, and subsequently the
aluminum containing agent may be mixed with the catalyst to form the catalyst system. In one or
more embodiments, the chromium complex, the bidentate chelating ligand and the aluminum
containing agent may be mixed initially and that mixture may be subsequently mixed with the

anion-containing compound to form the catalyst system.

[0061] In one or more embodiments, ethylene may be contacted with the catalyst system
described herein to from a product comprising 1-octene. Contacting may generally include any
mixing, combining, etc. of the reactant ethylene with the catalyst system. In one or more
embodiments, the catalyst and aluminum containing agent may be separately prepared, and then
combined, prior to contacting of the catalyst system with ethylene. In one or more embodiments,

the ethylene may be contacted with the catalyst system in the presence of hydrogen.

[0062] The reaction may be performed as a batch reaction or as a continuous process
reaction, such as a continuous stir tank reactor process. According to further embodiments, the

pressure of the reactor may be from 5 bar to 120 bar (such as from 20 bar to 40 bar), and the
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reactor temperature may be from 25 °C to 180 °C (such as from 30 °C to 60 °C). However, process
conditions outside of these ranges are contemplated, especially in view of the specific design of

the reactor system and concentrations of the reactants and catalysts.

[0063] It should be understood that, in one or more embodiments, similar or identical
catalyst systems which do not include the antifouling compound may exhibit increased fouling.
In one or more embodiments, the introduction of the antifouling agent into a catalyst system may
suppress polyvmer formation while not greatly reducing catalytic activity of 1-octene formation. In
one embodiment, poiymer formation (fouling) may be reduced by at least 5%, 10%, 20%, 30%,
40%, 50%, 60%, 70%, 8%, 30%, or even 95% by the inclusion of an antifouling compound. In
one embodiment, 1-octene production may be increased, stay the same, or may decrease by less
than or equal to 50%, 40%, 30%, 20%, 10% or even 5% by the inchusion of an antifouling
compound. In some embodiments, antifouling compounds may both reduce the polymer formation
{such as by at least 5%, 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, 90% or even 93%) and
increase, not effect, or decrease 1-octene production rate by less than or equal to 50%, 40%, 30%,
20%, 10% or even 5%. Reduction in polymer formation rates and catalytic activity on a percentage
basis are based on catalyst systems which are formed from the antifouling compounds described

herein as compared with catalyst systems which are void of an antifouling compound.
EXAMPLES

[0064] The various aspects of the present disclosure will be further clarified by the
following examples. The examples are illustrative in nature and should not be understood to limit

the subject matter of the present disclosure.
Catalyst Production Procedure

[0065] In the following examples, the catalyst has a structure according to formula (XIX):
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Formula (XIX)
[0066] The catalyst was produced by the method described in U.S. Patent Application No.

16/346,735, the entire contents of which are incorporated by reference in their entirety.
Co-Catalyst Production Procedure

[0067] In the following examples, each co-catalyst was produced using the same general
method. The general method included reacting an antifouling compound (AFC) and
diisobutylaluminum hydride (DIBAL) (i.e., an organoaluminum compound) in an oxygen and
moisture-free atmosphere to produce a co-catalyst. Specifically, the AFC was added to 105
milligrams (mg) of a solution of DIBAL in methylcyclohexane (MCH) (1.0 molarity) such that
the molar ratio of the AFC to aluminum (AFC:Al) was from 0.001 to 1 or from 0.01 to 0.1.

Ethylene Tetramerization Procedure

[0068] In the following examples, an ethylene tetramerization process (also referred to as
a run) was conducted using the same general procedure. Each run was conducted in a 250 milliliter
(ml) autoclave reactor unit. Before each run, the autoclave reactor unit was vacuum purged with
ultrapure nitrogen to remove oxygen and moisture, which may be detrimental to the ethylene
tetramerization reaction, and then filled with a desired amount of anhydrous MCH as a solvent.
Once the autoclave reactor unit was prepared, 3.7 milligrams (mg) of the catalyst dissolved in 100
ml of anhydrous MCH and the co-catalyst were separately injected into the autoclave reactor unit.
The amount of co-catalyst injected into the autoclave reactor unit was determined based on a

desired molar ratio of co-catalyst to catalyst. Subsequently, approximately 3 bar of ultrapure
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molecular hydrogen was charged to the autoclave reactor unit, which was then heated to a
temperature of from 30 °C to 60 °C. In order to initiate the run, from 20 bar to 40 bar of ethylene
was charged to the autoclave rector unit. Once a desired run time was reached, the run was
terminated by injecting 2.0 ml of methanol into the autoclave reactor unit, which was then
depressurized. Any solid polymer produced was collected from the autoclave reactor unit, filtered,

dried overnight in an oven at 110 °C, and weighed.
Examples 1 and 2

[0069] In Examples 1 and 2, a co-catalyst was produced that included an AFC having a

structure according to formula (XX):
/{/\/O}\/\/\/\/\/\/
HO )

Formula (XX)

[0070] Ethylene tetramerization processes were then conducted using the catalyst and co-

catalyst in various molar ratios. The results of Examples 1 and 2 are reported in Table 1.

Comparative Example 3

[0071]
that the DIBAL was injected into the autoclave reactor unit without the addition of an AFC (i.e.,

Comparative Example 3 was conducted in a manner similar to Example 1, except

no co-catalyst was produced). The results of Comparative Example 3 are reported in Table 1.

Table 1
Molar Ratio | Activity (mol | 1-Hexene | 1-Octene
Catalyst DIBAL Polymer
Example (Co- 1-octene/mol | Selectivity | Selectivity
(mmol) (mmol) (wt.%)
Cat:Cat) catalyst/hour) | (mol.%) (mol.%
Example 1 0.001 0.150 0.05 2,507,600 32.78 47.38 0.98
Example 2 0.001 0.150 0.2 2,125,351 34.50 47.29 1.05
Comparative
0.001 0.150 - 2,649,953 19.31 62.36 2.08
Example 3

Reaction Conditions — Temperature: 50 °C; CoH4 Pressure: 20 bar; H, Pressure: 3 bar; Run Time: 20 min.
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[0072] As shown in Table 1, the catalyst systems of Examples 1 and 2 each resulted in
lower production of polymer than the catalyst system of Comparative Example 3. Accordingly,
the catalyst systems of Examples 1 and 2 provide a benefit over the catalyst system of Comparative
Example 3 by providing a relatively low polymer selectivity. Furthermore, the catalyst systems of
Examples 1 and 2 generally provided comparable activity and selectivity for 1-octene to the
catalyst system of Comparative Example 3, despite the activity and selectivity for 1-octene being

lower than Comparative Example 3.

[0073] In a first aspect of the present disclosure, a catalyst system suitable for
tetramerizing ethylene to form 1-octene may include a catalyst having a structure according to
Formula (V1) or Formula (VII). In Formulas (VI) and (VII), X is a halogen, a (C2-C3) carboxylate,
acetylacetonate, or a (C1-Cso) hydrocarbyl; L is a neutral coordinating ligand; n is an integer from
0 to 6; Y is a (Ce-Cao)fluorine-substituted aryl, a (Cs-Cao)fluorine-substituted aryloxy, or a (Ci-
Cao)fluorine-substituted alkoxy; and LNL is a bidentate chelating ligand having the structure
according to Formula (VIII). In Formula (VIII), each R; and R> is independently chosen from a
(C1-Cso) alkyl group or a (Cs-Cso) aryl group, and Z is a (C2-Cso) alkylene group, a (Ces-Cso) arylene
group, —N(R7)—, —P(R7)—, —B(R7)—, or —Si(R7)>— that links the two P atoms, where R7is
a (C1-Cso) alkyl group or a (Cs-Cso) aryl group. The catalyst system may further comprise at least
one aluminum containing agent comprising a reaction product of an organoaluminum compound
and an antifouling compound. The antifouling compound may comprise one or more polyether

alcohols or one or more non-polymeric ethers.

[0074] A second aspect of the present disclosure may include the first aspect, where the

catalyst has a structure according to Formula (VI).

[0075] A third aspect of the present disclosure may include either the first or second

aspect, where the catalyst has a structure according to Formula (VII).

[0076] A fourth aspect of the present disclosure may include any of the first to third

aspects, where the antifouling compound comprises one or more polyether alcohols.
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[0077] A fifth aspect of the present disclosure may include any of the first to fourth

aspects, where the antifouling compound comprises one or more non-polymeric ethers.

[0078] A sixth aspect of the present disclosure includes any of the first through fifth
aspects, where each L is a (C2-C3o) nitrile, a (C2-C30) cyclic ether, a (C2-C3p) acyclic ether, or an

H>O ligand.

[0079] A seventh aspect of the present disclosure includes any of the first through sixth
aspects, where the organoaluminum compound has a structure according to formula (XVII) in
which R3, R4, and Rs are each selected from a hydrogen atom, a (C1-Cao) hydrocarbyl group, and
a (C1-Cao) heterohydrocarbyl group.

[0080] An eighth aspect of the present disclosure includes any of the first through seventh
aspects, where the organoaluminum compound comprises one or more of trimethylaluminium,
triethylaluminum, tripropylaluminum, tri-iso-butylaluminum, diisobutylaluminium hydride,
trihexylaluminum, tri-n-octylaluminium, methylaluminium dichloride, ethylaluminium
dichloride, dimethylaluminium chloride, diethylaluminium chloride, aluminium isopropoxide,
ethylaluminiumsesquichloride, methylaluminiumsesquichloride, methylaluminoxane (MAO),

ethylaluminoxane (EAQO), and modified methylaluminoxane (MMAO).

[0081] A ninth aspect of the present disclosure includes any of the first through eighth
aspects, where the molar ratio of the antifouling compound to the organoaluminum compound is

from 0.001 to 1.

[0082] According to a tenth aspect of the present disclosure, a method for tetramerizing
ethylene to form 1-octene may comprise contacting ethylene with a catalyst system of any of the

first through ninth aspects to form a product comprising 1-octene.

[0083] An eleventh aspect of the present disclosure may include the tenth aspect, where
ethylene is formed in conditions of a reactor pressure from 5 bar to 120 bar; and a reactor

temperature from 25 °C to 180 °C.
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[0084] According to a twelfth aspect of the present disclosure, a method of making a
catalyst system suitable for tetramerizing ethylene to form 1-octene may include mixing a
chromium compound, an anion-containing compound, a bidentate chelating ligand, and an
aluminum containing agent to form the catalyst system. The aluminum containing agent is a
reaction product of an organoaluminum compound and an antifouling compound, and wherein the
antifouling compound comprises one or more polyether alcohols or one or more non-polymeric

ethers.

[0085] A thirteenth aspect of the present disclosure may include the twelfth aspect, where
the chromium compound has a structure according to Formula (I). In Formula (I), X is a halogen,
a (C2-Cs0) carboxylate, acetylacetonate, or a (C;-C30) hydrocarbyl; L; is a ligand; and n is an

integer from 0 to 6.

[0086] A fourteenth aspect of the present disclosure may include either the twelfth or
thirteenth aspect, where the anion containing compound has a structure according to Formula (II).
In Formula (II), Y is a (Cs-Cao)fluorine-substituted aryl, a (Cs-Cao0)fluorine-substituted aryloxy, or

a (C1-Cao)fluorine-substituted alkoxy; and M" is a metal inorganic cation, or an organic cation.

[0087] A fifteenth aspect of the present disclosure may include either the twelfth or
thirteenth aspect, where the anion containing compound has a structure according to Formula (III).
In Formula (IIT), Y is a (Cs-Cao)fluorine-substituted aryl, a (Cs-Cao)fluorine-substituted aryloxy,

or a (C1-Cao)fluorine-substituted alkoxy; and M" is a metal inorganic cation, or an organic cation.

[0088] A sixteenth aspect of the present disclosure may include any of the twelfth to
fifteenth aspects, where the bidentate chelating ligand has the structure according to Formula
(VIID). In Formula (VIII), each Ry and R» is independently chosen from a (Ci-Cso) alkyl group or
a (Cs-Cso) aryl group, and Z is a (C2-Cso) alkylene group, a (Cs-Cso) arylene group, —N(R7)—, —
P(R7)—, —B(R7)—, or —Si(R7),— that links the two P atoms, where R7is a (C1-Cso) alkyl group
or a (Ce-Cso) aryl group.

[0089] The subject matter of the present disclosure has been described in detail and by

reference to specific embodiments. It should be understood that any detailed description of a
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component or feature of an embodiment does not necessarily imply that the component or feature
is essential to the particular embodiment or to any other embodiment. Further, it should be
apparent to those skilled in the art that various modifications and variations can be made to the

described embodiments without departing from the spirit and scope of the claimed subject matter.

[0090] For the purposes of describing and defining the present disclosure it is noted that
the terms “about™ or “approximately™ are utilized in this disclosure to represent the inherent degree
of uncertainty that may be attributed to any quantitative comparison, value, measurement, or other
representation. The terms “about™ and/or “approximately” are also utilized in this disclosure to
represent the degree by which a quantitative representation may vary from a stated reference

without resulting in a change in the basic function of the subject matter at issue.

[0091] It is noted that one or more of the following claims utilize the term “wherein” as a
transitional phrase. For the purposes of defining the present technology, it is noted that this term
is introduced in the claims as an open-ended transitional phrase that is used to introduce a
recitation of a series of characteristics of the structure and should be interpreted in like manner as

the more commonly used open-ended preamble term “comprising.”

[0092] It should be understood that where a first component is described as “comprising”
a second component, it is contemplated that, in some embodiments, the first component “consists”
or “consists essentially of” that second component. It should further be understood that where a
first component is described as “comprising” a second component, it is contemplated that, in some
embodiments, the first component comprises at least 10%, at least 20%, at least 30%, at least 40%,
at least 50%, at least 60%, at least 70%, at least 80%, at least 90%, at least 95%, or even at least

99% that second component (where % can be weight % or molar %).

[0093] Additionally, the term “consisting essentially of” is used in this disclosure to refer
to quantitative values that do not materially affect the basic and novel characteristic(s) of the
disclosure. For example, a chemical composition “consisting essentially” of a particular chemical
constituent or group of chemical constituents should be understood to mean that the composition
includes at least about 99.5% of a that particular chemical constituent or group of chemical

constituents.
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[0094] It should be understood that any two quantitative values assigned to a property may
constitute a range of that property, and all combinations of ranges formed from all stated
quantitative values of a given property are contemplated in this disclosure. It should be appreciated
that compositional ranges of a chemical constituent in a composition should be appreciated as
containing, in some embodiments, a mixture of isomers of that constituent. In additional

embodiments, the chemical compounds may be present in alternative forms such as derivatives,

salts, hydroxides, etc.
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CLAIMS

1. A catalyst system suitable for tetramerizing ethylene to form 1-octene, the catalyst
system comprising:
a catalyst having the structure:
[(LNL)CrXa(L1)a] [BY4] or [(LNL)CrXa(Li)a] [SO2Y]
wherein:
X is a halogen, a (C2-C3p) carboxylate, acetylacetonate, or a (C1-C3o) hydrocarbyl;

L is a neutral coordinating ligand;

n is an integer from 0 to 6;
Y is a (Cs-Cao)fluorine-substituted aryl, a (Cs-Cao)fluorine-substituted aryloxy, or
a (C1-Cyo)fluorine-substituted alkoxy; and

LNL is a bidentate chelating ligand having the structure:
(R1)(R2)P—Z—P(R1)(R2)

wherein:
each Ry and R» is independently chosen from a (Ci-Cso) alkyl group or a
(C6-Cso) aryl group; and
7 1s a (C2-Csp) alkylene group, a (Cs-Cso) arylene group, —N(R7)—,
—P(R7)—, —B(R7)—, or —Si(R7)>— that links the two P atoms, where
R7is a (C1-Cso) alkyl group or a (Cs-Cso) aryl group; and
At least one aluminum containing agent comprising a reaction product of an organoaluminum
compound and an antifouling compound, wherein the antifouling compound comprises

one or more polyether alcohols or one or more non-polymeric ethers.

2. The catalyst system of claim 1, wherein the catalyst has the structure:

[(LNLYCrXa(L1)a] [BY4]

3. The catalyst system of claim 1, wherein the catalyst has the structure:

[(LNL)CrXa(L1)a] TSO2Y]™
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4. The catalyst system of claim 1, wherein the antifouling compound comprises one or

more polyether alcohols.

5. The catalyst system of claim 1, wherein the antifouling compound comprises one or

more non-polymeric ethers.

6. The catalyst system of any of the preceding claims, wherein each L is a (C2-C3p) nitrile, a

(C2-Cs) cyclic ether, a (C2-C3p) acyclic ether, or an H2O ligand.

7. The catalyst system of any of the preceding claims, wherein the organoaluminum

compound has the structure:

R3\ 3,
Al -~

Rs

wherein R3, R4, and Rs are each selected from a hydrogen atom, a (C1-Cao) hydrocarbyl group,
and a (C1-Cso) heterohydrocarbyl group.

8. The catalyst system of any of the preceding claims, wherein the molar ratio of the

antifouling compound to the organoaluminum compound is from 0.001 to 1.

9. A method for tetramerizing ethylene to form 1-octene, the method comprising contacting
ethylene with the catalyst system of any of the preceding claims to form a product comprising 1-

octene.
10. The method of claim 9, wherein the ethylene is formed in conditions of:

a reactor pressure from 5 bar to 120 bar; and

a reactor temperature from 25 °C to 180 °C.

SUBSTITUTE SHEET (RULE 26)



WO 2022/115754 PCT/US2021/061123

29

11. A method of making a catalyst system suitable for tetramerizing ethylene to form 1-octene,
the method comprising mixing a chromium compound, an anion-containing compound, a
bidentate chelating ligand, and an aluminum containing agent to form the catalyst system, wherein
the aluminum containing agent is a reaction product of an organoaluminum compound and an
antifouling compound, and wherein the antifouling compound comprises one or more polyether

alcohols or one or more non-polymeric ethers.

12. The method of claim 11, wherein the chromium compound has the structure:
CrX3(L1)n
wherein:
X is a halogen, a (C2-C3p) carboxylate, acetylacetonate, or a (C1-C3o) hydrocarbyl;
L is a ligand; and

n is an integer from 0 to 6.

13. The method of either claim 11 or claim 12, wherein the anion containing compound has a
structure:

M'[BY4]
wherein:

Y is a (Cs-Cao)fluorine-substituted aryl, a (Cs-Cao)fluorine-substituted aryloxy, or a (Ci-
Cao)fluorine-substituted alkoxy; and

M" is a metal inorganic cation or an organic cation.

14. The method of any of either claim 11 or claim 12, wherein the anion containing compound
has a structure:
M'[SO2YT
wherein:
Y is a (Cs-Cao)fluorine-substituted aryl, a (Cs-Cao)fluorine-substituted aryloxy, or a (Ci-
Cao)fluorine-substituted alkoxy; and

M" is a metal inorganic cation or an organic cation.
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15. The method of any of claims 11 to 14, wherein the bidentate chelating ligand has the

structure:
(RD(R2)P—Z—P(R1)(R2)

wherein:
each R; and R is independently chosen from a (C1-Cso) alkyl group or a (Ce-Cso)
aryl group; and
7 is a (C2-Csp) alkylene group, a (Cs-Cso) arylene group, —N(R7)—, —P(R7)—,
—B(R7)—, or —Si(R7)>— that links the two P atoms, where R7is a (Ci-

Cso) alkyl group or a (Ce-Cso) aryl group.
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